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Abstract

Adsorption Separation of CO, in Low Concentrations for Applications in Direct Air Capture and Excimer

Gas Separation

The overall objective of this thesis is to evaluate the fundamentals of current low concentration CO,

separation technologies and to provide an alternate method using adsorption technology with existing as

well as new adsorbents. Two different applications for the adsorption of CO, are explored; Direct Air

Capture (DAC) and excimer gas purification. The investigation of aerogels as possible adsorbent for these

applications was also explored.

The first application, DAC of CO, using adsorbents, addresses climate change by reducing the amount of

atmospheric CO, levels that are directly correlated to global warming. Because of DAC being carbon

negative, this field has gained significant attention in the literature. DAC as a CO, reduction strategy was

approached in two ways:

1.

Chapter 2 investigates capturing and concentrating CO, from 0.04% in the air to 95% to be able to
sequester it into the ground. This research began by doing an adsorbent selection using pure gas
gravimetric measurements on seven different commercially available type X zeolites that were
determined to have potential for this separation. Breakthrough experiments were then carried out with
the most promising zeolite by perturbing the bed with compressed ambient air. In the process studied, a
basic four step temperature vacuum swing adsorption (TVSA) cycle was investigated comprising the
following steps: pressurization, adsorption, blowdown, and desorption. Four different regeneration
temperatures were tested along with four different gas space velocities. With this cycle configuration,
CO, was concentrated to 95% from 0.04% with total capture fractions as high as 81%. This study
highlighted methods to reduce the energy consumption per ton of CO, captured in the system as well
as the potential of using low Si/Al ratio faujasite structured zeolites in DAC of CO, for greenhouse gas
reduction.

Chapter 3 expands on the research of Chapter 2 by capturing CO, from 0.04% in the air and
concentrating it to high purity CO, levels where the cost for operating the process will be reimbursed
through the value of the produced CO,. The goal of this research was to increase the CO, to as high
as possible because the purer the CO,, the more valuable it is. This research started by conducting an
in-depth investigation into the pure gas adsorption of CO,, N, O,, and Ar on the most promising
zeolite from Chapter 2. The data was then fitted to the TD-Toth model which allowed for the evaluation
of the TVSA cycle and showed the potential of reducing the pressure and/or elevating the temperature
during the blowdown step in order to produce high purity CO,. To confirm this, the TVSA cycle was run
on a fixed bed breakthrough experiment where high purity CO, was produced between a
concentration of 99.5% and 99.96% by lowering the blowdown pressure. By controlling the blowdown

temperature, the concentration of the product was increased from 99.8% to 99.95%, however with a



significant loss of CO,. This effect of N,, O,, and Ar desorbing during the blowdown step with CO,
desorbing during the evacuation step is shown graphically by measuring the concentration and flow
rate of the exiting gas species. The results from this study show the potential for producing a valuable

product of high purity CO, from atmospheric concentrations.

The second application in this thesis that is explored in Chapter 4 is the purification of trace impurities of
CO,, CF,, COF,, and O, from F,, Kr, and Ne for applications in excimer lasers. Due to the incompatