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Abstract

Adsorption-based direct air capture (DAC) of carbon dioxide has been widely recognized as
a necessary measure to contain atmospheric CO, concentrations. Chemisorbents like solid
amines are effective in capturing ppm level CO,. However, because of the large heat of
adsorption, the regeneration of solid amines requires high energy consumption and a

significant driving force, compromising the economic viability and productivity of DAC.

A vapor-promoted desorption (VPD) process was developed to recover the CO, adsorbed on
solid amines by in situ vapor purge using water harvested from the atmosphere
synergistically. A double-layered adsorption configuration, sequentially packed with solid
amines and water adsorbents, was used to perform direct air capture based on the VPD
process. The desorption of CO, was substantially enhanced in the presence of concentrated
water vapors at around 100 °C, resulting in the concurrent production of 97.7% purity CO>
and fresh water at ambient pressure. CO, working capacities of 1.0 mmol/g could be
achieved using a commercial amine-grafted resin. Furthermore, a solar-heating DAC
prototype was demonstrated to power the regeneration, recovering over 98% of the adsorbed

CO; while consuming 10.4 MJ/kgCO; thermal energy.

PEIl-impregnated sorbents have been extensively studied for DAC due to their high
atmospheric CO» adsorption capacities. However, efficient recovery of the adsorbed CO>
from PEI has received limited attention. The developed VPD process was employed to
effectively regenerate PEI-impregnated sorbents, producing fresh water and 98% pure CO;
with a remarkable working capacity of 1.61 mmol/g at 105 °C. The high CO, working
capacity was realized through a reduction in CO, partial pressure inside the column caused
by the increase of water vapor pressure. The in situ vapor purge allowed for the recovery of
more than 95% of the CO, adsorbed on PEI, with an energy consumption of only 8.9
MJ/kgCO, for sorbent regeneration.

While the VPD process has demonstrated excellent performance in regenerating
PEI-impregnated sorbents, a significant concern arises from amine deactivation at high
regeneration temperatures. To address this issue, a vapor-promoted temperature vacuum
swing adsorption (VPTVSA) process was developed, reducing the temperature required for
the in situ vapor purge. This VPTVSA process regenerated PEI-impregnated sorbents at

temperatures as low as 60 °C, producing 99% purity CO, with a stable working capacity of



1.10-1.13 mmol/g over 45 cycles. The minimum work required for adsorbent regeneration
was only 1.62 MJ/kgCO,, over 37% lower than temperature-vacuum swing desorption. This
low-temperature regeneration process not only reduces the exergy demand but also has the
potential to extend the lifespan of numerous low-cost PEI-impregnated sorbents, contributing

to a reduction in the overall cost of DAC.
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1 Introduction

1.1 Climate change and global warming

Greenhouse gases such as carbon dioxide (CO»), methane (CH4), and water vapor (H>O)
possess the capacity to absorb longwave radiation emitted from the Earth's surface. This
phenomenon constitutes the greenhouse effect, a vital mechanism for maintaining a habitable
climate. However, human activities, primarily the burning of fossil fuels and industrial
processes, have significantly increased the concentration of these gases in the atmosphere,
especially carbon dioxide. Specifically, atmospheric CO, concentrations, which remained
stable at around 250 ppm throughout human evolution, have increased by 160% to
approximately 420 ppm [1, 2]. Due to the dramatic increase in atmospheric CO;
concentrations, the Earth's average surface temperature has risen by 1.1 °C compared to the
late 19th century up to the present day [3]. This has also resulted in severe environmental
issues, including climate change, extreme weather events, and rising sea levels. In the face of
the greenhouse effect and its associated global warming, reducing human-induced greenhouse

gas emissions has become one of the most critical challenges in this century.

The Paris Agreement has established an international objective to curb global warming to well
below 2 °C and make efforts to limit it to 1.5 °C compared to pre-industrial temperatures [4].
Various strategies have been employed to address global warming, such as the utilization of
renewable energy sources, the enhancement of energy efficiency in industries, and the

implementation of carbon capture and storage (CCS) [5, 6].
1.2 Carbon capture and storage

Carbon Capture and Storage is a technology designed to reduce greenhouse gas emissions,
primarily CO», from industrial processes and power generation (Figure 1.1). This technology
involves capturing CO, from large point sources, compressing the CO», and securely storing it
underground to prevent its release into the atmosphere [7]. One of the key advantages of CCS
is that it doesn't need costly replacements or shifts to entirely new technologies, making it
widely acknowledged as one of the most crucial methods for mitigating climate change [6].
With the development of CO» utilization technologies, the captured CO; can also be converted
to various chemicals and fuels [8], which makes carbon capture even more important and

promising.
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Figure 1.1 Schematic diagram illustrating carbon capture and storage [7].

1.3 Negative emissions and carbon removal technologies

Various climate change mitigation scenarios have been proposed based on the development
and implementation of carbon capture technologies [9, 10]. And most of these scenarios
suggest that relying solely on conventional carbon capture technology to reduce emissions
may not be sufficient in addressing climate change [11]. To prevent a greater than 1.5 °C rise
in temperature, zero net CO, emissions must be achieved by 2050, as estimated by the
Intergovernmental Panel on Climate Change (IPCC) [12]. For the 2 °C target, achieving gross
negative CO: emissions of approximately 10 Gt per year by mid-century is still required, as
shown in Figure 1.2. However, recent estimates indicate that in 2022, greenhouse gas
emissions represented 13% to 36% of the remaining carbon budget needed to restrict global
warming to 1.5 °C, suggesting that the allowable emissions could be depleted within the next
2 to 7 years [13]. Therefore, there is a growing urgency to attain zero net CO, emissions ahead
of schedule, leading to an urgent demand for carbon removal technologies (CRTs) or negative

emission technologies.
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Figure 1.2 The role of carbon dioxide removal in climate change mitigation [10].

CRTs are designed to capture and remove CO, from the atmosphere [14], addressing the
excess greenhouse gases that have accumulated over decades of industrial activity. Presently,
there are more than 10 CRTs that have been developed, such as afforestation [15], soil carbon
sequestration [16], enhanced weathering [17], bioenergy with carbon capture and storage [18],
and direct air capture [19], among others. Direct air capture (DAC), involving the direct
extraction of CO, from the atmosphere, has gained significant attention as one of the most

crucial approaches for achieving negative emissions.

1.4 Direct air capture processes

DAC and CCS share fundamental principles related to the capture of carbon dioxide from
various sources. Therefore, the development of DAC benefits from the knowledge and
experiences gained in the field of conventional carbon capture technologies. Conventional
CCS usually focuses on concentrated streams, such as flue gas (15% CO,), natural gas (5-20%
CO»), or refinery off-gas (> 80% CO,) [20]. Different processes, including absorption into
liquid solution systems, adsorption onto solids, cryogenic separation, and permeation through
membranes, have been employed to capture CO; from these large point sources [6]. However,
due to the extremely low atmospheric CO, concentration (420 ppm), significant modifications
to existing processes are necessary before they can be effectively adapted for DAC
applications. For instance, cryogenic separation is nearly impossible to apply in DAC due to

the low CO, partial pressure in the atmosphere. Currently, adsorption and absorption



technologies have been widely applied in DAC.

Absorption using base solutions with strong CO»>-binding affinities has been widely
investigated for carbon capture from dilute sources [21] and is suitable for direct air capture
[22]. At present, absorption is the most mature method for direct air capture, and an industrial
plant has been constructed by Carbon Engineering using a process akin to the traditional Kraft
process employed in the paper industry [23]. The mechanism of the process is described in
Figure 1.3. Initially, CO, in the atmosphere is captured using an aqueous KOH/K>COs3
solution. Subsequently, the obtained solution undergoes precipitation through the reaction
between K>COs and Ca(OH), to regenerate KOH. Finally, solid CaCOs is collected and
subjected to calcination to release CO,, while the resulting CaO is hydrated to form Ca(OH)s.
In addition to KOH, NaOH, and Ca(OH), solutions have also been employed for direct air
capture using similar processes [24, 25]. Amino acid solutions were also developed to capture
atmospheric CO», with a guanidine compound used to react with the CO»-loaded solution and

regenerate the amino acids [26].

Calciner (3)

Cacgs(-;:
CaOy; + COyqy
178.3 kl/mol

Air Contactor (1) Pellet Reactor (2)
COyg) + 2KOHg 2KOH 5q) + CaCOy5)
*
Hy0p; + KaCO359) K3CO3(sq) + Ca(OH)ys)
-95.8 kJ/mol -5.8 kJ/mol

Slaker (4)

Ca0y,, + H,0y,
Ca(OH)y) [ 4

S~ Ca(OH)z,)
-63.9 kJ/mol

Figure 1.3 An absorption process for DAC based on the Kraft process [23].

In terms of the financial costs associated with capturing CO, from the air using the absorption
method, the estimated costs were $147-$264 per ton of CO, for natural gas-fueled systems and
$140-$254 per ton of CO; for coal-fueled systems [27]. According to a recent academic report
published by Carbon Engineering, the cost of their direct air capture process ranged from $94

to $232 per ton of CO; captured [23].

While Keith et al. have made optimizations to the absorption process to reduce operational
and capital costs, it remains expensive primarily due to the high capital costs and the elevated
temperature (900 °C) necessary for the regeneration process [23]. While absorption

technology for DAC is relatively mature, adsorption, which is an emerging technology in this
4



field, has the potential to lower overall costs due to its relatively low regeneration temperature

of around 100 °C [28].

Compared to absorption in the liquid phase, adsorption involves the adhesion of atmospheric
CO: to the surface of a solid sorbent at ambient temperatures [29]. Desorption or regeneration
is the reverse process of adsorption, involving the release or detachment of adsorbed CO;
from the sorbent surface, typically triggered by changes in environmental conditions such as

pressure and temperature (Figure 1.4).

PHASE 1 PHASE 2
‘ Once the filter is saturated with
CO, the filter is heated to 100 °C.

° 2 » @ ®
* CO,-free air
8 > °c °

w CO, is then released

CO, is chemically from the filter and
bound to the filter. collected. Concentrated CO,

Figure 1.4 Schematic illustration of a DAC process based on adsorption (phase 1) and

desorption (phase 2) cycles [29].

Based on reported techno-economic analyses, the cost of adsorption-based DAC varies
between $86 and $221 per ton of CO; captured, with the sorbent capital cost being the primary
contributor to these expenses [30, 31]. Consequently, there are two key areas to address for

further reducing the cost of DAC:

1. Sorbent: The creation of cost-effective sorbents with high CO, adsorption capacity and

excellent stability.

2. Regeneration process: The development of an efficient regeneration method that can
operate under moderate conditions to effectively recover the adsorbed CO, and prevent

sorbent deactivation.
1.5 Thesis outline

Adsorption-based direct air capture is an important method for achieving our climate targets.

Previous studies have predominantly focused on material design to enhance the CO;
5



adsorption capacity of sorbents for DAC, while research on the regeneration process has not
received sufficient attention. The objective of this thesis is to develop efficient regeneration
processes for sorbents used in DAC, enabling the recovery or release of adsorbed CO» under

moderate conditions.

The work in this thesis is organized as follows: Chapter 2 presents a literature review that
surveys existing research within this field. In Chapter 3 presents a vapor-promoted desorption
technology that enhances the regeneration of chemisorbents through in sifu vapor purge using
water synergistically harvested from the air. Chapter 4 presents the application of
vapor-promoted desorption in the regeneration of polyethylenimine-impregnated sorbents. In
Chapter 5, the required temperatures for regenerating polyethylenimine-impregnated sorbents
are further reduced using a vapor-promoted temperature-vacuum swing adsorption process.
Chapter 6, the final chapter, presents key conclusions and outlines future research needs

within this field.
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2 Literature review

2.1 Overview

In this chapter, the existing literature is reviewed to investigate sorption materials used in
adsorption-based direct air capture, along with an in-depth analysis of prevailing adsorption
processes. The initial section of this review focuses on providing a comprehensive overview
of various sorbent types, with particular emphasis on solid amine sorbents. The subsequent
section delves into the core principles and concepts governing cycle design for DAC
processes, while also offering insights into performance data from previously reported

studies.

2.2 Sorbent materials

Given the low atmospheric carbon dioxide concentrations, the adsorption driving force for
DAC is exceptionally weak. As a result, the development of sorbents with a strong affinity for
CO; is one of the most prominent research areas in the field of DAC. Sorbents employed in
direct air capture must exhibit a high adsorption capacity at low CO, partial pressures and
demonstrate excellent selectivity over N and O,. Several solid materials have been recently
developed or tested for direct air capture [1]. And the sorbents can be categorized into four
types: supported alkali sorbents [2, 3], solid amine sorbents [4, 5], metal-organic frameworks

(MOFs), and zeolites [6].

2.2.1  Supported alkali sorbents

Inorganic bases, particularly K,CO3 and Na,COs, have been investigated and used for the
adsorption of CO; from the atmosphere. The reaction pathway depends on various factors,
including adsorption temperature and humidity. Typically, NaHCO; or KHCOs3 is formed
during the adsorption process and subsequently heated to release CO, during the desorption or

regeneration process [3, 7].

To enhance the surface area and reaction kinetics of these bases, porous supports such as
alumina and carbon are commonly employed to support the active species. Veselovskaya et al.
synthesized a composite sorbent K»CO3/Al,O3 and applied it in direct air capture, achieving an

adsorption capacity of 0.91-1.11 mmol/g. Despite the relatively high regeneration temperature



of 300 °C, the sorbent exhibited remarkable stability, enduring over 80 cycles [7]. In a
separate study, Okunev et al. proposed the use of K»CO3/Y»0; as a sorbent for DAC. This
sorbent demonstrated a CO; adsorption capacity of 0.64 mmol/g for temperature swing
adsorption (TSA) cycles at a regeneration temperature of 250 °C. However, it showed reduced
stability when regeneration was conducted at 300 °C, with a decrease in capacity from 0.64 to

0.23 mmol/g [2].

In the context of supported alkali sorbents, the challenge lies in the high regeneration
temperatures, often exceeding 200 °C, which demand substantial energy input. To address this
issue, Rafael et al. prepared a sorbent by supporting Na,CO3 on activated carbon honeycombs
for CO; enrichment in greenhouses [3]. Notably, they employed a humidity swing process to
lower the regeneration temperature, desorbing CO» with a flush of humid air (water pressure
75 mbar) at 65 °C. The same research group also investigated K,COj3 supported on activated
carbon honeycombs as a sorbent for DAC [8]. Their findings revealed that K»COs showed
more promise than Na,CO; due to its higher adsorption capacity. Specifically, the
K,COs-based sorbent could adsorb 0.1 mmol CO»/g under regeneration conditions of 50 °C

and a water pressure of 90 mbar.

Supported alkali sorbents are typically prepared from cheap raw materials, holding the
potential to reduce sorbent capital costs. However, research on supported alkali sorbents in
DAC also encounters significant challenges, including their limited CO, adsorption capacity,
energy-intensive regeneration process, and the need for improved selectivity. Achieving
long-term stability and increasing adsorption capacities under varying humidity conditions are

critical areas that require further investigation to enhance their viability in DAC applications.

2.2.2  Solid amine sorbents

Solid amine sorbents, which involve amines impregnated or grafted onto porous solids,
represent a crucial class of sorbents extensively used in practical DAC demonstrations. Their
exceptional adsorption performance at low CO concentrations arises from the chemical
reactions between the supported amine groups and CO; [1]. The mechanism for the reaction of
CO; with primary and tertiary amines is illustrated in Figure 2.1. In the absence of water, only
primary and secondary amine groups can combine with CO; to form ammonium carbamates.
Theoretically, 1 mol of amine group can react with 0.5 mol of CO; without water, resulting in
a maximum CO-/amine ratio of 0.5 [9]. Under humid conditions, amine groups can adsorb
both CO, and water to form bicarbonates, increasing the maximum COz/amine ratio to 1 in
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this situation. Thus, solid amine sorbents have the advantage of not experiencing a reduction
in their adsorption capacity with the presence of moisture. In fact, their adsorption
performance remains stable or may even improve in the presence of moisture [9]. This
property makes solid amine sorbents particularly effective for capturing carbon dioxide from
moist air. As the most widely explored class of sorbents for DAC, extensive research has been

conducted to identify suitable candidates with exceptional adsorption performance.
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Figure 2.1 Mechanism for the reaction of CO; with (a) primary amines and (b) tertiary

amines in DAC.

Solid amine sorbents can generally be categorized into three classes [10], as depicted in
Figure 2.2. The first-class sorbents, amine-impregnated sorbents, involve the physical
impregnation of amine molecules into porous supports. In the case of second-class sorbents,
amine molecules are chemically grafted to porous supports through covalent bonds. The
third-class sorbents are typically prepared through in situ polymerization of monomers

containing amine groups.
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Figure 2.2 Three main classes of solid amine sorbents [1].
2.2.2.1 Amine-impregnated sorbents

Extensive research efforts have been dedicated to the development of class 1 materials, known
as amine-impregnated sorbents (AIS), due to the advantage of easy preparation, low cost, and
high amine content [11-13]. Through the deposition of amines such as polyethylenimine (PEI),
tetraethylenepentamine (TEPA), and polyallylamine (PAA) onto various solid supports, these
sorbents have demonstrated outstanding capability for atmospheric CO> capture [6, 14, 15]
(Figure 2.3). Table 2.1 lists the CO, uptake of reported PEI-impregnated sorbents across

different support materials.
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Figure 2.3 Chemical structures of amines commonly used for impregnation [16].

In the early stages of DAC sorbent development, around the year 2010, silica with
mesoporous or macroporous structures was commonly chosen for impregnating PEI,
displaying good atmospheric CO, adsorption capacities. For instance, Olah et al. found that
a PEI-supported fumed silica sorbent had an impressive capacity of 1.7 mmol/g for
capturing atmospheric CO, [11]. Their study also explored the impact of water on the
adsorption process, revealing that the presence of water was beneficial when the PEI loading
was 33 wt%. The group also investigated the impact of parameters including PEI loading,
adsorption and desorption temperature, particle size, and PEI molecular weight on the
adsorption behavior [17]. Similarly, Jones et al. conducted tests using a class 1 sorbent,
PEI-impregnated silica, for atmospheric CO, capture [18]. While the prepared sorbent
achieved an impressive adsorption capacity of 2.36 mmol/g, the material displayed limited
thermal stability. To address this limitation, the authors modified the sorbents with
3-aminopropyltrimethoxysilane or tetracthyl orthotitanate, significantly enhancing the
thermal stability of the sorbents. The results demonstrated that the modified sorbents could

be reused more than four times without significant capacity loss.

Besides 3-amino-propyltrimethoxysilane and tetraethyl orthotitanate, other additives were
used to improve the performance of class 1 sorbents. For instance, Jones et.al employed
AICl3-6H20 and ZrOCl,-8H,O to modify PEI-supported SBA-15, and the amine efficiency
significantly improved [19, 20]. The group proved that the improved performance was the
result of the modified pore structure of SBA-15 with microporosity. The results highlighted
the importance of the microstructure of support materials. The same group also employed
PEG200 as an additive to increase the thermodynamic performance of PEI-supported SBA-15

and alumina [21]. Sayari et.al supported PEI on the extra-large-pore silica (pore-expanded
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MCM-41) which was modified by cetyltrimethylammonium bromide (CTMABr) [22]. The
authors supposed that the additive played a key role in modifying the distribution of PEI
supported on pore-expanded MCM-41. Under humid conditions, the amine efficiency could
reach 7.31 mmol/gPEI which is the highest efficiency among the PEI-based sorbents for
DAC.

Table 2.1 Brief overview of PEI-impregnated adsorbents designed for DAC.

Amine Support Loading® RH  Uptake (mmol/g)® Ref.
PEI (Mw=25 000) Fumed silica 33wt% 0% 1.18 [11]
PEI (Mw=25 000) Fumed silica 33wt% 67% 1.77 [11]
PEI (Mw=25 000) Fumed silica 50wt% 0% 1.7 [11]
PEI (Mw=25 000) Fumed silica 50wt% 67% 1.41 [11]
PEI (Mw=800) Silica 451wt% 0%  2.36 [18]
PET (Mw=800) Zr7-SBA-15 34.7wt% 0%  0.85 [19]
PEI (Mw=800) Pore-expanded MCM-41  40wt% 80% 2.92 [22]
PEI (Mn=600) HP20 50wt% 0% 2.26 [23]
PEI (Mw=600) Mesoporous carbon® 55wt% 80% 2.58 [24]
PEI (Mw=600) Mesoporous carbon® 55wt% 0% 2.25 [24]
PEI solution? Nanofibrillated cellulose  44wt% 80% 2.22 [25]

2 PEI loading of COz adsorbents.
> COz uptakes at 25 °C and 400 ppm.
¢ Span 80 was used as a diffusion additive.

4Mr=600000-1000000.

Based on the above research works, the selection of the support for class 1 sorbents is one of
the most crucial tasks. Yu et.al employed spherical resin HP20 with adjustable pores to
support PEI for direct air capture [23]. And the adsorption capacity was 2.26 mmol/g from 400
ppm CO; at 25 °C. Compared with typical supports such as mesoporous silica, the HP20 is
mechanically stable and easy to handle. Mesoporous carbon was employed by Long et.al to
support PEI for DAC [24]. The advantage of the used mesoporous carbon was that the pore
volume was larger than 3 cm?/g. The as-prepared sorbent exhibited an adsorption capacity of
2.25 mmol/g for 400 ppm CO,. Steinfeld et.al developed PEI-supported nanofibrillated
cellulose prepared by freeze-drying process [25]. The sorbent exhibited an extremely fast
adsorption rate, and the adsorption half time was only 10.6 min while the adsorption capacity

was 2.22 mmol/g. Since the structured support is suitable for DAC because of the low pressure
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drop, Jones et.al employed a monolithic alumina honeycomb as the support for PEI [26]. A
volumetric capacity of 350 mol CO»/m>monolits could be obtained, and the equilibration time for

adsorption was 350 min.

Although PEI is the most frequently used active specie for CO, capture, some other amine
molecules have been investigated for direct air capture as well. Jones et.al used
poly(propylenimine) (PPI) to prepare several PPl-based class 1 sorbents [27].
Triethylenetetramine, TPTA, El-den, and PI-den were used in the study and compared with
PEIL. The authors found that PPI-based sorbents had better adsorption performance and

stability than PEI-based sorbents.

2.2.2.2 Covalently supported amine sorbents

For class 2 sorbents, amine groups are supported on solid materials through covalent bonds
(Figure 2.4). Generally, the amine loading is limited by the number of surface functional
groups such as -OH, thus the adsorption capacity is also limited. Since the amine groups are
covalently supported, the stability of the sorbents is generally better than that of class 1
sorbents [28].

o
0—si” " "NH,

o/

N

Figure 2.4 Scheme of linkage configurations for 3-aminopropyltriethoxysilane (APTS)
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grafting over a silica surface [29].

Steinfeld et.al prepared diamine-functionalized silica gel from commercial silica gel beads
and [N-(2-aminoethyl)-3-aminopropyl] trimethoxysilane (AEATPMS) for DAC [5]. The
sorbent had a cyclic adsorption amount of 0.2 mmol/g and could be cycled more than 40
times. A temperature-vacuum swing adsorption (TVSA) process was established to obtain
CO, with a purity of 97%. The same group prepared an amine-grafted sorbent by
freeze-drying an  aqueous  suspension of  nanofibrillated  cellulose  and
N-(2-aminoethyl)-3-aminopropylmethyldimethoxy silane (AEAPDMS). Under conditions of
a CO; concentration of 506 ppm in air and a relative humidity of 40% at 25 °C, the
adsorption capacity reached 1.39 mmol/g [30]. They also evaluated the stability of
AEAPDMS supported cellulose as a sorbent for DAC [31]. The results proved that O
played the most important role in the degradation process. And the contact between amine

groups and O led to loss of amine groups and the formation of amide/imide species.

Yang et.al used 3-aminopropyltrimethoxysilane (APTS) and SBA-15 to prepare a class 2
sorbent, and compared the prepared sorbent with zeolites [4]. The results illustrated that the
prepared amine-grafted silica was the only sorbent that had the ability to capture CO; from
humid gases, although the amine supported material had a relatively slow uptake rate. The
author also found that the uptake rate was as important as the equilibrium adsorption capacity
in cyclic studies. Shen et.al used the same amine molecule which was supported on silica
aerogel with high pore volume (1-2.5 cm?/g) [32]. And the adsorption capacities were 1.80

and 2.57 mmol/g in dry and humid conditions, respectively.

While many amine molecules can be used to prepare amine-grafted materials, Jones et.al
evaluated the performance of different types of amines [33]. Silanes with primary amine,
secondary amine and tertiary amine were used to prepare different class 2 sorbents. According
to the results, the sorbent with primary amines had the best adsorption performance, and
tertiary amine groups had negligible CO- adsorption capacity. The group also suggested that
secondary amines are less efficient than primary amines for CO; adsorption, due to
unfavorable entropic factors associated with the organization of the second alkyl chain in
secondary amines [34]. The choice of solvents also plays an important role in preparing
amine-grafted materials, and the use of a nonpolar solvent was suggested by Feitosa et al [29].
They tested different solvents for grafting amines, and cyclohexane yielded the sorbent with

the highest nitrogen loading (5.21%) and CO- adsorption capacity.
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For commercial-available sorbent for DAC, a benchmark amine-grafted resin, Lewatit VP OC
1065, has been widely investigated for adsorbing atmospheric CO; [35]. The sorbent is a
divinylbenzene crosslinked polymer with primary amine groups, exhibiting adsorption
capacities higher than 1 mmol/g under DAC conditions. The material can be fully regenerated
at around 100 °C and also has excellent stability, which makes the resin a good candidate for a

DAC process.

2.2.2.3 Sorbents prepared by in situ polymerization of amines

Class 3 sorbents are generally prepared by polymerization of amine monomers, and the
properties and structures are relatively flexible. Jones et al. synthesized a poly(L-lysine)
brush-mesoporous silica hybrid sorbent through in situ ring-opening polymerization in
SBA-15, achieving a CO; adsorption capacity of 0.6 mmol/g at 400 ppm and 25 °C [36].
Subsequently, the same research group synthesized a hyperbranched aminosilica through in
situ ring-opening polymerization of aziridine in SBA-15 [37]. They achieved a high amine
loading of 10 mmol N/g using this preparation method, resulting in an adsorption capacity of
1.5 mmol/g. This sorbent exhibited excellent reusability and was comparable to the class 2
sorbent AEATPMS-SBA-15. Liu et al. also used in sifu polymerization of L-alanine to create
an amine-functionalized three-dimensional interconnected macroporous silica sorbent [38].
This sorbent had a high amine loading (over 10.98 mmol N/g), and achieved a remarkable

CO; adsorption capacity of 2.65 mmol/g in simulated ambient air.

3-aminopropyl triethoxysilane and vinyl triethoxysilane were used by Abhilash et.al to
prepare a class 3 sorbent which had a CO, adsorption capacity of 1.68 mmol/g from
atmospheric air [39]. The desorption of the sorbent was easier than other sorbents, while the
complete desorption occurred at 80 °C. Therefore, the sorbent did not have to be heated to a
high temperature and could be used for more than 100 cycles. Zhou et.al developed an
amine-grafted porous polymer network, PPN-6-CH,DETA with a loading capacity of 1.04
mmol/g [40]. However, the desorption temperature was high and a temperature of 120 °C was

required.

An important part of class 3 sorbents is the materials that can reversibly capture CO from
ambient air by humidity swing. Wang et.al reported an amine-based anion exchange resin with
quaternary ammonium cations for DAC [41]. The sorbent adsorbed CO: in dry conditions and
released CO; in humid conditions. Thus, a moisture swing process was developed to
regenerate the sorbent. Chen et.al also developed quaternized chitosan (QCS)/poly(vinyl
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alcohol) hybrid aerogels for moisture swing adsorption [42]. The cyclic CO, adsorption
capacity from 400 ppm was 0.18 mmol/g, while the adsorption half time (about 10 min) was
shorter than most of the sorbents developed for DAC.

2.2.2.4 Stability of amines in DAC

Based on the tests reported above, Class 1 sorbents generally exhibit higher adsorption
capacity due to their higher amine loading, whereas Class 2 and 3 sorbents demonstrate
limited adsorption capacity because of their lower amine density. However, amine loss due to
leaching and evaporation often occurs in impregnated materials, primarily because of the
weak interactions between amines and the support [43]. In comparison to bonded amines,
impregnated amines tend to exhibit a more significant loss in adsorption capacity after cyclic
experiments. The primary deactivation mechanisms involved in DAC sorbents include

O»-induced deactivation, CO;-induced deactivation, and steam-induced deactivation.

It has been widely reported that oxygen environments can deactivate amines at temperatures
exceeding 70 °C, primarily due to the oxidation of the amine groups [43]. Yogo et al.
investigated the impact of oxidation duration time, treatment temperature, oxygen
concentration, and TEPA loading on amine-impregnated sorbents [44]. They found that under
oxidative treatment conditions at 80 °C for 18 hours, the stability of the samples improved as
the TEPA loading increased from 30% to 60%. This improvement in stability was attributed to
the decrease in the O diffusion rate, which occurred due to the agglomeration of amine
molecules within the pores of the mesoporous silica (Figure 2.5). Li et al. also explored the
impact of oxygen on amine-impregnated sorbents during CO, adsorption and their oxidative
stability during desorption [45]. They discovered that precise control of the operating
temperature enhances both selectivity and resistance to oxidation. An optimal regeneration
temperature of 80 °C was suggested to achieve the oxidative stability of amine-impregnated
sorbents. In addition, because of the weak interaction between amine groups and the support
material, amine-impregnated sorbents are prone to amine leaching when exposed to a steam
stripping regeneration process. Jones et al. conducted stability testing on PEI-impregnated
mesoporous y-alumina under continuous steam exposure at 115 °C [46]. After 24 hours of
treatment, the CO; sorption capacity decreased from 1.7 mmol/g to 0.66 mmol/g, and the

amine loading dropped from 7.81 mmol N/g to 2.34 mmol N/g.

Class 2 sorbents, such as the commercial amine-grafted sorbent Lewatit VP OC 1065, were
found to possess thermal and hydrothermal stability at high temperatures, but underwent
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oxidative degradation at moderate temperatures (above 70 °C) [47]. Higher temperatures
(above 120 °C) caused degradation in concentrated dry CO,, whereas adding moisture
improved CO»-induced stability [48]. Therefore, to prevent oxygen-induced deactivation, it is
advisable to choose a regeneration temperature of no more than 80 °C. Additionally, it is

essential to keep the temperature below 120 °C to avoid CO;-induced deactivation.
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Figure 2.5 The agglomeration of amine molecules (TEPA) within pores and on the

surface of silica [44].

To address stability concerns associated with impregnated amines, Choi et al. developed a
highly stable sorbent [49]. During the preparation process, PEI underwent a reaction with
1,2-epoxybutane for stabilization, and small quantities of chelators were pre-loaded onto a
silica support to prevent deactivation caused by metal impurities (Figure 2.6). The prepared
stable sorbent only lost 8.5% of its CO, working capacity even after 30 days of treatment in
an O;-containing flue gas at 110 °C. Goeppert et al. employed a similar method to stabilize
other amines, such as TEPA, by reacting them with propylene oxide [50]. This treatment
prevented the leaching of impregnated amines and improved the adsorption kinetics.

However, such modification reactions compromise the CO; sorption capacity.
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Figure 2.6 Synthesis of oxidation-stable PEI-impregnated sorbent [49].

2.2.3  Metal-organic frameworks

Metal-organic frameworks (MOFs) represent an emerging class of novel adsorbents that have
garnered significant attention for carbon capture applications. These materials typically
consist of various metal-based clusters and organic linkers, allowing for versatile material
designs suited for various applications [51]. While only a limited number of MOFs have been
developed and proven to be suitable for direct air capture, the potential of these materials

remains promising, driven by the rapid advancement of MOF research.

Zaworotko et al. conducted tests to assess the adsorption capacity of various MOFs for
capturing CO, from the atmosphere [6]. They examined HKUST-1, Mg-MOF-74, and
SIFSIX-3-Ni using temperature programmed desorption analysis. However, similar to 13X
zeolite, these metal-organic frameworks could efficiently capture CO, only under dry

conditions.

Some MOFs have been developed to address the issue of competitive adsorption with water.
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Eddaoudi et al. reported a fluorinated metal-organic framework known as NbOFFIVE-1-Ni,
designed for trace CO, removal. NbOFFIVE-1-Ni demonstrated a CO; uptake of 1.3 mmol/g
at a CO; concentration of 400 ppm [52]. Interestingly, despite having a high water uptake of
13.8 wt%, the presence of adsorbed water did not significantly impact the CO» adsorption
capacity of this adsorbent. In 2014, Shekhah et al. introduced a hybrid ultramicroporous
material called SIFSIX-3-Cu, designed for the removal of trace carbon dioxide from humid
environments [53]. This material demonstrated a substantial adsorption capacity of 1.24
mmol/g at a CO, concentration of 400 ppm. Notably, the adsorption capacity of SIFSIX-3-Cu
remained unaffected by the presence of water, distinguishing it from other physisorbent
materials. However, prolonged exposure to humid conditions had a detrimental effect on its
adsorption performance. Additionally, Yoon et al. synthesized a microporous copper silicate
material characterized by distinct H,O-specific and COs-specific adsorption sites.
Impressively, this material maintained its CO» adsorption capacity even in the presence of

atmospheric moisture and exhibited exceptional stability under wet conditions [54].

Although some physisorbent MOFs with hydrolytic stability have been developed, their CO»
uptakes have generally remained below 1.5 mmol/g. To further enhance the performance of
MOFs, Hong et al. created an alkylamine-appended metal-organic framework,
mmen-Mg>(dobpdc), using both solvothermal and microwave methods (Figure 2.7) [55]. This
amine-grafted MOF exhibited outstanding CO; adsorption capacity at low pressures,
capturing 2.0 mmol/g at 390 ppm and 25°C. Additionally, Hong et al. developed a
diamine-functionalized metal-organic framework with high CO, capacities of 2.83 mmol/g
under DAC conditions, and this material remained stable even after exposure to humidity [56].
Yaghi et al. modified IRMOF-74-I11 with two primary alkylamines [57]. And while the
general mechanism of CO, adsorption by amine groups involves the generation of ammonium
carbamates, the authors demonstrated that the chemisorption product for this material was

carbamic acid based on solid-state NMR results.
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Figure 2.7 The structure of an alkylamine-appended metal-organic framework for
direct air capture [55].

Green, red, and gray spheres represent Mg, O, and C atoms respectively.

Certain MOFs, such as UiO-66, have exhibited mesopores suitable for amine impregnation,
leading to the development and application of amine-impregnated MOFs for atmospheric
carbon capture [58]. Jones et al. prepared PEI-supported MIL-101(Cr), achieving a high CO,
adsorption capacity of 1.35 mmol/g [12]. However, at high PEI loadings, although CO, uptake

was high, adsorption kinetics were limited due to pore blockage.

While MOFs show promise as adsorbents for DAC, their high cost remains a significant
obstacle to practical application in DAC. Further research is needed to address the challenges

associated with large-scale, cost-effective MOF production for DAC purposes.

2.2.4  Zeolites

Physisorbents such as zeolite 13X can also be employed for direct air capture, but the
competitive adsorption of atmospheric water significantly limits their applicability in DAC
processes [6]. Yang et al. synthesized two microporous materials, Li-LSX and K-LSX, and
conducted breakthrough experiments to assess their performance in direct air capture [4]. The

results showed that Li-LSX and K-LSX exhibited atmospheric CO, adsorption capacities of
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0.82 and 0.25 mmol/g under dry conditions. However, these uptakes dropped significantly to
below 0.03 mmol/g in the presence of moisture. Using physisorbents for DAC in cold
environments with low water content can potentially mitigate the impact of moisture on CO,
adsorption performance by reducing competitive water adsorption. Jones et al. investigated
the CO» sorption characteristics of low silica zeolites, including 3A, 4A, 5A, and 13X, for
direct air capture (DAC) at -20 °C [59]. However, zeolite SA demonstrated a significant 39%
reduction in CO, adsorption capacity compared with experiments under dry conditions. To
address the issue of competitive adsorption, a two-stage, two-bed process was developed to
remove the water through a desiccant bed before adsorbing atmospheric CO». By using silica
gel as a desiccant to remove atmospheric water, zeolite 13X showed potential feasibility for

cold-temperature DAC, with an estimated energy requirement of 4359 MJ/tCO..

2.3 Adsorption processes for direct air capture

While most studies in the field of DAC have primarily focused on designing and synthesizing
novel materials to enhance CO, adsorption performance, the efficient regeneration of
adsorbents has been largely overlooked. DAC requires a strong affinity between CO, and
sorbents, making the recovery of adsorbed CO, more challenging than in conventional carbon
capture processes. Methods such as pressure swing adsorption (PSA) are widely used for
carbon capture from large point sources [60-62]. However, applying these methods to DAC is
energy-intensive, as pressurizing a significant amount of feed air is required. Furthermore, it is
not feasible to reduce the desorption pressure below the feed CO, partial pressure (40 Pa) for
vacuum swing adsorption (VSA). Typically, increasing the sorbent temperature is necessary to
provide the driving force for CO, desorption. Therefore, temperature swing adsorption and
temperature-vacuum swing adsorption have been developed and employed for DAC [63].
Table 2.2 presents the adsorption processes developed for DAC alongside their corresponding

performance metrics.

2.3.1 Temperature swing adsorption (TSA)

Temperature swing adsorption, also known as temperature concentration swing adsorption in
DAC, involves purging the sorbent at elevated temperatures (50-150 °C) using an inert gas
stream such as N». This regeneration approach has been extensively studied in conjunction
with investigations of DAC sorbents [11, 17, 19, 64]. But only a few works have been

conducted to analyze the performance of TSA in practical DAC cycles. Elfving et al.
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performed TSA cycles to investigate the desorption behavior of an amine-grafted resin,
employing N> as a purge gas during the desorption step [65]. More than 85% of the adsorbed
CO; was released at 60 °C. Liu et al. designed a bubbling fluidized bed reactor filled with
PEI-impregnated silica [66]. Sorbent regeneration was achieved using N> as the stripping gas
at 130 °C, resulting in a product stream with a CO, purity of approximately 6%. Olah et al.
used dry air to regenerate PEI-impregnated silica at 85 °C [11]. And the CO; purity of the
product was no more than 4.3%. In large-scale DAC applications, the requirement for
high-purity CO» products (around 95%) for utilization or storage can compromise the use of

TSA processes [67].

To address the issue of low product purity caused by inert gas purge, steam stripping was
employed for regenerating sorbents. Since steam can be easily condensed and separated from
CO; products, steam stripping is a potential process for producing high-purity CO, from the
air. However, steam stripping can deactivate amines at high temperatures and reduce sorption
capacity. For instance, the CO, adsorption capacity of PEIl-impregnated alumina and
PEI-impregnated silica decreased by 25.2% and 81.3%, respectively, after being treated at
105 °C for 24 hours [68].

2.3.2 Temperature-vacuum swing adsorption (TVSA)

TVSA is another prevalent process employed in practical DAC demonstrations using solid
amines as CO; sorbents [69]. In contrast to temperature swing adsorption, TVSA uses a
vacuum pump to reduce the CO, partial pressure during the regeneration process, providing
the driving force for sorbent regeneration, as shown in Figure 2.8. Typically, regeneration in

TVSA is conducted at a desorption pressure ranging from 5-20 kPa at 80-120 °C [5, 70].

Based on the adsorption behavior of developed sorbents like Lewatit VP OC 1065 and
PEI-impregnated MOFs, the performance of TVSA processes in DAC has been extensively
modelled and simulated [72-74]. Gazzani et al. conducted a comparative study of an aqueous
scrubbing process and the TVSA process for DAC [74]. The results showed that TVSA
outperformed the aqueous scrubbing process due to its lower exergy demand, which ranged
from 1.4-3.7 MJ/kgCO,. Both technologies have the potential to achieve DAC at a cost below
$200 per ton of captured COs.

24



CO,-lean air CO,-rich air

I\

O H,0

@
Air

Figure 2.8 Four-step temperature-vacuum swing adsorption cycle [71].

A: adsorption step, BD: blow-down step, H: heating step, D: desorption step

Steinfeld et al. performed experimental works to investigate the TVSA process for DAC using
a diamine-functionalized silica gel sorbent [5]. In dry conditions, desorption was challenging,
with a CO, working capacity of only 0.03 mmol/g at 10 kPa. Conducting adsorption in a
humid environment increased the working capacity to over 0.2 mmol/g. Elfving et al.
investigated regeneration methods, particularly TVSA, for DAC using amine-based
adsorbents [65]. Despite using a low desorption pressure of 2.5 kPa at 100 °C, the CO,
working capacity reached only 0.39 mmol/g due to the strong interaction between CO; and

amines.

Regarding pilot-scale demonstrations, the Thornton group developed a DAC module using a
MOF-based sorbent [75]. Regeneration occurred at 80 °C and 3.7 kPa, with low electrical
energy consumption (2.28 kWh/kgCO-) and high CO, purity (70-80%). Besides, Bajamundi
et al. designed a bench-scale DAC device comprising eight beds filled with
amine-functionalized adsorbent [76]. Desorption was performed by heating the bed to
approximately 80 °C under vacuum conditions, resulting in products with a purity range of
95-100%. The DAC system achieved a CO, working capacity of 0.36 mmol/g, with a specific
energy requirement of 13 kWh/kgCO,. To enhance the desorption driving force and recover

more adsorbed CO,, Lee et al. developed an electrically driven TVSA (ETVSA) module
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(Figure 2.9) [77]. This module used sorbent-coated carbon fibers that exhibited Joule heating
when a potential was applied, resulting in significantly accelerated CO» desorption through
directly applied electric potential. A pilot-scale analysis estimated a cost of approximately

$160 per ton of captured CO,.

Wind

Wind Energy DAC

Sorbent-coated Ad/Desorption Cycle

Carbon fibers

Figure 2.9 Sorbent-coated carbon fibers and electrically driven TVSA modules [77].

Steam stripping can also be coupled with TVSA to provide an additional driving force for
sorbent regeneration. Chaffe et al. employed the steam-assisted TVSA process to fully
regenerate a polyethylenimine-impregnated silica sorbent at 12 kPa and 100 °C [78]. In
humid conditions, the presence of co-adsorbed water slowed CO. desorption due to
additional energy requirements. Importantly, the sorbent demonstrated excellent stability,
retaining 92% of its capacity after 50 cycles (>1500 hours). Mazzotti et al. designed a
steam-assisted TVSA process for direct air capture and analyzed the performance through
simulations [71]. The results indicated that using a steam purge in the TVSA regeneration
process enhances CO; desorption kinetics and allows for greater CO, production at lower
evacuation pressures. Through steam stripping, the desorption rate increased by more than
16 times compared to conventional TVSA processes. However, energy consumption for
sorbent regeneration increased due to the additional thermal energy required to generate

steam, as confirmed by Brilman et al [79].
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2.3.3  Other processes

In addition to TSA and TVSA, there are also a few other processes used to conduct
adsorption-based DAC. For example, Gary et al. discovered that the regeneration of
PEI-impregnated sorbents could be enhanced by applying microwave irradiation [80]. The
CO, desorption rate increased with the microwave output due to microwave-induced
rotational-vibrational coupling transitions. Under microwave irradiation at near room

temperature, a CO, working capacity of 0.6-1.4 mmol/g could be achieved.

Table 2.2 Performance of reported adsorption-based DAC processes.

Process  Adsorbent We T ba i Xcoz  Ref.
(mmol/g) (°C) (bar) (MJ/kgcoz)

TSA Amine-based adsorbent 0.42 60 1 4.5 1.3% [65]
TSA PEI-silica 1.14 130 1 6.6 <7% [66]
TSA PElI-silica 1.70 85 1 - 43% [11]
TVSA SI-AEATPMS 0.21 90 0.15 10 97%  [5]

TVSA Amine-based adsorbent 0.39 100  0.025 7.5 - [65]
TVSA MOF 0.30 80  0.037 8.2 75%  [75]
TVSA Amine-based polymer 0.36 80  0.075 46.8 95% [76]
ETVSA  Sorbent-coated fibers 0.54 110 0.3 7.2 82%  [77]
STVSA  PEl-silica 1.69 100 0.12 - - [78]
STVSA VP OC 1065 0.77 116 0.5 15.04 - [79]
MSA Na,COs-carbon 0.10 65 1 - - [3]

pH swing Anion exchange resin 1.17 25 1 12.2 95%  [81]

* We: working capacity; Tde: desorption temperature; Pde: desorption pressure; E: energy consumption; Xcoz:

product purity.

Moisture swing adsorption (MSA) is also an emerging process for DAC. Wang et al.
developed an amine-based anion exchange resin with the ability to adsorb CO, under dry
conditions and release it by wetting the resin (Figure 2.10) [41]. This moisture swing process
is realized based on the transition between carbonate and bicarbonate ions under different
moisture content. Using this mechanism, carbonate-supported carbon materials also
exhibited moisture swing adsorption behaviors [3]. Sorbent regeneration was tested at a mild
temperature of 65°C through moisture swing to provide low-concentration CO, for

greenhouses. However, the working capacity was only 0.1 mmol/g.
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Figure 2.10 Mechanism of moisture swing adsorption based on ion exchange resins

[41].

Another recently developed process was pH swing adsorption (Figure 2.11) powered by
electrical energy [81]. In this process, after adsorbing atmospheric CO, using an
amine-functionalized anion exchange resin, a NaOH solution was passed over the resin to
recover the alkaline adsorption sites. The spent regeneration solution was then utilized to
produce NaOH again in an electrochemical cell. While a high CO» working capacity of 1.76
mmol/g could be achieved at room temperature, it's worth noting that the energy
consumption of the electrochemical cell could be as high as 537 kJ/mol. Although these new
adsorption processes show unique potential, they are still in the experimental stage and

require pilot-scale testing to confirm their feasibility in practical DAC systems.
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Figure 2.11 A pH swing adsorption process designed for DAC [81].
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3 Development of a vapor-promoted desorption process
for direct air capture

3.1 Introduction

The urgent need to reverse the rising trend of CO, concentrations has created a strong demand
for large-scale implementation of negative emissions technologies [1-3]. Direct air capture
(DAC), involving the direct extraction of CO, from the atmosphere, has gained significant
attention as a crucial approach for achieving negative emissions [4-6]. Among the various
DAC technologies, the adsorption-desorption process using solid adsorbents is particularly

promising due to its relatively low regeneration temperature [7-9].

The selection of adsorbents and processes for DAC is constrained by the moisture and
extremely low concentration of CO; in the air (around 400 ppm) [7]. Among the adsorbents
used in DAC, chemisorbents, particularly solid amine sorbents with large heat of adsorption
(60-100 kJ/mol) and high CO, selectivity, are commonly employed [10, 11]. However,
regenerating DAC adsorbents is extremely energy intensive due to the strong affinity of amine

groups with CO,, making DAC highly expensive with a cost of over $100 /tcoz [10, 12, 13].

Typically, the desorption process in DAC requires elevating the temperature to approximately
100 °C while creating a vacuum to reduce the partial pressure of CO>, serving as the driving
force for adsorbent regeneration [14, 15]. To address this, temperature vacuum swing
adsorption (TVSA) processes are commonly used to achieve CO, capture from air [2, 10, 16,
17]. Nevertheless, the typical desorption pressure range of 5 to 30 kPa in the TVSA process is
insufficient to efficiently release the adsorbed CO,, leading to a limited CO, working capacity
of less than 0.5 mmol/g [15, 18, 19]. To promote CO, desorption and improve the working
capacity, several strategies have been employed, including raising the desorption temperature,
reducing the desorption pressure, or implementing steam stripping [19, 20]. However, these
approaches increase energy consumption and operating costs, which further compromise the

economic viability and hinder large-scale deployment of DAC.

The objective of this chapter is to develop an alternative method to recover the CO; adsorbed
on solid amine sorbents, aiming to achieve a larger working capacity while minimizing energy
consumption. In this chapter, a novel in situ vapor-promoted desorption (VPD) process was
proposed to efficiently regenerate adsorbents and produce high-purity CO; from ambient air

without requiring evacuation. This approach substantially reduced CO; partial pressure during
37



regeneration and recovered over 90% of the adsorbed CO, at 100 °C by in situ vapor purge
using water harvested from the atmosphere. The VPD process was demonstrated by
constructing a solar-powered DAC prototype that used sunlight as the sole energy source for
adsorbent regeneration. This prototype not only showed a significant reduction in energy
consumption but also achieved much higher CO, working capacities in comparison with

prevalent TVSA techniques.
3.2 Experimental
3.2.1  Vapor-promoted desorption process

The entire process is based on temperature-concentration swing adsorption and is composed
of four stages (Figure 3.1A) namely, adsorption, preheating, desorption and cooling,
employing a double-layered adsorption column. In the adsorption stage, two adsorbents
sequentially packed in the column adsorb CO; and H,O from the air. Subsequently, the
temperature of the adsorbent bed is elevated through solar or electrical heating. The CO» and
vapors with increased partial pressures displace the air inside the column, thereby preventing
oxidative degradation of the adsorbent at high temperatures. During the desorption stage, the
increased vapor partial pressure reduces the carbon dioxide partial pressure and promotes the
regeneration of solid amine sorbents. This desorption approach requires only thermal energy
obtained from sunlight or waste heat to increase adsorbent temperatures and realize adsorbent
regeneration (Figure 3.1B), eliminating the need for an external purge supply or vacuum
pumps. The water in the product stream is easily condensed and separated, leaving high-purity
COa,. After collecting the products, fresh air is introduced to lower the adsorbent temperature

and initiate the next adsorption cycle.

CO, lean air Air (35 °C) 1. Adsorption Solar-thermal desorption

2. Preheating
3. Desorption ® ®

® . e
4. Cooling 5 -

# CO, adsorbent In situ vapor

CO, (>97%)
H,O adsorbent e ®

e
Heating tape, off . o
(solar absorption layer) L ) £

s Heating tape, on L ‘
(solar absorption layer) < j

$

X Valve, open

Y Valve, closed Water

Air  H,0 (Liq.) Air (25 °C)
Figure 3.1 Working principle of vapor-promoted desorption for DAC.
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3.2.2 Materials and characterizations

In this chapter, direct air capture was performed using Lewatit VP OC 1065 (Lanxess) as the
CO; adsorbent. The material, which ranges in diameter from 0.3-1.2 mm, is a primary amine
functionalized weakly basic anion exchange resin that has been identified as a promising
adsorbent for DAC. Type A silica gel (Desicco) with a particle size of 3-5 mm was employed
as the water adsorbent. Before usage, the silica gel and resin were pre-treated under vacuum

at 110 °C and 80 °C, respectively.

The CO, adsorption behavior of VP OC 1065 resin is characterized using a reported
Dual-site Langmuir model (Equations 3.1-3.3) [21], with the fitted parameters provided in
Table 3.1.

q: K. P q.K>P

= 3.1

9co. =11k, Pp "1+ K,P G.1)
_AH d ’1

K; = Ky 1exp (—R; > ) (3.2)
—AH,, 2

K; = Ky exp (—R; - ) (3.3)

Table 3.1 Dual-site Langmuir model parameters of CO; adsorption on Lewatit resin.

Parameter Value
q1 (mmol/g) 1.94
q, (mmol/g) 1.06
Ko, (1/Pa) 1.11x1071
Koo (1/Pa) 1.84x10°"
—AH 4541 (kJ/mol) 75.6
—AH 45, (kJ/mol) 51.6

The theoretical working capacity (W.) of Lewatit resin is evaluated by the following

equation.

We = qco, (Tads» PCOZ,ads) —dco, (Tdesr PCOZ,des) (3.4)

qCOZ(TadS, Pcoz,ads) and QCOZ(TdesrPCOZ,des) represent calculated CO, loadings under
adsorption and desorption conditions based on the proposed isotherm model. P¢p, and T

are the CO; partial pressure and adsorbent temperature. In the adsorption process, T,4s and
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Pco,aas are fixed at 25 °C and 40 Pa, respectively.

Fourier-transform infrared spectroscopy (FTIR) spectra were collected using a Nicolet iS50
FTIR Spectrometer. The thermal stability of VP OC 1065 was characterized using
thermogravimetric analysis (TGA) with a Mettler Toledo TGA/DSC 1 under the designated
atmosphere and conditions. /n situ FTIR was used to investigate the changes in surface
species during the regeneration or deactivation of VP OC 1065 with a Bruker Tensor 27
spectrometer. Before analysis, the sample was exposed to air at 25 °C and 30% RH
overnight to adsorb CO, and H,O. Then, the sample was treated with N, flow at 100 °C
while spectra were recorded every 5 min. The COs-induced deactivation mechanism was
investigated using in situ FTIR under a CO, atmosphere at 150 °C. The sample was treated
with pure CO; at 80 °C for 3 hours and at 150 °C for 15 min before analysis, with spectra
collected every 60 min at 150 °C.

3.2.3  Experimental setups for direct air capture

A stainless-steel tube of 8 cm in length and 1 cm in diameter was employed as the
adsorption column to analyze the breakthrough curves for CO; adsorption (Figure 3.2). The
adsorption temperature was controlled by a thermostat oven set to 28 °C. Compressed air
with 410 ppm CO, was introduced to the adsorption column at a gas-hourly space velocity
(GHSYV, based on the volume of resin) of 12000 /h. GHSV is a measure of the flow rate of
gas through an adsorbent bed per unit volume of adsorbent per hour, making it a
representative measure of the volume of air contacted per unit volume of adsorbent. The gas
superficial velocity can be calculated based on the size of the adsorption column, the volume
of the adsorbent, and the given gas hourly space velocity. The outlet CO. concentrations
were monitored by an infrared CO; sensor (Dynament, 0-1000 ppm), while two humidity
sensors (Ningbo Keshun KS-SHT and Vaisala HMT338) continuously recorded the feed and
outlet relative humidity. Breakthrough experiments were performed under different
humidities to investigate the impact of varying humidities on CO, adsorption behavior. A

humidifier at 28 °C was used to control the required relative humidity.
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Figure 3.2 Scheme of the setup for breakthrough experiments.

The schematic of the setup used for testing vapor-promoted DAC is illustrated in Figure 3.3.
Stainless steel columns, measuring 60 cm in length and 4 cm in diameter, were used as
adsorption columns. Silica gel and Lewatit resin were packed sequentially within one
adsorption column. Fresh air containing 410-450 ppm CO, first flowed over Lewatit resin,
and subsequently over silica gel, for CO, and H,O adsorption. GHSV was regulated by flow
meters and ranged from 3000 to 10000 /h. The outlet CO, concentrations were monitored by
an infrared CO; sensor (Dynament, 0-1000 ppm), while the feed and outlet relative humidity
were continuously recorded by two humidity sensors (Ningbo Keshun KS-SHT and Vaisala
HMT338). One of the air streams passed through a 27 °C humidifier to control the humidity
of the feed gas.

() (7,

Co,
ot

V2 Double-layered column < —+ CO,-lean air
V1

I

$ CO, sensor
Flow sensor
_m Humidity sensor

o-.z Flow controller

Co, < Condenser
Adsorption/cooling

— = = Desorption/preheating

Figure 3.3 Scheme of the setup for testing the cyclic performance of vapor-promoted

DAC.

A thermal couple was placed at the center of VP OC 1065 to monitor the temperature profile

ads

throughout the adsorption-desorption cycles. The CO; uptake (q¢g,, mmol/g) during the

adsorption process was calculated based on the following equation [22].
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(3.5)

t
ads __ ads Ngjr (CCOZ,in - CCOZ,out) dt
dco, = -~

0

where t,qs is the adsorption time, ng;,- is the flow rate of the inlet air, Cgo, i, is the
atmospheric CO» concentration, Cco, ous is the CO2 concentration in the outlet gas and m
is the mass of VP OC 1065. The water adsorption capacity is determined by the same

calculation method.

Thermal energy, either supplied by electrical heating or solar energy, was employed to
regenerate the adsorbents and produce high purity CO, and water. The adsorption columns
used for electrical and solar heating are illustrated in Figure 3.4. The solar-heating column
with black coatings could receive solar energy and provide the heat required by adsorbent
regeneration. In this study, the electrical heating power applied was 90 W, while the solar

flux typically ranged from 400-800 W/m? for solar heating in Tianjin, China.

Figure 3.4 Adsorption columns for electrical heating (Top) and solar heating (Bottom).

The solar-powered prototype for DAC is depicted in Figure 3.5. During the preheating and
desorption steps, the solar flux was measured by a pyranometer (Renke, RS-RA). As the
temperature of the adsorbent increased, the vapors in the product stream were collected as
liquid water products by the air-cooled condenser, while the CO; product was collected
using a syringe to record the product volume profile (Figure 3.5). The collected CO; product
was then stored in gas sampling bags and analyzed using gas chromatography with a thermal
conductivity detector. To monitor the real-time product purity, a CO; sensor (Dynament,
0-100%) was directly connected to the condenser and syringe. The volume profile of

desorbed CO» can be expressed as,

tdes an,t
VCOZ'tdes =f CCOZ,t _at dt (36)
0

where Vg, is the desorbed CO, volume at a certain desorption time (t), Vp is the
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product volume at t, Cgp,. 1s the real-time CO, purity of the product at t. Once the
volume profile of desorbed CO, is obtained, the CO; loading of VP OC 1065 during the

desorption step can be determined.

The water product collected from the condenser was analyzed using 'H NMR spectra
(Varian VNMRS 600 MHz). To analyze the water vapor pressure inside the column during
desorption, a humidity sensor (Vaisala HMT338) was directly inserted into the column to
measure the humidity and temperature surrounding VP OC 1065. The water vapor pressure
was calculated using the Antoine equation for vapor-pressure data [23]. After the desorption
process, the adsorption column was purged with fresh air to rapidly decrease the adsorbent

temperature and initiate the next adsorption cycle.

[Front viewsses

(DSolar heating column

@Thermal couple
(®Computer and DAQ
@Condenser

®Gas collector

(®Parabolic concentrator -

Figure 3.5 Solar-powered DAC prototype for high purity CO, and water production

from the air.

3.2.4  Energy consumption analysis

To calculate the photothermal conversion efficiency of the solar-powered DAC prototype,
temperature increases of an empty solar-heating column were measured under sunlight
irradiation. The thermal energy (Q¢nermq:) converted from solar energy as well as the

photothermal conversion efficiency («) were calculated using Equations 3.7 and 3.8,

t

Qthermal = C(Af Lso10rdt = Meype Crupe AT rupe 3.7
0
a = mtubeftubeATtube (3.8)
A fo lsolardt
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where A is the projected area (0.05 m?) of the black coating for receiving natural sunlight,
Iso1qr 18 the solar flux, t is the solar irradiation time, m,p, refers to the mass of the
solar-heating column (1.07 kg), Cype is the heat capacity (500 J/kg-K) of the tube, AT¢ype

represents the temperature increase of the adsorption column during solar heating.

A parabolic concentrator was used to enhance the heating power of the photothermal DAC
prototype. The optical concentration ratio (o) of the parabolic concentrator was determined
by conducting solar heating experiments under concentrated sunlight and calculated using

Equation 3.9.

m Crupe AT,
o= tube“tube tube (3.9)

t
ad fo Isolardt

Subsequently, the heating powers (W) of the photothermal system under various solar

intensities were calculated using Equation 3.10.

W = acAlgyqr (3.10)

For the solar-powered DAC system, the thermal energy for adsorbent regeneration (Q,.) was

calculated based on the following equation,

tdes
fo Isolardt _ mtubeCtubeATtube

Qe = 0aA (3.11)

Mco, Mco,
where tg.s is the desorption time, and mcq, is the mass of CO: collected under solar
irradiation, ATy,p. represents the temperature increase of the adsorption column in the
desorption stage. Considering that reported energy consumption analyses typically focus on
the energy used for heating the adsorbent and providing latent heat, this study subtracted the

heat required for heating the adsorption column, to enable a meaningful comparison.
3.3 Results and discussion
3.3.1 Regeneration efficiency

To evaluate the efficiency of a given desorption technology for DAC, a parameter, termed
Regeneration Efficiency (R), is introduced to quantify the percentage of CO, that can be
recovered from the adsorbents. R is defined by the following equation:

We

R=— (3.12)
Qaa
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where W, is the CO, working capacity achieved using the given desorption technology, gas
represents CO» loadings on the adsorbent materials after adsorption. A higher regeneration
efficiency enhances CO» productivity and reduces equipment volume, leading to decreased
operating and capital costs for DAC. The regeneration efficiency (R) of the conventional
TVSA process was evaluated using CO, adsorption isotherm data of a benchmark solid amine
sorbent (Lewatit VP OC 1065). The temperature and humidity of ambient air significantly
affect the adsorption capacity, thus impacting the calculated working capacity and
regeneration efficiency. In this work, a typical temperature of 25 °C was selected to represent
the general scenario for DAC. Additionally, a dry condition was employed for adsorption and
desorption to estimate the efficiency of a given regeneration process, as the influence of water

on CO; loading at elevated temperatures was not fully understood.

As shown in Figure 3.6, the TVSA process requires elevated temperatures and reduced
pressures for CO, desorption. Achieving an R-value over 0.6 requires a desorption
temperature of 115 °C and a pressure of 10 kPa. Considering the thermal stability of the
material and the desorption pressure achievable by regular vacuum pumps, reaching an

R-value > 0.6 is highly challenging.

To address the harsh conditions, vapor-promoted desorption (VPD) is introduced to achieve
efficient adsorbent regeneration with an R value exceeding 0.9. This VPD process promotes
CO; adsorbent regeneration via in situ vapor purge using water harvested from the atmosphere.
As shown in Figure 3.6B, compared with conventional TVSA, the VPD process can
significantly reduce CO, partial pressure by vapor purge, providing a tremendous driving
force for CO, desorption, leading to an increased working capacity and regeneration

efficiency.
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Figure 3.6 Regeneration efficiency and CO; working capacities of TVSA and

vapor-promoted desorption processes.
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(A) Calculated R values of conventional TVSA processes at various desorption temperatures
and pressures, with fixed adsorption conditions of 25 °C and 400 ppm CO.. (B) Theoretical
working capacities of vapor promoted desorption (W.ypp) and TVSA (W, rvs4) processes
calculated from the CO, adsorption isobar of Lewatit VP OC 1065 resin. Vapor promoted
desorption, conducted without the use of vacuum conditions, results in a significant reduction
in CO; partial pressure (around 2 kPa) due to the in sifu purging effect of the generated water

vapors.
3.3.2  Adsorption properties

Commercial type A silica gel and Lewatit VP OC 1065 resin were used as the water and CO»
adsorbents for testing vapor-promoted DAC, respectively. The Lewatit resin exhibited an
impressive CO» uptake capability of 1.11 mmol/g at 20 °C and 400 ppm (Figure 3.7A). In
Figure 3.7B, the hydrophobic styrene-divinylbenzene structure of the Lewatit resin resulted in
limited water uptakes at low relative humidities (RH). Silica gel was able to adsorb more than
10 wt% water even under 30% RH conditions, while the VP OC 1065 resin achieved a similar
uptake at a relative humidity of nearly 80% (Figure 3.7C). The addition of silica gel could
significantly increase the amount of co-adsorbed water, thus providing a solid foundation for

vapor-promoted desorption.
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Figure 3.7 Adsorption properties of VP OC 1065 resin and silica gel.
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(A) CO; adsorption isobar of VP OC 1065. (B) Water adsorption isotherm of VP OC 1065 at
25 °C, 35 °C and 45 °C. (C) Water adsorption isotherms of silica gel at 25 °C, 35 °C, and
45 °C. (D) CO; breakthrough curves of VP OC 1065 at 28 °C and 410 ppm, with a gas hourly
space velocity of 12000 /h. The inset shows atmospheric CO; adsorption capacities under dry

and different humidity conditions.

Moisture has been proven to significantly affect the CO, adsorption properties of solid amine
sorbents [7, 24, 25]. The impact of moisture on the CO; adsorption behaviors of the Lewatit
resin was studied by conducting breakthrough experiments at varying humidities. Compared
with adsorption with dry air, the CO, uptakes at 35%, 60%, and 85% RH were observed to
increase by 6.9%, 29.2%, and 62.5%, respectively (Figure 3.7D). Specifically, the CO uptake
increased from 0.72 to 0.93 mmol/g at 28 °C when dry air was replaced by a humid feed with
a relative humidity of 60%. However, higher CO; uptakes and slower adsorption kinetics
under high humidity conditions led to longer adsorption time for achieving adsorption
equilibrium. The reduced adsorption rate might be attributed to the mass transfer restrictions

in Lewatit resin with higher water loadings.
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Figure 3.8 Fourier transform infrared spectroscopy spectra of VP OC 1065 pretreated
using 25 <C air with 30% relative humidity (RH).

FTIR spectroscopy was used to analyze the surface species of VP OC 1065 after adsorbing
atmospheric CO,. Before the analysis, the sample was pretreated with 25 <C and 30% RH air
for 12 hours. The symmetric stretching vibration of -COO" originating from the carbamate
structure was detected at 1380 and 1421 cm™' [26, 27]. The IR band at 1510 cm
corresponded to the N-H bending vibration and C-N stretching vibration (amide II) of
carbamate species [26-28] (Figure 3.8). In addition, the asymmetric stretching vibration of

-COO and antisymmetric deformation of NH;" at around 1560-1590 cm™! were detected [27,
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28]. Generally, carbamic acid, bicarbonate, and ammonium carbamate are regarded as
potential species formed on solid amine sorbents during CO; adsorption [25, 29, 30], with IR
bands in the range of 1700-1300 cm™. Young et.al proved that the amine efficiency of
Lewatit resin was not increased in the presence of moisture when CO adsorption was
performed at 1 bar [24]. This indicated that the bicarbonate mechanism is unlikely to occur
in Lewatit resin, as the stoichiometric ratio of CO,/amine would increase from 0.5 to 1 if the
bicarbonate was formed. Previous works have also reported that the surface species shifted
from carbamic acid to ammonium carbamate for amine-grafted materials in the presence of
water [25, 31, 32]. Thus, the resin might adsorb atmospheric CO, at 25 °C and 30% RH via

a carbamate pathway.

The mechanism of atmospheric CO, adsorption on VP OC 1065 was further investigated by
recording the in situ FTIR spectra during N» purge. Upon treatment with a 100 °C N, stream,
the desorption of CO, was reflected in decreases of the absorptance at 1380, 1510 and 1584
cm! (Figure 3.9), corresponding to the symmetric stretching vibration of -COO-, C-N
stretching vibration (amide IT) and antisymmetric deformation of NH;" in ammonium
carbamate structures, respectively [33, 34]. The results suggested that the formation of
ammonium carbamate was the dominant mechanism for atmospheric CO, adsorption at 30%

RH using VP OC 1065.
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Figure 3.9 In situ Fourier transform infrared spectroscopy spectra of VP OC 1065 after 0,

5, 10, 15, 20, 25 and 30 min treatment in flowing N, atmosphere at 100 <C. The sample

was pretreated with 25 <C and 30% RH air for 12 hours.

Thermal stability can be a major concern for solid amine sorbents during regeneration [35].
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Thermogravimetric analysis was conducted at different temperatures and atmospheres to
assess the thermal stability of VP OC 1065. The resin kept losing CO, sorption capacity after
each desorption step at 110 °C in air, totaling more than 20% loss in 6 cycles (Figure 3.10).
In contrast, at a desorption temperature of 70 °C, there wasn’t any obvious loss of CO»
sorption capacity, suggesting lower regeneration temperatures are critical to maintaining the

performance of the resin for DAC.
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Figure 3.10 Cyclic CO; adsorption capacity of VP OC 1065 regenerated under (A) 70 T
and (B) 110 <T air flows. CO; adsorption was performed using 30 <C dry air with 400
ppm CO,. The CO; uptake of the first adsorption cycle was denoted as qpo.
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Figure 3.11 Cyclic CO; adsorption capacity of VP OC 1065 regenerated under (A)
120 <T and (B) 150 T CO; flows. CO; adsorption was performed using CO; at 30 C
and 1 bar. The CO; uptake of the first adsorption cycle was denoted as qo.

The stability of the amine under pure CO; was also investigated at 120 °C and 150 °C. The
sample was pre-treated with carbon dioxide at 30 °C before being exposed to
high-temperature CO,. When pure CO; was used for the thermalgravimetric analysis instead
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of air, the resin was kept stable at 120 °C after repeated cycles and degradation wasn’t seen
until the regeneration temperature reached 150 °C (Figure 3.11). In CO, atmosphere at
150 °C, the deactivation of amine groups was primarily caused by the formation of cyclic
and open-chain ureas, according to the in situ FTIR analysis (Figure 3.12). Specifically,
using a CO; stream to treat the sample at 150 °C, the absorptance of two bands at 1560 and
1654 c¢cm™' associated with open-chain ureas gradually increased. Moreover, a new
absorption band at 1702 cm™! was also observed due to the formation of cyclic ureas [36, 37].
Figures 3.12B and 3.12C illustrate the formation mechanisms of open-chain urea and cyclic
urea. Specifically, two primary amine groups first react with CO; to form the corresponding
ammonium carbamate in the CO, adsorption process. Subsequently, the ureas are formed

through the dehydration of ammonium carbamate at 150 °C [36, 37].
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Figure 3.12 CO2-induced deactivation mechanism analysis. (A) In situ FTIR spectra for

VP OC 1065 after 0, 1, 2, 3, and 4 hours (bottom to top) treatment using CO; stream at
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150 <C. (B-C) Proposed mechanism for (B) open-chain ureas formation and (C) cyclic

ureas formation.
3.3.3  Cyclic performance of vapor-promoted DAC

To study the cyclic stability of the Lewatit VP OC 1065 under the condition of in situ vapor
purge, silica gel was packed in the same column for adsorbing moisture from the air and
providing the in situ vapor, along with the CO, capture resin. At a feed gas hourly space
velocity (GHSV, based on the volume of resin) of 10000 /h, each adsorption (~3 h) and
desorption (~40 min) cycle can produce carbon dioxide at a productivity of 3.7-3.9
kg/(h-m?«sin) (Figures 3.13A and 3.13B). It is noteworthy that the mass productivity is
significantly influenced by the air flow rate in the adsorption step or the required adsorption

time.

The released CO: could reach a maximum purity of over 99% during VPD after 19 min
preheating, as shown in Figure 3.13C. The collected products were further analyzed by gas
chromatography, showing a CO, concentration of 97.7% and an O, concentration of 0.5%.
The low concentrations of O, within the column could reduce the risk of amine oxidation
during regeneration. Remarkably, this novel VPD process maintained a stable CO, working
capacity of 0.9-1.0 mmol/g (Figure 3.13D) over nine cycles, as nearly all the CO, products
could be collected at temperatures below 105 °C (Figure 3.13E).
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Figure 3.13 Performance of cyclic vapor-promoted DAC in comparison to desorption
without in situ vapor purge.
Adsorbents: 180 mL VP OC resin and 180 mL silica gel. Fresh air at 27 °C with RH ranging
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from 35 to 60% was used as the feed stream with a GHSV of 10000 /h. Desorption without in
situ vapor purge was performed by replacing silica gel with glass beads. (A and B) Cyclic CO»
loading profiles for desorption (A) with and (B) without in situ vapor purge during nine
adsorption-desorption cycles. (C) Real-time CO; purity and product volumes of different
cycles during VPD. (D) Cyclic working capacities calculated from the CO» loading profiles.
(E) Normalized product volumes (ratios of collected product volume to final product volume)
during desorption with in situ vapor purge under different desorption temperatures. The
shaded areas illustrate the variations in results obtained under different relative humidities
ranging from 35% to 60%. The solid line represents the experiment conducted under a relative
humidity of 50%. (F) Normalized product volume during desorption without in situ vapor

purge, when the adsorption was performed at 35% RH.

By contrast, the DAC without using in situ vapor purge, lost 40% of its working capacity at
cycle 8, starting from 0.97 mmol/g at cycle 1 (Figures 3.13B and 3.13D). This low stability
can be attributed to the significantly higher temperatures required, ranging from 130-150 °C,
to achieve a similar product volume compared with VPD (Figure 3.13F). These observations
highlight the importance of in situ vapor purge in reducing the required regeneration

temperatures for CO, desorption.

In the above setup using a resin volume fraction of 0.5, the amount of CO, desorbed was
barely influenced by the feed air humidity, as shown in the shaded area of Figure 3.13E. This
suggests the amount of in situ vapor could be far more than sufficient for purge. To analyze the
necessary amount of co-adsorbed water or silica gel for in situ vapor purge, VPD was
investigated under various relative humidities and in the meantime the resin volume fraction
was increased to 0.8. Figure 3.14 demonstrated stable CO, working capacities ranging from
0.85 to 1.00 mmol/g (using 320 mL Lewatit resin and 80 mL silica gel) which is similar to the
CO, working capacity in the earlier tests using 180 mL resin and 180 mL silica gel (Figure

3.13A).
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Figure 3.14 Six vapor-promoted DAC cycles using 320 mL VP OC resin and 80 mL
silica gel. (A) CO; loading and (B) desorption temperature profiles.

Fresh air at around 27 °C with RH ranging from 45 % to 70 % was used as the feed stream
which had a gas hourly space velocity (GHSV) of 5600 /h. The shaded areas indicate the
variation of temperature results obtained under different relative humidities (45-70%). The

solid line represents the experiment conducted under a relative humidity of 60%.

As shown in Figure 3.14B, the desorption temperature profile of VPD exhibited two distinct
stages, corresponding to the preheating and desorption steps. Specifically, the temperature
initially increased from room temperature to 90 °C, after which it stabilized or gradually
increased to around 105 °C. This behavior can be attributed to the consumption of thermal
energy by the desorption of CO, and H,O in the desorption step. Wurzbacher et.al also
reported a similar temperature evolution in the sorbent bed center during TVSA processes

using solid amine materials [16].
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Figure 3.15 'H NMR spectra for the (A) deionized water and (B) water products. DMSO

with 12 ppm concentration was employed as the reference.

At elevated temperatures, the desorbed water first served as the vapor for in situ purge of

CO, within the column. Then the vapor was condensed in the subsequent air-cooled
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condenser as high-purity fresh liquid water verified by the '"H NMR results (Figure 3.15).
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Figure 3.16 Investigation on the impact of feed air humidity and co-adsorbed water in
VPD.

Adsorbents: 320 mL VP OC resin and 80 mL silica gel. Fresh air at 27 °C with RH ranging
from 45 % to 70 % was used as the feed stream with a GHSV of 5600 /h. (A) Cyclic CO» and
water productivities under different relative humidities. (B) Amounts of desorbed CO, and

partial pressures of water vapor inside the column during the regeneration stage.

This gas/liquid separation allowed for the recovery of high-concentration CO, products
ranging from 4.5 to 5.0 g per cycle. Meanwhile, water productivity ranged from 5.0t0 6.5 g
per cycle depending on the atmospheric humidity (Figure 3.16A). Need to be mentioned that
only a small fraction of water (~22%) was desorbed, involved as vapors with high partial
pressures over 95 kPa within the column (Figure 3.16B), and collected as a liquid product.
Whereas the increased vapor pressure could substantially reduce the CO, partial pressure,

releasing over 90% of the adsorbed CO, at temperatures below 110 °C.

The present study only examined the physical mechanism (partial pressure change) for CO,
desorption. However, considering water's involvement in the reaction between CO, and
amines, there might be chemical reactions promoting CO- desorption. Investigating the binary
adsorption equilibrium for CO, and water at high temperatures would further elucidate the

effects of vapors on CO, adsorption/desorption behavior.

3.3.4 Performance estimation for VPD

For this in situ vapor purge with a resin volume fraction of 0.8, the required desorption
temperatures for achieving different R values were determined by the amount of adsorbed

water as shown in Figure 3.17. By increasing the molar ratio of equilibrium loading of
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adsorbed water to CO» (#waer/Nc02), the desorption temperature could be lowered due to the

increased quality of vapors generated for in situ purge.
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Figure 3.17 To achieve regeneration efficiency R ranging from 0.70 to 0.93, the
corresponding desorption temperature as a function of the molar ratio of equilibrium
loading of adsorbed water to CO; (Nwater/Ncoz at the end of the adsorption step).

The dashed lines represent the linear fitting results. The right y-axis shows the required
temperature difference (47) between the desorption temperature (7,) and the boiling point

of water (Ty,) at 1 bar, with AT calculated as Ty minus 75,.

This linear correlation in Figure 3.17 enables the estimation of the required nyaer/nco: for
reaching different R values at certain desorption temperatures and 1 bar. Then, the
corresponding volume fraction of resin (V}six) under different atmospheric humidities can

be evaluated by Equation 3.13.

qwater,silicapsilica

Vf resin = (3.13)

(QCOZ,resinpresinnwater/ncoz - QWater,resinpresin + CIwater,silicapsilicat)

where qyatersitica A4 Quaterresin (Mmol/g) represent the equilibrium water loadings for
silica gel and Lewatit resin at different relative humidities. pgjjicq and presin (g/L) are the
packing densities of silica gel and Lewatit resin, respectively. To calculate the volume
fraction of resin, the adsorption temperature and the equilibrium CO, adsorption capacity of
Lewatit resin (qco,,resin) Were set at 25 °C and 1 mmol/g, respectively. Then, according to
the calculated V ,.qqn, the correlation between regeneration efficiency and given conditions
(Vf resin» desorption temperature, and relative humidity of feed air) was obtained and

depicted in Figure 3.18A.
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By adjusting the volume fraction of adsorbents, VPD can be applied in various climate
environments, from arid to humid areas. Even in areas with extremely low humidities of
around 20-25% typical to average air humidity in deserts [38], VPD can still achieve a
regeneration efficiency of 0.9, as demonstrated in the shaded area (Figure 3.18A). In a more
humid environment, for example 50% relative humidity air, desorption temperature as low as
103 °C is highly effective in generating abundant vapors for in situ purge, releasing over 90%
of the adsorbed CO,. Both of the above examples do not need vacuum pumps for the

regeneration of CO, adsorbents.
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Figure 3.18 Predicting regeneration efficiency R of VPD under desorption pressures of
(A) 100 kPa and (B) 50 kPa, at given volume fraction of resin, desorption temperature,
and relative humidity of feed air.

The calculation was based on an equilibrium CO; loading of 1 mmol/g for the chemisorbent in
DAC. The shaded red areas represent the recommended operating conditions for vapor

promoted DAC with an R exceeding 0.9.

When evacuation is applied, the desorption temperature can be further reduced in the VPD
process. As shown in Figure 3.17, the temperature difference (47) between the desorption
temperature (74) and the boiling point of water (73,) was depended on the nyue/ncoz. This
relationship highlights the potential of operating VPD at lower temperatures by reducing the
water boiling point using evacuation, allowing us to predict the corresponding R under
vacuum conditions. To evaluate the regeneration performance at a moderate desorption

pressure of 0.5 bar, three assumptions were considered:

1. The desorption kinetics were assumed to be unchanged compared with vapor-promoted

desorption at 1 bar.

2. The increase in equilibrium CO, loading with decreasing regeneration temperatures is
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expected to be offset by the reduction in CO, partial pressure caused by evacuation.

3. Based on the aforementioned two assumptions, it is assumed that the linear correlation
observed in Figure 3.17 between AT and nwae/ncoz at 1 bar remains valid under a moderate

desorption pressure of 0.5 bar.

Thus, for achieving different R at 0.5 bar, the required desorption temperature under specific
Nwae/Nco2 can be calculated based on Equation 3.14 and Figure 3.17, with Ty 05 par
representing the boiling point of water at 0.5 bar. The performance of vapor-promoted
desorption at 0.5 bar can be evaluated using a similar approach as the one employed for

predicting regeneration efficiency at 1 bar.

Tqe = AT + pr,O.Sbar (3.14)

As shown in Figure 3.18B, by applying a moderate vacuum of 50 kPa, the process only needs
a regeneration temperature of 87 °C to recover 90% of the CO; from the column; or recover 80%

of the CO; at 80°C.

In general, for a given air humidity, the resin volume fraction and the desorption temperature
can be adjusted to achieve a high CO; capture performance using the VPD process (Figure
3.18), while considering the specific environmental conditions, such as weather and the
temperature of the heat source available, at the location where DAC is conducted. Besides,
since a vacuum condition can reduce the required temperature for in situ vapor purge,
regeneration conditions such as the desorption pressure can be selected based on the
availability of energy sources such as waste heat, solar energy, or renewable electricity around

DAC systems.
3.3.5 Solar-powered DAC prototype

As only low-grade heat is required to drive the VPD process, a solar-powered DAC prototype
was built to convert solar energy to thermal energy with high efficiencies. As shown in Figure
3.19, the prototype consists of a horizontal adsorption column coated in black and
double-glazed with a transparent vacuum isolation and a parabolic solar concentrator with an
optical concentration ratio of 1.9 (Figure 3.19C). The photothermal conversion efficiency of
the prototype was calculated to be 63.1% by monitoring the temperature changes of the
column under solar irradiation. Additionally, a correlation was established between the solar
flux and heating power of the prototype. Under a typical solar flux of 500 W/m?, the prototype
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with a projected area of the black coating being 0.05 m?, is capable of generating thermal

energy equivalent to 30 W of electrical heating (Figure 3.19D).

A B Sy
/ ‘,/’
Transparent vacuum is0laton 5
5 k coalings
Adsorption column with blac! A/
i
" : A
1 '\
Parabolic mirror concentrator = : ' :
i =
3 2%
C D
30 80
—e— Natural sunlight —e— Natural sunlight
—a— Concentrated sunlight = —e— Concentrated sunlight
oo S o}
o 0} » s )
g ° g
b= .’. Y i 8,
| o oo o A0l
o P c
10 g o ®
- o .I
I..oo ’.'.'..o % 20l
o ; o ®
,°/.,o'°'
0 5"‘ L L L ' 0 L L 1 L
0 2 4 6 8 10 400 600 800 1000
Irradiation time (min) Solar flux (W/mz)

Figure 3.19 Solar heating performance of the photothermal DAC prototype.

(A) Prototype of the photothermal DAC system including an adsorption column with black
coatings for photothermal conversion, a transparent vacuum isolation for reducing heat loss,
and a parabolic mirror concentrator. (B) Schematic diagram of the photothermal DAC
prototype. 1. Adsorption column with black coatings; 2. Transparent vacuum isolation; 3.
Parabolic mirror concentrator. (C) Temperature change profiles of the adsorption column
under 600 W/m? solar irradiation. Concentrated sunlight was generated by the parabolic
mirror concentrator. (D) Heating powers of the photothermal system under natural sunlight

and concentrated sunlight.

To demonstrate the CO, capture performance of this solar-powered DAC prototype, three
VPD tests were conducted using varying volumes of adsorbents under different weather
conditions (Figures 3.20 and 3.21). After adsorbing atmospheric CO, and water, the DAC
prototype was directly exposed to sunlight for VPD, generating 2.89, 5.11, and 7.24 g CO; per
cycle using 200, 320, and 420 mL Lewatit resin, respectively. Under moderate solar intensities
ranging from 500-700 W/m?, nearly all the adsorbed CO» was released (R > 0.97) within 50
minutes (Figures 3.20B and 3.21B), driven by in situ vapor purge which was powered by solar

heating at around 110 °C.

58



120 120 - 800
A 10k B} ——co, loading
4 1005 1.2} —— Adsorbent temperature (°C) 1750
S — & vms Solar flux (W/m?) 4100
% 08 «—y o %’
480 35 4700
£ 2 goo
€ o6 g E 480
2 - 60 g 2 {650
° = T06
S04 z 3 {60
& 140 8 “w 4600
8 5 8
g Op3 i
02} f20 8 40 |0
co,
) 00 L ' L ' 0 0.0 L L L 20 4500
HO(Lia) ™o~ 200 400 600 800 1000 0 10 20 30 40 50
Time (min) Desorption time (min)

Figure 3.20 Performance of solar-powered DAC prototype with 320 mL resin and 80 mL
silica gel (case 1).

Solar-powered DAC was tested at 56% RH and a GHSV of 3750 /h in Tianjin China
(39°06'32.9"N 117°10'11.1"E) during May 2022. (A) CO; loading and adsorbent temperature
profiles during the adsorption-desorption cycles. (B) CO; loading, adsorbent temperature, and

solar flux profiles during the solar-powered regeneration stage.
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Figure 3.21 Performance of solar-powered DAC prototype with different volume
fractions of resin (case 2 and case 3).
(A) CO; loading and adsorbent temperature profiles during the adsorption-desorption cycles
for Cases 2 and 3. (B) CO; loading, adsorbent temperature, and solar flux profiles during the
solar-powered regeneration stage for Cases 2 and 3. Case 2: 200 mL resin and 200 mL silica

gel, at 40% RH and a gas hourly space velocity GHSV of 6000 /h. Case 3: 420 mL resin and
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80 mL silica gel, at 57% RH and a GHSV of 3000 /h.

In temperature swing adsorption processes, the cooling step usually takes the longest time.
Shortening the cooling time is critical to improving the overall productivity of the CO, capture.
In this study, the temperature of the double layered column using both silica gel and resin
decreased two times faster than that without silica gel layer. As shown in Figure 3.22, the
former decreased from 113 °C to 68 °C within 120 seconds, while the latter only dropped to
92 °C. Such enhanced cooling was caused by the evaporation of water in the double layered
column, where the partial pressure of water was significantly reduced by the incoming air.
With the aid of heat transfer between incoming air at ambient conditions and the adsorbent,
the temperature inside the column during the adsorption step is expected to be low enough to
capture atmospheric CO,. As the column is cooled down to ambient, the equilibrium shifts

towards the next cycle of water adsorption.
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Figure 3.22 Temperature profiles of the resin in the columns with and without silica gel

during the cooling process after solar-powered regeneration.

High energy consumption is another concern that compromises the economic feasibility of
DAC. The energy consumption of this solar-powered VPD was calculated based on the
photothermal conversion efficiency and solar intensities. Figure 3.23 demonstrated that
vapor promoted DAC required only 10.4 MI/kgco» of thermal energy converted from
sunlight for adsorbent regeneration. In comparison, the reported energy consumptions for
TVSA and steam-assisted TVSA processes using the same resin as CO, adsorbent were in
the range of 12-15 MJ/kgcoz, including 1-2 MJ/kgcoz of electrical energy for evacuation [10,

19]. Specifically, the VPD process achieved a regeneration efficiency R of 0.98 with 30%
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lower energy consumption, in comparison with typical steam-assisted TVSA processes
which only have an R of around 0.77 [19]. The exceptional performance of vapor-promoted

DAC can be attributed to the significant desorption driving force achieved via in situ vapor

purge.

Compared with steam stripping, a typical regeneration approach for amine-grafted materials,
the VPD process does not require an additional water supply and corresponding steam boiler
to generate the required purge gases. Gebald et al. analyzed the energy consumption and steam
requirement for steam stripping processes [39]. The results indicated that a pure steam process
needed 19.6 tons of steam supply to capture 1 ton of CO», exhibiting 5 times higher energy and
17 times higher steam demand than the STVSA process. Although the applied steam can be
condensed and recycled, the vapors would be adsorbed on the adsorbents during the steam
purge and inevitably result in significant losses. Therefore, compared with steam stripping,
the VPD process has the additional capability to produce water, making it more suitable for
the distributed production of CO, and water from the air. When conducting DAC in locations
with abundant water sources, using a solar still to generate the necessary steam for conducting

an external purge becomes a potential regeneration approach for DAC.
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Figure 3.23 Energy consumption and regeneration efficiency R of VPD process,
compared with reported TVSA and steam-assisted TVSA (STVSA) processes using the
same CO. adsorbent [19].

3.4 Conclusions

The CO, productivity and economic viability of DAC have been compromised by the high
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energy consumption for regenerating the adsorbents. In this section, by synergistically
harvesting water and carbon dioxide from the atmosphere through a double-layerd adsorption
configuration, an amine-grafted CO; capture resin could be regenerated using in situ vapor
purge at low energy and capital cost. The desorption of COs is substantially enhanced in the
presence of concentrated water vapors at around 100 °C, concurrently producing 97.7% purity
CO; and fresh water without the use of vacuum pumps and steam boilers. Moreover, a
solar-powered DAC prototype was developed and exhibited the ability to recover 98% of the
adsorbed CO, under moderate solar intensities of 600 W/m?. The energy consumption of this
vapor-promoted DAC was evaluated to be 10.4 MJ/kgco,, while conventional processes
required 12-15 MJ/kgcoa. The present DAC process, with the co-production of water, enables

sustainable carbon capture from air in a real distributed manner.
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4 Vapor-promoted regeneration of amine-impregnated
sorbents

4.1 Introduction

Adsorption based on solid amine sorbents has attracted strong interest as a promising
technology for DAC [1-3]. Solid amine sorbents are typically classified into three categories
based on their preparation method: physical impregnation, covalent grafting, and in situ
polymerization [1, 2]. Extensive efforts have been dedicated to the development of
amine-impregnated sorbents (AIS) as they are inexpensive, easy to prepare, and have high
amine loadings [4-8]. Sorbents impregnated with various amines including polyethylenimine
(PEI), tetraethylenepentamine (TEPA) and polyallylamine (PAA) have shown high

atmospheric CO, uptakes over 3 mmol/g at ambient temperatures [9-13].

Most studies on DAC using AIS have been primarily focused on the design and synthesis of
novel materials to enhance the CO, adsorption capacity, while the efficient regeneration of
AIS is greatly underlooked [14-18]. As the interactions between CO; and amine groups are
relatively strong compared with physisorption, the recovery of the adsorbed CO, from AIS
requires high temperatures and is energy-intensive [19-21]. Besides, in large-scale DAC
applications, the captured CO, products are often required to be sufficiently pure (>95%) for
utilization or storage [22]. Nevertheless, investigations on the regeneration process of AIS to
produce high-purity CO; are relatively limited. Inert gases such as N> have been used to purge
and regenerate the adsorbents at elevated temperatures, however, resulting in a diluted
mixture product with CO, concentrations lower than 7% [23]. Conventional swing
technologies, such as temperature vacuum swing adsorption (TVSA), typically exhibit
insufficient desorption driving force and limited CO, working capacities when applied with
AIS [20, 21]. Steam-assisted TVSA or steam stripping shows higher desorption driving forces,
however, requires an external water supply and high energy consumption for steam generation

[24-26].

In this chapter, the vapor-promoted desorption (VPD) process was employed to regenerate
AIS through in situ vapor purge using water harvested from the atmosphere. A double-layered
adsorption column sequentially packed with AIS and water adsorbents was applied to
generate vapors upon heating, in situ purging the column to enhance the driving force for CO»

desorption. This in situ vapor purge regenerated polyethylenimine-impregnated sorbents at
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temperatures around 105 °C, producing fresh water and 98% purity CO, from the air.
Compared with existing DAC technologies, the VPD process could recover 95% of the CO,

adsorbed on AIS while showcasing a reduction in energy consumption.

4.2 Experimental

421 Materials

Branched polyethylenimine (PEI) with an average molecular weight of 800 g/mol was
purchased from Sigma-Aldrich and used for impregnation. HP20 (Diaion, Mitsubishi),
HP2MGL (Diaion, Mitsubishi) and fumed silica (S128167, Aladdin) were selected as
supporting materials. HP20 is a macroporous resin with a polystyrene/divinylbenzene matrix
in beads shape with a diameter of 0.25-0.85 mm. HP2MGL is a macroporous resin with a
crosslinked polymethacrylate structure in beads form with a diameter of 0.30-0.85 mm.
Fumed silica (FS) is a fine particulate material comprised of spherical microparticles. The
supporting materials were dried at 110 °C for 24 hours before amine impregnation. Type A
silica gel beads, with a diameter of 3-5 mm were purchased from Desicco and pre-treated

under evacuation (<20 kPa) at 110 °C for 3 hours before use.

4.2.2  Preparation of amine-impregnated sorbents

Amine-impregnated sorbents were prepared by physical impregnation [4, 14]. PEI was
dissolved in ethanol and then mixed with the pre-dried supporting materials for impregnation,
where the loading of PEI on the supporting materials is 33 wt. %. PEI loading significantly
influences the adsorption thermodynamics and kinetics due to changes in pore structure after
impregnation. A low loading was selected to maintain the excellent pore structure of the resin
and facilitate fast diffusion inside the pores. The AIS products are named PEI/HP20,
PEI/HP2MGL and PEI/FS, reflecting the respective supporting materials used. The prepared
PEI/FS with a particle size of 1.4-2.0 mm was used for the following DAC tests. The
activation of the PEI-impregnated sorbents was achieved by purging using pure N> at 50 °C,

until the outlet CO, concentration was below 1 ppm.

4.2.3 Characterizations

The pore structures of the materials prior to and after impregnation were characterized

through N adsorption measurement at 77 K with a Micromeritics 3Flex Adsorption Analyzer.
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The CO; adsorption isotherms of the sorbents were measured at temperatures of 25, 40 and
55 °C with a Belsorp-MAX Analyzer. As the conventional degassing approach employs
extremely low pressures (< 10 Pa), the evaporation of the impregnated PEI often occurs.
Consequently, a tailored degassing procedure was designed for the PEI-impregnated sorbents,
conducted at 60 °C and 10 kPa under N, protection. The thermal stability of PEI-impregnated
sorbents was assessed by conducting adsorption-desorption cycles using thermogravimetric
analysis (TGA) with a Mettler Toledo TGA/DSC 1. The adsorption test was carried out using
pure CO; at 30 °C with a flow rate of 100 mL/min, while the desorption was conducted at

various temperatures using air purge with a flow rate of 100 mL/min.

4.2.4  Vapor-promoted desorption for the regeneration of AIS

Vapor-promoted desorption (VPD) process based on in situ vapor purge was used in this study
to effectively regenerate AIS. In this process, a double-layered packing configuration was
constructed, wherein the adsorption column was sequentially packed with AIS and moisture
adsorptive sorbents for the simultaneous capture of atmospheric CO; and water. Type A silica
gel, with a high atmospheric moisture adsorption capacity exceeding 15 mmol/g at a relative
humidity of 50%, was used as the moisture adsorptive sorbent [27]. Upon heating, the water
adsorbed on the silica gel was regenerated, namely in situ water vapor, which purged the AIS

layer, reduced the CO; partial pressure and enhanced CO, desorption.

The vapor-promoted DAC process comprised four steps: adsorption, preheating, desorption,
and cooling, as mentioned in Chapter 3. Using this process, a high-purity CO, product can be

obtained owing to the exceptional CO, adsorption selectivity of AIS over N> and O, [28].

A stainless-steel column (LXD = 60040 mm) wrapped with heating tapes and thermal
insulation, was employed as the adsorption column. A schematic diagram of the setup is
depicted in Figure 4.1. For performing breakthrough experiments, the CO, adsorption volume
was 200 mL, while the silica gel layer was packed with glass beads. Compressed air
containing 390-410 ppm CO; and 7% relative humidity was used as the feed gas with a flow
rate of 30 L/min. A humidifier placed in a water bath at 25 °C was used to control the relative
humidity of the incoming air. The outlet CO; concentrations were monitored using an infrared
CO; sensor (Dynament, 0-1000 ppm) throughout the adsorption process. The humidities of

the feed and outlet streams were recorded using humidity sensors (Ningbo Keshun KS-SHT).
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Figure 4.1 Experimental setup for performing breakthrough experiments and DAC

cycles.

The experimental procedures for vapor-promoted desorption are similar to those in Chapter
3. As shown in Figure 4.1, for adsorbing atmospheric CO, and H,O, the air first flowed over
the AIS, and subsequently over silica gel. The CO, uptake (q,45, mmol/g) during the

adsorption process was determined using Equation 3.5.

A humidity/temperature transmitter (Vaisala HMT338) was placed within the AIS to monitor
the humidity and temperature inside the column. Throughout the regeneration of sorbents, the
valve V2 remained closed, while the three-way valve V1 was directly connected to an
air-cooled condenser. The heating tapes were employed to achieve the temperature required
for sorbent regeneration. The volume of the CO, product was measured by connecting a
syringe with the outlet of the column. The product purity was monitored using an infrared gas
analyzer (Servomex 1440). The accumulated quantity of the desorbed CO, can be calculated

using Equation 3.6.

4.2.5  Energy consumption analysis

The energy consumption (@) for sorbent regeneration in the vapor-promoted desorption

process includes: the sensible heat (Q,) required to increase the temperature of sorbents and
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adsorbed molecules, as well as the latent heat (Q,) associated with CO, and water desorption,

as illustrated by Equation 4.1,

s+
g%t (4.1)
m

o,
where mé‘f,‘f) is the mass of CO; collected during desorption. For comparison with other
existing processes, the heat loss term was not incorporated since it is influenced by many
factors such as column size and thermal insulation strategies. Qg is computed using the
following equation,

d d
Qs = AT (my;5Cp ars + Mg Cs + mE‘éZS) Cpco, T mz(;:os) Cp.H,0) (4.2)

where AT signifies the temperature variation during the desorption process; my;s, Mgg,
m&%) and mﬁ,‘l‘f,s) represent the masses of AIS, silica gel, adsorbed CO; and water within the
column, respectively; Cp ars, Cp,sg» Cpco, and Cp o denote the specific heat capacities of

AIS, silica gel, adsorbed CO, and water within the column, respectively.

Table 4.1 Parameters used for evaluating energy consumption in vapor-promoted

regeneration.

Parameter Value
Cpars (Jkg'K) 1000 [29]
Cps¢ (J/kgK) 921 [30]
Cpco, (Jkg'K) 2000 [31]
Cp,0 (JkgK) 4184
hges,co, (kJ/mol) 75
hgesn,0 (kJ/mol) 44 [32]

Equation 4.3 is employed to assess latent heat, where Qgesco, and Qgesn,o represent the
heat required for CO, and water desorption, respectively; né‘éezs) and nﬁ,‘i‘zs) represent the
moles of collected CO, and water products during the desorption process, respectively;
hges,co, and hgespn,o are the heat of desorption for CO, and water, respectively. The
numerical parameters used for evaluating energy consumption are listed in Table 4.1. The
heat of desorption for CO- on silica gel was not considered in this analysis because silica gel
did not have the capability to adsorb atmospheric CO,, and therefore would not release CO,
during the regeneration process. When calculating energy consumption for water release, the

water desorbed from both silica gel and CO, adsorbents was taken into account.
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Qq = Qdes,COz + Qdes,Hz

4.3 Results and discussion

43.1

___(des
0 = Nco,

)hdes,COZ +n

Thermodynamic analysis of AIS regeneration

(des)
H,0

hdes,HZ (0]

(4.3)

The adsorption isotherms of CO; on the three AIS were analyzed at 25 °C, 40 °C, and 55 °C,

as shown in Figure 4.2. All sorbents displayed the ability to adsorb CO, at low partial

pressures, primarily owing to the strong affinity between amines and CO,. The CO»

adsorption capacities under low-pressure conditions are presented in Figure 4.3. For

PEI/HP20 and PEI/HP2MGL, the CO, adsorption behavior could be described by the

Dual-site Langmuir model (Equations 3.1-3.3) [33]. The fitted model parameters were listed

in Table 4.2, and the heat of CO» adsorption on amines was calculated to be approximately -75

kJ/mol.
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Figure 4.2 CO; adsorption isotherms of AlS.
(a-b) Experimental CO, adsorption isotherms of (a) PEI/HP2MGL and (b) PEI/HP20 at 25, 40,

and 55 °C, fitted to the Dual-site Langmuir model. (c) Experimental CO; adsorption isotherms
of PEI/FS at 25, 40, and 55 °C.
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Table 4.2 Dual-site Langmuir model parameters of CO; adsorption on PEI/HP20 and
PEI/HP2MGL.

Parameter PEI/HP20 PEI/HP2MGL
q1 (mmol/g) 1.508 1.349

q, (mmol/g) 0.762 0.639

Ko (1/kPa) 8.92x102 8.45x1072
Ky, (1/kPa) 3.87x10M1 2.29x10%®
—AHg4541 (kJ/mol) 75.3 75.4

—AH 45, (kJ/mol) 56.5 40.3

By contrast, as the CO, uptake on PEI/FS did not consistently decrease with rising
temperatures (Figure 4.2¢ and Figure 4.3), its adsorption behavior could not be described by
regular adsorption models. Although the adsorption of 400 ppm CO, on PEI/FS still
followed the thermodynamic expectations, the optimal adsorption temperature for 5% CO;
was around 70 °C. This phenomenon, which has been extensively documented for
PEI-impregnated silica, is mainly attributed to the restricted diffusion of CO, molecules
within pores congested by PEI polymers [9, 34, 35]. Therefore, PEI/HP2MGL was
employed as the sorbent to analyze the required regeneration conditions of AIS from a

thermodynamic point of view.
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Figure 4.3 Equilibrium adsorption capacities of PEI/HP2ZMGL, PEI/HP20, and PEI/FS
for (a) 400 ppm and (b) 5% CO at different adsorption temperatures, obtained through

thermogravimetric analysis.

The regeneration efficiency (R), which quantifies the proportion of recoverable CO;
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adsorbed on solid amine sorbents in a regeneration process, is calculated using Equation
3.12 proposed in Chapter 3. The regeneration efficiencies for PEI/HP2MGL under different
temperatures and pressures were shown in Figure 4.4. Results clearly illustrated that
elevated temperatures and reduced CO, partial pressures were beneficial for the regeneration
of CO,. However, regenerating PEI/HP2MGL at 100 °C and 5 kPa achieved a regeneration
efficiency of only 0.3, indicating that 70% of the adsorbed CO; remained unrecovered. As
the conventional TVSA process relies on vacuum pumps and typically operates at pressures
higher than 5 kPa, it does not have the capability to generate a sufficiently high driving force
for the desorption of CO, from PEIl-impregnated sorbents. In the present work, the VPD
process with substantial desorption driving force was used to deal with the efficiency

limitation of conventional processes.
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Figure 4.4 Regeneration efficiency (R) calculations for PEI/HP2MGL at various
desorption temperatures and pressures, with fixed adsorption conditions of 25 <C and
400 ppm CO..

4.3.2  Adsorption properties and thermal stability

Before testing VPD, breakthrough experiments were conducted to investigate the adsorption
behavior of AIS under practical DAC conditions. As shown in Figure 4.5, the breakthrough
curves of CO; on all AIS were quite steep and the CO; adsorption typically saturated within 6
hours. The adsorption time was long because a large volume of 200 mL adsorbent was used to

conduct breakthrough experiments. The CO, adsorption kinetics on PEI/FS was the slowest as
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its equilibration duration was one hour longer than PEI/HP20 and PEI/HP2MGL. This further

confirmed the restricted CO, transfer rate as already observed in Figure 4.3b [15].

The dynamic CO, adsorption capacities of the sorbents were calculated based on the
breakthrough curves (Figure 4.5a). At 25 °C and 60% relative humidity, PEI/HP20,
PEI/HP2MGL, and PEI/FS exhibited high CO, adsorption capacities of 1.52, 1.63 and 1.71
mmol/g, respectively. When compared with Lewatit VP OC 1065, a commercial sorbent for
DAC, the PEI-impregnated sorbents displayed a 60% increase in CO» uptake under similar
conditions due to the numerous amine sites in PEI molecules. Unlike physisorbents, which
favor atmospheric CO; adsorption under relatively dry conditions to prevent competitive
adsorption between water and CO> [10], the presence of moisture in the air could enhance the
adsorption of CO, on AIS by more than 30%. In this work, the CO, uptake on PEI/FS
increased by 61%, from 1.06 to 1.71 mmol/g in the presence of moisture (Figure 4.5b). The
good sorption performance of the AIS was attributed to the pore structures of the supports
used for PEI impregnation. Based on the N» adsorption-desorption isotherms (Figures 4.6a-c),
the supports were macroporous materials with pore volumes higher than 0.62 cm?®/g. Even
after impregnation with a 33% PEI loading, the AIS still maintained large surface areas

ranging from 76-128 m?/g, providing a structural foundation for efficient CO, adsorption.
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Figure 4.5 CO; adsorption properties of PEI/HP20, PEI/HP2MGL, and PEI/FS.

(a) CO; breakthrough curves of PEI/HP20, PEI/HP2MGL, and PEI/FS at 25 °C and 60%
relative humidity, with an adsorbent volume of 200 mL. The feed gas consisted of air containing
400 ppm CO; with a flow rate of 30 L/min. (b) CO, adsorption properties of PEI/HP20,
PEI/HP2MGL, and PEI/FS under 60% relative humidity and dry conditions. The
enhancement factor represents the ratio of adsorption capacity under humid and dry

conditions.
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Although AIS is effective in capturing atmospheric CO-, the low thermal stability is one of the
major concerns that hinders its long-term operation in practical DAC systems [36].
Adsorption-desorption cycles were conducted to investigate the thermal stability of the
prepared AIS using thermogravimetric analysis (TGA). The adsorption step was carried out at
30 °C in CO,, while the desorption step was performed at different temperatures (70-110 °C)
in flowing dry air. Interestingly, despite using the same amine-containing species for
impregnation, the sorbents with different support materials exhibited distinct thermal stability.
As shown in Figures 4.6d-f, sorbents remained relatively stable throughout twelve
adsorption-desorption cycles at a desorption temperature of 70 °C. However, increasing the
desorption temperature to 90 °C resulted in 29.1% and 10.4% losses in CO; uptake for
PEI/HP2MGL and PEI/HP20, respectively, while no noticeable deactivation was observed for
PEI/FS (Figure 4.6e). After undergoing twelve adsorption-desorption cycles at 110 °C,
PEI/HP20, PEI/FS, and PEI/HP2MGL experienced reductions in CO, adsorption capacity by
24.5%, 22.0%, and 52.1%, respectively (Figure 4.6f). The adsorption capacities of each cycle,
especially for experiments operated at high temperatures like 110 °C, have laid the foundation

for future research on deactivation kinetics.
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Figure 4.6 Porosity and thermal stability analyses for PEI/HP20, PEI/HP2MGL, and
PEI/FS.

(a-c) Nz adsorption (closed symbols) and desorption (open symbols) isotherms at 77 K for (a)
PEI/HP20, (b) PE/HP2MGL, and (c) PEI/FS. The pore structures of the support material
before loading PEI were also characterized. (d-f) Adsorption-desorption profiles of PEI/HP20,
PEI/HP2MGL, and PEI/FS during 12 consecutive temperature swing cycles. Adsorption: 100%
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CO; at 30 °C for 1 h; Desorption: dry air at (d) 70 °C, (e) 90 °C and (f) 110 °C for 1 h.

4.3.3  Performance of the VPD process for regenerating AIS

The VPD process was applied to efficiently recover the substantial amount of CO, adsorbed
on the prepared AIS. Silica gel and amine-impregnated sorbents, each with a volume of 200
mL, were sequentially packed in the column as water adsorbent layer and CO, sorbent layer,
respectively. This double-layered configuration allowed for the simultaneous capture of
atmospheric water and CO, in the adsorption process, and generated in situ vapor for
providing the primary desorption driving force during the regeneration process. Bead-form
sorbents were employed in the column because the present work focused on the regeneration
of the sorbents rather than modifying the pressure drop or designing an air contactor. The
results obtained using the bead-form sorbents can also be applied to other adsorbents with low

pressure drops.

The cyclic results in Figure 4.7a demonstrated that PEI/FS could be efficiently regenerated
using the VPD process at temperatures below 105 °C, achieving a regeneration efficiency of
0.95. The desorption process accounted for approximately 10% (40 minutes) of the overall
cycle time. Thus, the cyclic time is mainly determined by the adsorption time, which is
influenced by kinetics and flow rate. With fast adsorption kinetics and high flow rates, the

proportion of desorption time to cyclic time may increase.

The exceptional desorption performance, as indicated by the CO, sorption capacity, remained
highly stable over six vapor-promoted DAC cycles. The stable performance observed was
attributed to the low O, concentration inside the column during regeneration, as the air within
the column was purged out by the desorbed vapor and CO,. By contrast, according to the
experiments conducted using dry air as the feed stream, no CO; product could be collected at

105 °C, indicating the substantial desorption driving force generated by the VPD process.
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Figure 4.7 Performance of in situ vapor purge for the regeneration of AlS.

Adsorbents: 200 mL amine-impregnated sorbents and 200 mL silica gel. Fresh air at 25 °C and
60% RH was used as the feed stream with a flow rate of 30 L/min. (a) CO, loading and
temperature profiles of PEI/FS during adsorption-desorption cycles. (b) Cyclic CO, working
capacities of PEI/HP20, PEI/HP2MGL, and PEI/FS regenerated through in sifu vapor purge.
(c) Desorption temperature profiles of PEI/HP20, PEI/HP2MGL, and PEI/FS during the VPD

process.

Vapor-promoted desorption was also employed to regenerate PEI/HP20 and PEI/HP2MGL.
The calculated cyclic working capacities of the three sorbents were illustrated in Figure 4.7b.
With in situ vapor purge, approximately 95% of the CO, adsorbed on the AIS could be
released, resulting in excellent CO, working capacities ranging from 1.4-1.6 mmol/g. PEI/FS,
which demonstrated the highest thermal stability, also exhibited the highest working capacity
and stability in practical DAC experiments. The regeneration temperature profiles of the three
AIS during the VPD process were depicted in Figure 4.7c. Following a preheating stage to
rapidly increase the temperature to 90 °C, the in situ vapor purge for sorbent regeneration was

mainly conducted at stabilized temperatures ranging from 90 to 105 °C. All three sorbents
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could be efficiently regenerated below 105 °C at atmospheric pressure, without the need for
external purge supplies or evacuation. With the increase in desorption temperature, the
released water vapor and CO, would gradually purge the air out of the column. Thus,
degradation of PE/HP2MGL and PEI/HP20 in the preheating step was expected to be
largely avoided. However, the high temperatures during the preheating and cooling stages
still posed a risk of slight degradation for the two sorbents. After eight cycles, PEI/HP2MGL
and PEI/HP20 lost 10.5% and 5.3% of their working capacities, while PEI/FS remained
stable. Further investigating the relationship between support material and stability is

important to ensure a long lifetime of amines.

In the VPD process, the key to effectively regenerating PEI-impregnated sorbents is the in situ
vapor purge using water captured from the air. To gain a deeper understanding of the
mechanism, the humidity profiles inside the adsorption column during the regeneration
process were analyzed. As shown in Figure 4.8a, as the sorbent temperature increased, the
vapors released from the water adsorbent layer created an environment with an RH as high as
100%. Such an extremely humid condition would lead to a significantly high vapor pressure

(Pyapor) and reduce the CO; partial pressure (P¢,), as described by the following equation:

Pges = PCOZ + Pvapor (4.4)

where P, represents the desorption pressure in the regeneration process and is equal to the
ambient pressure in the VPD process. In Figure 4.8b, the P40, calculated using the Antoine
equation, could reach around 100 kPa with in situ vapor purge, thereby reducing the P, to
below 1 kPa. According to the CO; adsorption isotherm of PEI/FS, a reduced P, would
decrease the equilibrium adsorption capacity and enhance the desorption of CO,. As depicted
in Figure 4.8b, this vapor-promoted desorption process could recover over 90% of the CO»

adsorbed on PEI/FS at a vapor pressure of 100 kPa.

It is noteworthy that the desorption process required a long time of 40 minutes due to the
insufficient efficiency of heat transfer. As shown in Figure 4.8b, nearly 20 minutes were
used to increase the temperature of the adsorbents, and another 20 minutes were employed
to release the CO,. Therefore, modifying the heat transfer in a DAC system is also crucial

for reducing the desorption time as well as CO; productivity.
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Figure 4.8 Effects of in situ vapor for the regeneration of PEI/FS.
Adsorbents: 200 mL PEI/FS and 200 mL silica gel. Fresh air at 25 °C and 60% RH was used as
the feed stream. (a) Relative humidity and temperature profiles inside the column during the

VPD process. (b) CO; loadings of PEI/FS and vapor pressure profile during the VPD process.

In the experiments mentioned above, both the AIS and water adsorbent layers were packed
with 200 mL of materials for conducting vapor-promoted DAC. To investigate whether the
VPD process can be operated with an increased volume of AIS, the volumes of AIS and silica
gel were modified to 320 mL and 80 mL, respectively. As shown in Figure 4.9a, even with a
low silica gel volume fraction of 0.2, PEI/FS could still be efficiently regenerated at 104 °C,
achieving an extremely high working capacity of 1.61 mmol/g. In contrast, without the
promotion of in situ vapor purge, only 0.17 mmol/g CO: could be desorbed at temperatures

lower than 105 °C (Figure 4.9b).

During the VPD process, the co-adsorbed water released as vapors could be condensed as
water products. As shown in Figure 4.9c, one vapor-promoted DAC cycle using 80 mL of
silica gel and 320 mL of PEI/FS could produce 5.8-7.4 g of fresh water, along with CO,
production with a cyclic productivity of around 5.3 g. During the desorption process (Figure
4.9d), the purity of the produced CO> reached up to 99%, making it suitable for subsequent

conversions into valuable chemicals such as methanol [37].
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Figure 4.9 Products of cyclic DAC based on vapor-promoted desorption.

Adsorbents: 320 mL PEI/FS and 80 mL silica gel. Fresh air at 25 °C and 60% RH was used as
the feed stream with a flow rate of 30 L/min. (a) CO; loading and desorption temperature
profiles during the regeneration process. (b) CO, working capacity achieved under different
regeneration temperatures. Desorption without in situ vapor purge was performed by
replacing silica gel with glass beads. (c) Cyclic CO, and water productivity of the
vapor-promoted DAC system. (d) Real-time CO, purity and product volumes during the

regeneration process.

After sorbent regeneration and product collection, the sorbent typically needs to be cooled
down for the next cycle, which can take at least 15 min in conventional DAC processes [38,
39]. In the vapor-promoted DAC process, a rapid cooling was achieved by introducing
ambient air into the column, thereby reducing the vapor pressure around the water adsorbent
layer. This pressure reduction caused the co-adsorbed water in the double-layered column to
evaporate rapidly, leading to a sharp temperature decrease of 65 °C in 5 minutes (Figure 4.10).
As the temperature dropped and the sorbent's water loading decreased, the equilibrium shifted
towards water adsorption, initiating the next cycle for capturing atmospheric CO, and

moisture.
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Figure 4.10 The temperature profiles of PEI/FS during the cooling process of various

DAC cycles. Fresh air at 25 <T and 60% RH was used as the feed stream, with 320 mL

PEI/FS and 80 mL silica gel as adsorbents.
4.3.4  Energy consumption of VPD

A comprehensive analysis was conducted to assess the overall energy requirements for
regenerating PEI/FS in the VPD process. Since no electrical energy was used for evacuation,
the analysis focused solely on the thermal energy required for regeneration. The energy
consumption could be categorized into two components: sensible heat (Q) needed to raise the
temperatures of sorbents and adsorbed molecules, as well as latent heat (Q,) associated with
CO; and water desorption. As shown in Figure 4.11a, the VPD process exhibited a total energy
consumption of 8.9 MJ/kgco: for sorbent regeneration. Among these, approximately 64% of
the thermal energy, which included both sensible and latent heat, was attributed to in situ
vapor purge (Figure 4.11b). Specifically, the sensible heat required to increase the
temperatures of co-adsorbed water and silica gel contributed to 22% and 10% of the total
energy consumption, respectively, while the latent heat for vapor generation accounted for
32%. The large amount of heat released from vapor condensation could be harnessed through
heat management strategies to further reduce the energy consumption for DAC. Importantly,
this VPD process based on AIS demonstrated at least 14% lower energy consumption (Figure
4.11a) compared with the work presented in Chapter 3 and other DAC processes like TVSA
and steam-assisted TVSA [26]. The low energy penalty could be attributed to the high
regeneration efficiency and working capacity of 1.61 mmol/g achieved through the in situ
vapor purge strategy.
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Figure 4.11 Energy consumption for the regeneration of PEI/FS.

(a) Comparative evaluation of energy consumption and working capacity for regenerating
solid amine sorbents using different processes, including VPD, TVSA, and steam-assisted
TVSA (STVSA). (b) Breakdown of energy consumption for sorbent regeneration in the VPD
process. Lat. heat represents the heat associated with the desorption of CO, and water. Sen.
heat denotes the thermal energy needed to increase the temperature of sorbents and adsorbed

molecules.

4.4 Conclusions

Amine-impregnated sorbents (AIS) have been widely reported to capture atmospheric CO»
with excellent performance, yet little attention has been paid to the recovery of CO, adsorbed
on the impregnated amines. In this chapter, three PEI-impregnated sorbents with different
support materials were prepared, and their regenerability was tested using the developed VPD
process with a double-layered configuration. Through in sifu vapor purge using water
harvested from the air, all the prepared AIS could be efficiently regenerated, recovering over
95% of the CO; adsorbed on AIS at 105 °C. PEI-impregnated fumed silica, a representative
AIS, achieved a stable cyclic CO, working capacity of approximately 1.6 mmol/g, with an
exceptionally high CO, product purity of 99%. The remarkable efficiency of the VPD process
could be attributed to the extremely humid environment created by the water desorbed from
silica gel, coupled with the significant reduction in CO; partial pressure around the AIS. The
energy consumption for regenerating PEI/FS was calculated to be 8.9 MJ/kgcoz, which was 14%
lower than the VPD process using commercial VP OC 1065 as the CO, sorbent. More than
half of the thermal energy was consumed for the generation of in situ vapors. The VPD
process was proven to be an efficient method for recovering adsorbed CO, from AIS,

providing a foundation for the practical application of these cost-effective chemisorbents.
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5 Enhancing CO:2 desorption by synergistic generation of
low-temperature vapors

5.1 Introduction

Amine-impregnated sorbents (AIS), which involve depositing amines onto a solid support,
have attracted significant research interest due to their advantages of easy preparation, low
cost, and high adsorption capacities [1-5]. However, AIS is usually synthesized using
oxidation-prone amines such as branched polyethylenimine (PEI) and tetracthylenepentamine
(TEPA), leading to reduced stability at elevated temperatures [6-10]. For instance, in Chapter
4, following eight DAC cycles with a desorption temperature of 105 °C, the PEI-impregnated

sorbents exhibited a reduction in their working capacities ranging from 1.0% to 10.5%.

Despite the development of numerous AIS with excellent adsorption performance,
researchers prefer using more stable adsorbents bonded with primary amines for DAC [11-13],
as the overall capture cost is highly sensitive to the lifetime of the adsorbent [14, 15]. When
amine lifespans are lower than one year, the adsorbent cost could even account for half of the
total cost, significantly hindering the large-scale deployment of DAC [14, 15]. Therefore, the
development of task-specific regeneration processes for AIS is highly demanded to deal with

the stability issue and improve their lifetime in practical DAC cycles.

Existing processes, like steam stripping, CO, purging, and temperature vacuum swing
adsorption (TVSA), typically require elevating the sorbent temperature to above 80 °C,
leading to significant deactivation induced by steam, CO,, or air [15-18]. Simultaneously
achieving the long-term operation of impregnated amines and a high regeneration efficiency

solely through existing DAC technologies is highly challenging.

In this work, a vapor-promoted temperature vacuum swing adsorption (VPTVSA) process
was developed to achieve effective regeneration at temperatures below 60 °C, thus preventing
thermal degradation of AIS. This vapor-promoted process generated low-temperature vapors
under vacuum using water synergistically harvested from the air, in situ purging the AIS to
provide a substantial driving force for CO, desorption. Such in situ vapor purge realized the
regeneration of polyethylenimine-impregnated resins at temperatures as low as 60 °C,
producing 99% purity CO, without noticeable deactivation of amines after 45 DAC cycles. By
reducing the temperature needed for releasing CO, this alternative regeneration approach

enables the long-term use of low-cost chemisorbents for atmospheric CO, capture, having
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great potential in reducing the overall cost of DAC.

5.2 Experimental

5.2.1 Materials and synthesis

Polyethylenimine (PEI) impregnated materials were prepared by the physical impregnation
method using branched PEI (Sigma-Aldrich) with a molecular weight (Mw) of 800. A
macroporous adsorption resin, HP20 (Diaion, Mitsubishi), was selected as the support
material. The raw resin was dried at 110 °C for 24 hours before conducting PEI
impregnation. Two adsorbents were prepared with PEI loadings of 33% and 50% and were
denoted as 33PEI/HP20 and SOPEI/HP20, respectively. PEI loading refers to the mass
percentage of PEI present in the adsorbent. The required mass of PEI could be calculated
based on the PEI loading and the mass of support material. In a typical preparation batch, the
desired amount of PEI was dissolved in 600 mL of ethanol under stirring for 10 min, and
then mixed with 500 mL of HP20. The mixture was stirred for at least 30 min and then dried
under vacuum (<20 kPa) at 60 °C for 24 hours to remove ethanol. Prior to usage, the
prepared PEIl-impregnated resins were treated by flowing N, at 50 °C until the outlet CO»
concentration was below 1 ppm. To harvest atmospheric water and perform in sifu vapor
purge, a type A silica gel (Desicco) with a particle size of 3-5 mm was employed as the
water adsorbent. The as-received silica gel was pretreated under vacuum (<20 kPa) at

110 °C to remove the adsorbed water.

5.2.2  Characterizations

The pore structures of the resins, both before and after impregnation, were characterized by
N adsorption at 77 K using the Micromeritics 3Flex Adsorption Analyzer. The CO»
adsorption isotherms were measured on the BEL Japan Belsorp-MAX at 25 °C, 40 °C, and
55 °C. The conventional degassing approach with extremely low pressures (< 10 Pa) was
found to evaporate the impregnated PEI. Thus, a task-specified degassing condition was
developed for PEI-impregnated resins, operating at 60 °C and 10 kPa under a N, atmosphere.
The thermal stability of PEI-impregnated resins was characterized using thermogravimetric
analysis (TGA) with a Mettler Toledo TGA/DSC 1 under the designated atmosphere and

conditions.
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5.2.3 Experimental setup

A stainless-steel tube of 60 cm in length and 4 cm in diameter, wrapped with heating tapes
and thermal insulations, was employed as the adsorption column for performing DAC. The
schematic of the setup used for analyzing the breakthrough behaviors and testing the
VPTVSA process is illustrated in Figure 5.1.

<] CO, sensor

H,O adsorbent CO, lean air

CO, adsorbent

CO,sensor

Air

H2O (Liq.) High purity CO,

Figure 5.1 Experimental setup for performing breakthrough experiments and DAC

cycles.

During the adsorption step, valves V1 and V3 were kept open, while V2 was closed. For
performing breakthrough experiments, the CO, adsorbent volume was 200 mL, while the
silica gel layer was packed with glass beads. Compressed air containing 320-340 ppm CO;
and 7% relative humidity was used as the feed gas with a flow rate of 30 L/min. The outlet
CO; concentrations were monitored by an infrared CO, sensor (Dynament, 0-1000 ppm).
The feed and outlet relative humidity were continuously recorded by two humidity sensors
(Ningbo Keshun KS-SHT and Vaisala HMT338). A humidifier at 25 °C controlled the

relative humidity of the feed air introduced into the column.
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The experimental procedures for conducting VPTVSA are similar to those in Chapters 3 and
4, with the difference being the use of a vacuum pump to reduce the pressure inside the
column during regeneration, as shown in Figure 5.1. For conducting DAC cycles based on
the VPTVSA process, silica gel and PEl-impregnated resin were packed sequentially within
one adsorption column. Fresh air with a flow rate of 30 L/min first flowed over the resin,
and subsequently over silica gel, for CO, and H>O adsorption. The CO; uptake during the

adsorption process was calculated based on Equation 3.5 [19].

During the desorption step, valves V1 and V3 were closed, while valve V2 was directly
connected to an air-cooled condenser used for water product collection. Heating tapes with a
temperature of 80 °C were employed to provide the thermal energy required by adsorbent
regeneration. Before heating the column, the air inside the column was evacuated by a
vacuum pump to reach the target desorption pressure. As the temperature of the adsorbent
increased, the vapors in the product stream were collected as liquid water products by the
air-cooled condenser, while the CO, product was collected using a syringe to record the
product volume profile. The collected CO, product was then stored in gas sampling bags and
analyzed using a Servomex 1440 gas analyzer. The real-time analysis of CO, product purity
follows the procedures outlined in Chapter 3. Once the volume profile of desorbed CO, is
obtained, the CO, loading of PEI impregnated resin during the desorption step can be
determined. After the desorption process, the adsorption column was purged with fresh air to

rapidly decrease the adsorbent temperature and initiate the next adsorption cycle.

5.2.4  Desorption kinetics model

The CO; desorption behavior of PEI-impregnated resins with different PEI loadings was
investigated using a flowing N, atmosphere at 52-60 °C through thermogravimetric analysis
with a Mettler Toledo TGA/DSC 1. Before conducting desorption, the samples were treated
with dry air at 30 °C until reaching CO, adsorption equilibrium. The linear driving force
(LDF) model was used to simulate the CO, desorption kinetics of 33PEI/HP20 and
S0PEI/HP20, as illustrated by the following equation,

aq

At =kipr(qe — q) (5.1)

where q is the CO; loading of PEI-impregnated resins, q. is the equilibrium CO, uptake at
corresponding desorption conditions, t is the desorption time, k;pr is the mass transfer
coefficient of CO,. As the desorption was performed under N, atmosphere, q, was assumed
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to be 0 during the calculation. Then the CO, loading could be calculated by Equation 5.2,

where qq is the CO, uptake realized in the adsorption process using dry air at 30 °C.

94— g-thuor (5.2)
qo

5.2.5  Analysis of energy consumption and exergy demand
The energy consumption (Q) for adsorbent regeneration in the VPTVSA process comprises

the sensible heat (Qg) required to raise the adsorbent temperatures, the latent heat (Q;)

related to CO, and water desorption, and the work (I,) needed to perform evacuation, as

illustrated by Equation 5.3, where m{> is the mass of CO, collected during the desorption
process.
Qs + Ql + VVv
Q=—"C(wes (5.3)
co,

The required sensible heat is calculated using the following equation,

ads ads
Qs = AT(mresin Cp,resin + Mgitica Cp,silica + Tn((;o2 )Cp,COZ + ml({zo )Cp,HZO) (5-4)

where AT represents the temperature change during the desorption process. The terms
Myesine Msilicas mg’gzs) and ml(g%s) denote the mass of PEI impregnated resin, silica gel,
adsorbed CO, and adsorbed water within the column, respectively. Cpresin, Cpsiticas
Cpco, and Cp, o indicate the specific heat capacities of PEI impregnated resin, silica gel,

adsorbed CO; and adsorbed water within the column, respectively.

Latent heat was assessed using Equation 5.5, where Qgesco, and Qgesn,o represent the
heat required for CO, and water desorption, respectively. ng‘;e;) and nf,dze;) denote the
moles of collected CO> and water products during the desorption process. hgesco, and
hgesn,0 are heat of desorption for CO; and water.
_ ___(des) (des)

Ql - Qdes,COz + Qdes,HZO - ncoz hdes,COZ + nHZO hdes,HZO (5-5)
During the pre-evacuation and desorption processes, a vacuum pump was employed to reach
the desired desorption pressure (Pz., 10 kPa). The work related to evacuation (W) is

determined using the following equation.

y—1
_ nRTamby Pamb (T)

VUonly —1) " Py
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where y represents the specific heat ratio, 1 is the efficiency for evacuation, T, IS the

ambient temperature, P,,,, is the ambient pressure.

The specific exergy demand (E) is expressed by:

1 Tamb
F = —Gamy [0 + Q) (1= + Wil (5.7)

co, hs

where T, represents the temperature of the heat source or the heating tape, and is 80 °C in

this chapter.
5.3 Results and discussion
5.3.1 Working principle of vapor-promoted TVSA

In vapor-promoted TVSA process, a double-layered adsorption column, sequentially packed
with AIS and water adsorbents, is used to conduct DAC. Along with CO; capture in the solid
amine layer, a commercial type A silica gel is used in the water adsorbent layer to harvest
atmospheric moisture. Compared with the conventional TVSA process, the water adsorbed on
silica gel can be released as vapors to provide a driving force for CO; desorption, at

temperatures ranging from 50-70 °C under a desorption pressure of 10-20 kPa [20].

The DAC cycles based on the vapor-promoted TVSA process are described in Figure 5.2. In
the adsorption stage, atmospheric CO, and water are concurrently adsorbed in the
double-layer column. Then, a vacuum pump is used to pre-evacuate the air inside the column
and achieve the desired desorption pressure. During the desorption, by providing thermal
energy to raise the adsorbent temperature, low-temperature vapors are released under vacuum
and purge the solid amine layer. The combination of vacuum conditions and in situ vapor
purge substantially reduces the carbon dioxide partial pressure inside the column, promoting
the regeneration of AIS by lowering the equilibrium sorption capacity. The vacuum pump
removes the generated CO; and vapors from the column to maintain the desorption pressure.
High-purity CO, can be obtained by condensing the vapors in the product stream. After
collecting the products, fresh air is introduced to lower the adsorbent temperature and initiate
a new adsorption cycle. Compared with the conventional TVSA process, this novel VPTVSA
process provides an additional reduction in CO, partial pressure by in situ vapor purge,
showing great potential for prolonging the lifetime of AIS by reducing the regeneration

temperature.
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Figure 5.2 Working principle of vapor-promoted temperature-vacuum swing adsorption
(VPTVSA) process for DAC.

A double-layered adsorption column, packed with solid anime and silica gel, captures
atmospheric CO, and H,O concurrently. During regeneration, the water adsorbent layer
generates in situ vapor at low temperatures under vacuum to purge the solid amine layer for

desorbing CO,.

5.3.2  Adsorption properties

For preparing amine-impregnated sorbents used in DAC, branched PEI was selected as the
amine-containing species for impregnation because of the large amine content and low
volatility [21]. HP20 resin with both large pore size and volume was used as the support
material [22]. CO, adsorbents with PEI loadings of 33 and 50 wt%, namely 33PEI/HP20 and
S0PEI/HP20, were prepared by the physical impregnation method. The prepared 33PEI/HP20

is presented in Figure 5.3.
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7 33PEVHP20 N

Figure 5.3 Physical appearance of a synthesized PEI-impregnated resin (33PEI/HP20).

Carbon dioxide adsorption isotherms of PEI-impregnated resins were analyzed at different

temperatures and fitted by Dual-site Langmuir (DL) adsorption model (Equations 3.1-3.3),

as shown in Figure 5.4 [23].
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Figure 5.4 Experimental CO; adsorption isotherms of (a) 33PEI/HP20 and (b)
50PEI/HP20 at 25, 40 and 55 <C, fitted to the Dual-site Langmuir model.

The strong affinity between PEI and CO, (AHus: —75.3 and —85.0 kJ/mol, Table 5.1)

enabled the capture of atmospheric CO, with uptakes higher
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Table 5.1 Dual-site Langmuir model parameters of CO adsorption on 33PEI/HP20 and
SOPEI/HP20.

Parameter 33PEI/HP20 S0PEI/HP20
q1 (mmol/g) 1.508 1.780

q, (mmol/g) 0.762 1.030

Ko (1/kPa) 8.92x102 2.60x10°"3
Ky, (1/kPa) 3.87x10M 4.69x10!
—AHga4541 (kJ/mol) 75.3 85.0

—AH 45, (kJ/mol) 56.5 55.2

To assess the conditions required for regeneration, the theoretical working capacities (W.) of
PEI-impregnated resins were determined based on the developed Dual-site Langmuir
adsorption model and Equation 3.4. According to Figure 5.5, extremely low CO; partial
pressures below 2 kPa are required to effectively regenerate 33PEI/HP20 and SOPEI/HP20 at
temperatures lower than 80 °C. Thus, conventional TVSA processes may not be suitable for
regenerating AIS at low temperatures due to the substantial energy consumption and high

capital costs associated with reaching low desorption pressures.
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Figure 5.5 Thermodynamic assessment of amine-impregnated sorbent regeneration.
(a-b) Calculated CO, working capacity (W.) of (a) 33PEI/HP20 and (b) S50PEI/HP20 in
conventional TVSA process at various desorption temperatures and pressures, with fixed

adsorption conditions of 25 °C and 400 ppm CO:..

Before investigating the regeneration of AIS, breakthrough experiments were conducted
using fresh air with varying relative humidities to understand the adsorption behaviors of
PEl-impregnated sorbents. In Figure 5.6a, 33PEI/HP20 demonstrated excellent CO;

adsorption kinetics, as evidenced by the steep breakthrough curves with short periods of 5
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hours required to achieve adsorption equilibrium. In contrast, SOPEI/HP20 exhibited a
significantly longer equilibrium time of 15 hours for CO, adsorption (Figure 5.6b). The
slower adsorption rate in SOPEI/HP20 can be attributed to mass transfer limitations caused by
the pore blockage after PEI impregnation [24-26]. As shown in Figure 5.6¢, pore structure
analyses revealed a remarkably low surface area of 20.8 m?/g in S0PEI/HP20, while the

support material had excellent porosity with a surface area of 584.6 m?/g.
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Figure 5.6 Adsorption properties and pore structures of 33PEI/HP20 and 50PEI/HP20.
(a-b) CO; breakthrough curves of (a) 33PEI/HP20 and (b) SOPEI/HP20 at 25 °C and 330 ppm,
with an airflow rate of 30 L/min and an adsorbent volume of 200 mL. (¢) N, adsorption
(closed symbols) and desorption (open symbols) isotherms at 77 K for non-modified HP20
support, 33PEI/HP20, and SOPEI/HP20. (d) Water adsorption capacities of 33PEI/HP20 and
SOPEI/HP20 at 25 °C under various relative humidities of the feed air, as determined from

the breakthrough experiments.

Notably, conducting adsorption at higher humidities within the relative humidity range of

7-70% could improve the adsorption kinetics of SOPEI/HP20 (Figure 5.6b). Under higher
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humidities, the hydrophilic PEI in the sorbents would adsorb more water and reduce the
viscosity of amines (Figure 5.6d), promoting the rate of CO, diffusion within the PEI phase,

particularly for sorbents with high PEI loadings and suffering from pore blockage.

In addition to kinetics, the presence of moisture also showed a positive influence on the water
and CO; adsorption capacity. Both PEI-impregnated sorbents exhibited linear isotherms for
water adsorption due to the introduction of a hydrophilic layer through PEI impregnation,
with a higher PEI loading adsorbed more atmospheric water (Figure 5.6d). For CO»
adsorption, when the RH changed from 7% to 37%, the equilibrium sorption capacity of
33PEI/HP20 and S0PEI/HP20 increased by 25.0% and 11.3%, respectively (Figure 5.7). This
moisture-promoted sorption of CO, only presented in the low humidity range, while
surpassing an RH of 37% did not further noticeably enhance the CO, adsorption capacity.
Under moderate atmospheric relative humidities of 40-70% at 25 °C, the resins with 33% and
50% PEI loading exhibited impressive CO; uptakes of approximately 1.36 and 1.88 mmol/g,

respectively.
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Figure 5.7 CO; adsorption capacities of PEI-impregnated resins under different feed air

relative humidities at 25 <C and 330 ppm.

Thermal stability studies were carried out on the prepared PEI-impregnated sorbents to
provide guidance for choosing regeneration temperatures in practical DAC cycles.
Adsorption-desorption cycles were performed using thermogravimetric analysis (TGA),
with desorption conducted at different temperatures (70-110 °C) in flowing air. When the
regeneration was performed at 70 °C, the adsorption capacities of 33PEI/HP20 remained

stable throughout the cyclic experiments (Figure 5.8a). However, 33PEI/HP20 and
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S0PEI/HP20 experienced reductions of 9.8% and 47.8% in CO, adsorption capacity after 12
cycles at 90 °C (Figure 5.8b). Notably, an increased PEI loading compromised the thermal
stability of CO, adsorbents and led to significant deactivation of amine groups at high
temperatures around 90-110 °C, as shown in Figures 5.8b and 5.8c. Therefore, to preserve
the adsorption ability of PEI for a long period, it is crucial to employ a regeneration

temperature around or even below 70 °C.
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Figure 5.8 Adsorption-desorption profiles of 33PEI/HP20 and 50PEI/HP20 during 12
consecutive temperature swing cycles. Adsorption: 100% CO; at 30 <C; Desorption: dry
air at (a) 70 <C, (b) 90 <€ and (c) 110 <C.

5.3.3 VPTVSA cycles for direct air capture

For realizing the regeneration of PEI-impregnated sorbents at temperatures lower than 70 °C,
the VPTVSA process was applied to conduct DAC, with in situ vapor purge as an additional
driving force for CO, desorption. Silica gel and 33PEI/HP20, each with a volume of 200 mL,
were packed in one single column to capture atmospheric water and CO,. Figure 5.9a
illustrates the experimental setup used for conducting DAC cycles. In the desorption stage, the

pressure inside the column was regulated using a vacuum pump, while the temperature of the
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adsorbent bed was raised by a heating tape wrapped around the column wall. The cyclic
results in Figure 5.9b illustrated that 33PEI/HP20 could be efficiently regenerated at 10 kPa,
with an excellent CO, working capacity of 1.12 mmol/g at temperatures around 60 °C. Nearly
80% of the adsorbed CO; could be released at such low temperatures, with the combination of
evacuation and in situ vapor purge for reducing the CO, partial pressure. During each
adsorption (~ 300 min) and desorption cycle (~ 90 min), approximately 3.5 g of CO; could be
generated from the air (Figure 5.9d). The produced CO, exhibited extremely high purity of
over 98%, with water as the main impurity (Figure 5.9¢). After purifying with 3A molecular
sieve, CO; purity could be higher than 99%. The desorbed vapors which served as the purge
gas for promoting CO; desorption, could also be collected by condensation after leaving the

column, with a cyclic water productivity of around 9.5 g (Figure 5.9d).
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Figure 5.9 Performance of cyclic DAC based on vapor-promoted TVSA.

(a) Experimental setup for the vapor-promoted TVSA process during the regeneration step. (b)
CO; loading and temperature profiles of 33PEI/HP20 during six adsorption-desorption cycles.
Adsorbents: 200 mL 33PEI/HP20 and 200 mL silica gel. Fresh air at 25 °C and 50% RH was
used as the feed stream with a flow rate of 30 L/min. The desorption was conducted under a 10
kPa vacuum condition. (c) Real-time CO; purity and product volumes during the regeneration

step. (d) Cyclic CO; and water productivity of the VPTVSA process.

To investigate if this excellent CO; productivity can be maintained for a prolonged period, the
VPTVSA process was conducted for 45 cycles, lasting 300 hours. As shown in Figure 5.10,
the cyclic CO, working capacity exhibited stable fluctuations between 1.10 and 1.13 mmol/g

97



during 45 adsorption-desorption cycles. By contrast, existing regeneration processes, such as
steam stripping operated at around 100 °C, led to significant degradations of PEI-impregnated
sorbents by 9% over 20 cycles and TEPA-impregnated sorbents by 46% in 30 cycles [27, 28].
The stable DAC performance of VPTVSA could be attributed to the moderate regeneration

temperatures (around 60 °C) realized by in situ vapor purge.
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Figure 5.10 Cyclic CO; and water working capacities during 45 DAC cycles.

In VPTVSA, the key to the low-temperature regeneration of PEI-impregnated sorbents is the
in situ vapor purge using water captured from the air. The influence of co-adsorbed water on
the regeneration performance was analyzed by performing DAC using 33PEI/HP20 under
varying atmospheric relative humidities. As shown in Figure 5.11, using a feed air with 7%
RH, nearly no CO> could be released even when the adsorbent temperature was elevated to
80 °C. By contrast, the adsorbent could be efficiently regenerated at 62 °C with a high CO-
working capacity of 1.17 mmol/g when the RH increased to 37%, highlighting the
significance of vapors and co-adsorbed water in desorbing CO,. Increasing the feed air
relative humidity to 65% would decrease the regeneration temperature to around 55 °C, as
more thermal energy would be allocated to provide latent heat for water desorption.
Although this temperature decrease led to a slight reduction in working capacity, it has the
potential to extend the lifetime of amines by enabling in situ vapor purge at lower

temperatures.
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Figure 5.11 The influence of feed air relative humidity on the VPTVSA process.

(a) CO; loading profiles and (b) Adsorbent temperature profiles during regeneration under
different feed air relative humidities. (c) The influence of feed air relative humidity on the
CO, working capacity of 33PEI/HP20. Adsorbents: 200 mL 33PEI/HP20 and 200 mL silica
gel. Fresh air at 25 °C with RH ranging from 7%-70% was used as the feed stream with a

flow rate of 30 L/min. The regeneration was performed at 10 kPa.

As the generation of low-temperature vapors heavily relies on vacuum conditions, the
required vacuum levels to perform in situ vapor purge and regenerate 33PEI/HP20 were
investigated. As shown in Figure 5.12, with the desorption pressure increased from 10 to 18
kPa, a higher temperature of 70.8 °C was required to release co-adsorbed water as vapors to
conduct in situ purge. Consequently, the reduced vapor quantity weakened the driving force
for CO, desorption, leading to a significant decrease in the working capacity from 1.15 to 0.59
mmol/g (Figure 5.12c). Therefore, in the VPTVSA process, a desorption pressure below 18
kPa is required to ensure an adequate supply of low-temperature vapors and maintain a

desorption temperature below 70 °C.
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Figure 5.12 (a) CO; loading profiles, (b) regeneration temperature profiles and (c) CO;
working capacity of 33PEI/HP20 during regeneration under different desorption
pressures.

Adsorbents: 200 mL 33PEI/HP20 and 200 mL silica gel. Fresh air at 25 °C and 50% RH was

used as the feed stream with a flow rate of 30 L/min.

In the above process, a sorbent with 33% PEI loading was primarily used for DAC. Although
the optimum PEI loading is determined by the pore volume and pore diameter distribution,
PEI loadings were always higher than 33%, sometimes reaching 50% in published reports.
Thus, the feasibility of employing SOPEI/HP20 in the VPTVSA process was also assessed in
this section (Figure 5.13). The regeneration was performed at low temperatures ranging from
56 to 66 °C, depending on the desorption pressure. At 10 kPa, the sorbent exhibited a working
capacity of 0.84 mmol/g, indicating that 45.6% of the adsorbed CO, was released with in situ
vapor purge. Increasing the desorption pressure significantly reduced the amount of CO;
desorbed, resulting in a working capacity of 0.58 mmol/g at 18 kPa. Compared with
33PEI/HP20, the regeneration of SOPEI/HP20 was more challenging, leading to a 27% lower
working capacity at 10 kPa.
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Figure 5.13 (a) CO; loading profiles, (b) regeneration temperature profiles and (c) CO;
working capacity of 50PEI/HP20 during regeneration under different desorption
pressures.

Adsorbents: 200 mL SOPEI/HP20 and 200 mL silica gel. Fresh air at 25 °C and 50% RH was

used as the feed stream with a flow rate of 30 L/min.

Thermogravimetric analysis was conducted under flowing N> to understand the regeneration
behavior and desorption kinetics of sorbents with different PEI loadings. A linear driving
force (LDF) model was used to simulate the CO; loading profiles during the desorption
process at different regeneration temperatures (Figures 5.14a and 5.14b). For both sorbents,
elevating the regeneration temperature improved desorption kinetics and the mass transfer
coefficient of CO; (Figure 5.14c). At 60 °C, increasing the PEI loading from 33% to 50%
resulted in a substantial decrease in the mass transfer coefficient from 0.054 to 0.019 /min due
to the reduced porosity, significantly hindering the release of adsorbed CO». Thus, when
developing new types of amine-impregnated sorbents, it is important to control the amine
loading, considering not only the thermodynamic adsorption capacity but also the kinetic
behavior of the sorbent. Using HP20 as the support for PEI impregnation, a PEI loading of 33%
is more suitable for the VPTVSA process compared with a 50% loading due to the better

kinetics and higher working capacity achieved under the same desorption conditions.
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Figure 5.14 CO, desorption kinetics analysis for PEl-impregnated resins with different
PEI loadings.

(a-b) Regeneration of 33PEI/HP20 and SOPEI/HP20 using N, at temperatures ranging from 52
to 60 °C, after treating in air atmosphere with 400 ppm CO; at 30 °C. Dashed lines are results
simulated from the linear driving force (LDF) model. q represents the CO, loading on
PEI-impregnated resins, while qo is the initial CO; loading prior to the desorption process. (c)
The mass transfer coefficients for CO, desorption in the LDF model at various regeneration

temperatures.

5.3.4 VPTVSA with different adsorbent volume fractions

To further optimize the regeneration of 33PEI/HP20, the effect of adsorbent volume fraction
on the VPTVSA process was analyzed. Different amounts of silica gel and resin were used
with a fixed bed volume of 400 mL, with the DAC test without silica gel representing the

conventional TVSA process without in situ vapor purge (Figure 5.15).
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Figure 5.15 Schematic diagram illustrating different adsorbent volume fractions applied
in VPTVSA.

As shown in Figure 5.16, at a silica gel volume fraction of 37.5%, the cyclic working
capacity reached a peak value of 1.19 mmol/g, releasing 88% of the adsorbed CO, from
33PEI/HP20 at 61 °C. By contrast, conventional TVSA (without silica gel) achieved a
significantly lower working capacity of 0.29 mmol/g (Figures 5.16a and 5.16¢), releasing
only 22% of the adsorbed CO> due to insufficient vapors for reducing carbon dioxide partial
pressure. Additionally, the application of silica gel also increased water productivity, with a
single VPTVSA cycle capable of producing 10.5 g of water using 200 mL of silica gel
(Figure 5.16d). It is noteworthy that only a small portion (< 33%) of the co-adsorbed water

is released as vapors and condensed as water products during the in situ purge.
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Figure 5.16 Performance of the VPTVSA process with different silica gel volume
fractions.

Fresh air at 25 °C and 40% RH was used as the feed stream with a flow rate of 30 L/min. The
desorption was conducted at 10 kPa. The double-layered bed volume was fixed at 400 mL.
When the silica gel volume fraction is 0, the process is equivalent to the conventional TVSA.
(a) CO; loading profiles during desorption at various silica gel volume fractions. (b)
Temperature profiles of 33PEI/HP20 during regeneration at different silica gel volume
fractions. (c) CO, working capacity of 33PEI/HP20 with different silica gel volume fractions.
(d) Cyclic CO; and water productivity, along with the energy consumption in the desorption

process.

To assess whether the generation of low-temperature vapors introduces an additional energy
penalty, the energy consumption for adsorbent regeneration in the VPTVSA process was
analyzed (Figures 5.16d and 5.17). The parameters used for evaluating energy consumption

were listed in Table 5.2.
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Table 5.2 Parameters used for evaluating energy consumption and exergy demand of

VPTVSA process.

Parameter Value
Tomp (°C) 25

Ths (°C) 80

Ui 0.75
Pymp (kPa) 100

P4, (kPa) 10
Cpresin (Jkg'K) 1500 [29, 30]
Cp sitica (J/kg'K) 921 [31]
Cpco, (VkgK) 2000 [32]
Cp,0 (JkgK) 4184
haes,co, (kJ/mol) 75.3
haes n,o (kl/mol) 44.0 [33]

The energy demand was categorized into sensible heat (Q,) required to raise the
temperatures, the latent heat (0;) associated with CO; and water desorption, and the work
(W,) needed for evacuation (Figure 5.17). This VPTVSA process demonstrated a total
energy consumption of 8.8-12.6 MJ/kgco. for adsorbent regeneration, while the system with
12.5% silica gel volume fraction exhibited the lowest energy consumption. Thus, the driving
force for CO, desorption can be significantly improved by incorporating a small volume
fraction of silica gel inside the column. In the VPTVSA process, the majority of the energy
(approximately 65%) was used to provide the latent heat required for the desorption of
carbon dioxide and water, with only a small amount of electrical energy (0.3-0.4 MJ/kgco?)
being used for evacuation (Figure 5.17). Despite the additional energy needed for vapor
generation, the energy consumption of the VPTVSA process remained considerably lower
than that of TVSA processes (14.7 MJ/kgcoz2) due to the much higher CO, working

capacities realized by in situ vapor purge.
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Figure 5.17 The breakdown of energy consumption for providing sensible heat (Qs),
latent heat (Qi), and evacuation (W,) in the desorption stage of the VPTVSA process.

The process without silica gel is equivalent to the conventional TVSA.

As the VPTVSA process significantly decreased the required temperatures for releasing CO2,
the minimum work (exergy) requirement for adsorbent regeneration is expected to be
reduced. While the theoretical minimum work required to produce 99% CO, from the
atmosphere is approximately 0.45 MJ/kgco» [34], the VPTVSA process realized an exergy
demand for adsorbent regeneration as low as 1.62 MJ/kgco» (Figures 5.18a and 5.18b) with a
silica gel volume fraction of 12.5%. Around 54% of the work was used to provide the
thermal energy required by the desorption of CO, and water (Figure 5.18c). Reported DAC
processes such as TVSA and steam-assisted TVSA (STVSA) typically necessitate a heat
source above 100 °C to supply the thermal energy for desorption, resulting in significantly
higher minimum work requirements ranging from 2.0 to 3.2 MJ/kgco> (Figure 5.18b) [13, 15,
35]. In addition, compared with STVSA with an external steam purge, the present VPTVSA
process has the ability to produce water as a byproduct, without the requirement of an
additional water supply and a corresponding steam boiler to provide the purge gases. The
low exergy demand of the VPTVSA process is attributed to the exceptional working
capacity (0.7-1.2 mmol/g) at low desorption temperatures. Therefore, the VPTVSA process
not only improves the adsorbent lifespan by reducing the desorption temperature but also

lowers the exergy demand for adsorbent regeneration.

106



Q
o
w
»

3.0 |- [ Vacuum pump (W,)

S ; _— ®

3 )5 [ Sensible heat (W) 830k TVSA (Ref.35)
& 4~ [ [ Latent heat W) >
= =
> - VSA is work)
S 20} =561 PYARTIE W)  osh Bisith
= kel

= [ =

© 15 © STVSA (Ref.15)
£ £

o) O 22F
o © )
> 1.0 | >
=) = TVSA (Ref.35)
£ 218
w 05 L .VPTVSA (This work)

0.0 1_4 1 " 1 " 1 L 1 M 1 i
50 375 25 125 0 75 80 85 90 95 100 105
Silica gel volume fraction (%) Ty (°C)
Cc

54.4%

W, = 0.457 MJ/kgool W, = 0.282 MJ/kgcop

Figure 5.18 Analysis of minimum work requirements for regenerating 33PEI/HP20 in
the VPTVSA process.

(a) Breakdown of exergy demand for adsorbent regeneration in the VPTVSA process with
different silica gel volume fractions. (b) Comparative analysis of exergy demand for the
regeneration of solid amine sorbents using various processes. Ths represents the temperature of
the heat source used for providing thermal energy. (c) Exergy breakdown illustrating the
work requirements for providing sensible heat (W), latent heat (W;), and evacuation (W)

during the regeneration step with a silica gel volume fraction of 12.5%.
5.4 Conclusions

Although the VPD process has demonstrated remarkable efficiency in regenerating
amine-based sorbents for CO, capture, its reliance on high temperatures exceeding 100 °C
poses challenges, leading to the deactivation of impregnated amines. To address this issue, a
vapor-promoted temperature-vacuum swing adsorption (VPTVSA) process was developed
in this section. This approach involved in situ generation of low-temperature vapors under
vacuum conditions using water harvested from the air. PEI-impregnated HP20 resins with
varying amine loadings were employed as CO, capture materials. Under vacuum conditions

of 10 kPa, the temperature required for in sifu vapor generation was significantly reduced to
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60 °C, resulting in the release of over 80% of the absorbed CO, from the 33PEI/HP20
sorbent. Throughout 45 cycles, the process maintained a consistently stable CO, working
capacity of approximately 1.13 mmol/g. The influence of PEI loading on both adsorption
thermodynamics and kinetics was found to be significant. Although the sorbent SOPEI/HP20
with a higher PEI loading of 50% exhibited greater CO, adsorption capacity, its working
capacity achieved through VPTVSA was lower than that of 33PEI/HP20 due to limited
desorption kinetics. The conventional TVSA process, conducted without the use of silica gel,
was also employed for DAC and compared with the VPTVSA process. By incorporating
silica gel at a volume fraction of only 12.5%, an increase in CO; working capacity from 0.29
to 0.74 mmol/g was observed, leading to a 40% reduction in overall energy required for
regeneration. Furthermore, owing to the lower regeneration temperature in the VPTVSA
process, the sorbent regeneration required only a low exergy demand of 1.62 MJ/kgcoo,
significantly lower than reported processes. This low-temperature regeneration approach
offers a promising means to maintain amine adsorption performance during DAC cycles,
potentially enhancing economic feasibility by reducing energy penalties and extending

amine lifetimes.
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6 Summary and future work

6.1 Summary

The rising atmospheric CO, concentration necessitates the urgent development and
deployment of negative emission technologies to limit global warming to below 1.5 °C. Direct
air capture (DAC), which extracts CO, directly from ambient air, has gained significant
attention as an essential approach for reversing the increasing trend of CO concentrations.
Among the existing DAC techniques, the adsorption processes, using solid amine sorbents
with high atmospheric CO; adsorption capacities, are particularly promising. However, due to
the strong affinity of amine groups with CO,, regenerating solid amine sorbents typically
demands raising the temperature to around 100 °C and simultaneously creating a vacuum to

enhance the desorption driving force, resulting in high costs for DAC.

A vapor-promoted desorption (VPD) process was developed in this research to achieve high
CO, working capacity with a low energy penalty through in situ purge of vapor synergistically
harvested from the air. The process used double-layered Lewatit VP OC 1065 resin and silica
gel for adsorbing atmospheric CO, and water. During regeneration, water vapors desorbed
from silica gel significantly reduced CO; partial pressures, promoting the desorption of
carbon dioxide. The stable CO, working capacity, maintained at approximately 1.0 mmol/g
after nine cycles, was achieved by in situ vapor purge at moderate regeneration temperatures
of around 105 °C. In this VPD process, the temperature required to achieve a regeneration
efficiency R was found to be determined by the molar ratio of equilibrium loading of adsorbed
water to CO2 (nwaer/Nco2). This correlation was further used to predict the VPD performance
under varying adsorbent volume fractions and feed air humidities. The vapor-promoted DAC
demonstrated operational flexibility across a broad range of atmospheric humidities in both
arid and humid environments, effectively releasing over 90% of the adsorbed CO; from the
chemisorbent at 103-120 °C. By applying a moderate vacuum of 50 kPa, the regeneration

temperature can be efficiently reduced to about 85 °C.

To minimize the carbon footprint associated with raising the adsorbent temperature and
generating vapors, solar energy was used to power VPD with a photothermal conversion
efficiency of 63.1%. Even under low solar intensities of 600 W/m? around 98% of the
adsorbed CO, could be released within 50 minutes. The energy consumption for

solar-powered VPD was calculated to be 10.4 MJ/kgco,, significantly lower than reported
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TVSA and steam-assisted TVSA processes using the same CO, adsorbent. The work
described in Chapter 3 provides an alternative process for efficiently regenerating
chemisorbents through in situ vapor purge without relying on external purge gas or evacuation,

demonstrating the potential techno-economic viability in DAC.

Amine-impregnated sorbents (AIS) have been extensively investigated for direct air capture
due to their high CO, adsorption capacity and selectivity. Although AIS has demonstrated
exceptional atmospheric carbon dioxide uptake, limited research has focused on the recovery
of CO, adsorbed on the impregnated amines. The developed VPD process was applied to
efficiently regenerate AIS through in situ vapor purge using water harvested from the air. A
double-layered adsorption column, packed with AIS and water adsorbents, was used to
capture atmospheric CO; and moisture simultaneously. During the regeneration process, this
double-layered configuration generated water vapor to provide an extremely high desorption
driving force, recovering over 95% of the CO, adsorbed on AIS at 105 °C. PEI/FS, a
representative AIS, achieved a stable cyclic CO, working capacity of approximately 1.6
mmol/g, with an exceptionally high CO, product purity of 99%. The mechanism behind
achieving this high CO, working capacity was the substantial increase in vapor pressure inside
the column. The energy consumption for regenerating PEI/FS was calculated to be 8.9
MIJ/kgco2, which is 14% lower than the VPD process using commercial VP OC 1065 as the
CO; sorbent. This research in Chapter 4 successfully achieved the efficient regeneration of
AIS through in situ vapor purge, opening up pathways for the practical applications of

low-cost impregnated amines in DAC systems.

A primary challenge in widely implementing AIS for DAC is the high temperatures required
by regeneration processes and the consequent deactivation of amines. A vapor-promoted
temperature-vacuum swing adsorption (VPTVSA) process was developed to effectively
address this issue by in situ generating low-temperature vapors under vacuum using water
harvested from the air. Silica gel and PEI-impregnated HP20 resins were sequentially packed
within one adsorption column, for harvesting atmospheric water and CO». This configuration
substantially increased the CO, desorption driving force through the combination of
evacuation and in situ vapor purge, releasing over 80% of the CO, absorbed on 33PEI/HP20 at
60 °C and 10 kPa. A consistently stable cyclic CO, working capacity of approximately 1.13
mmol/g during 45 adsorption-desorption cycles was achieved by the VPTVSA process. Under
relatively dry conditions (7% RH), no CO; product could be collected, highlighting the

importance of co-adsorbed water in enhancing the desorption of CO,. In addition, amine
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loading significantly affects the regeneration process, and increasing the PEI loading from 33%

to 50% led to a reduction of approximately two-thirds in the desorption kinetics.

Compared with the conventional TVSA process, this vapor-promoted process with a silica gel
volume fraction of only 12.5% increased the CO; working capacity from 0.29 to 0.74 mmol/g,
achieving a 40% decrease in energy consumption. The VPTVSA process also demonstrated a
lower exergy demand of 1.62 MJ/kgco, compared with other DAC processes, attributable to
the reduced temperatures required for releasing CO». This work in Chapter 5 presents one
alternative DAC process to regenerate AIS through in sifu purge with low-temperature vapors,
showcasing the great potential for improving the economic feasibility of DAC by reducing the

energy penalty and extending the lifetime of amines.

6.2 Future work

Moisture in the air has been proven to enhance the carbon dioxide adsorption capacity of
solid amine sorbents. This unique adsorption behavior poses significant challenges in
precisely modelling the performance of DAC processes using solid amines as CO;
adsorbents. There is currently a lack of sufficient equilibrium adsorption data to analyze the
adsorption behavior of water and carbon dioxide on amine groups. Therefore, it is necessary
to investigate the binary adsorption isotherm of CO, and water on solid amine sorbents.
Based on these isotherms, adsorption models should be developed to simulate the adsorption
behavior of carbon dioxide and water, enabling the calculation of equilibrium CO- loading

under different conditions.

Although a regeneration process was developed to promote the desorption of CO,, the
stability issue of amine-based adsorbents remains unsolved. The current processes operate at
elevated temperatures ranging from 60 to 110 °C, which may still lead to degradation of the
adsorbent. Further lowering the desorption temperature or developing chemisorbents with

excellent stability is crucial for reducing the cost associated with adsorbent replacement.

The VPD process, employing a double-layered adsorption column, has shown promise in
effectively regenerating solid amine sorbents. However, in the present study, the process has
not been fully optimized. There is a critical need for a mathematical model to simulate the
double-layered configuration and predict the optimal operating conditions for the VPD
process, aiming to maximize CO» productivity or minimize energy consumption. This model

can also be used to predict the performance of CO, sorbents with varying adsorption
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capacities and regenerabilities, providing valuable insights for the design of solid amine
sorbents. In addition, using mathematical modeling to develop heat management approaches
for harnessing the adsorption heat of water and the heat released from water condensation is

a potential method for reducing the overall energy consumption for DAC.

The pressure drop in the DAC contactor significantly influences the cost of air blowing,
although it was not specifically addressed in this study. Optimizing the packing of
adsorbents in the column, for instance, through the use of honeycomb structures, represents
a potential strategy to mitigate pressure drops. Research into the configuration of adsorbents
and its effect on pressure drop is essential for further enhancing the economic feasibility of

DAC.

In the present work, only commercial silica gel was tested as the water adsorbent for
performing VPD. The application of a water adsorbent with higher water uptake and
improved regenerability is expected to reduce the required water adsorbent volume fraction
and increase the overall performance of the VPD process. In recent years, with the
development of atmospheric water harvesting (AWH) technologies, numerous sorbent
materials have been developed to capture free water molecules in the air through adsorption
or absorption. Different regeneration technologies, such as solar heating, have been used to
effectively release the captured water with high energy efficiency. Sorbents designed for
AWH, such as hygroscopic salts and metal-organic frameworks, usually exhibit high water
adsorption capacities and are easily regenerated, making them potential candidates as water
adsorbents in the VPD process. It is worth trying to apply the research outcomes in the field

of AWH to the VPD process, further enhancing the performance of direct air capture.
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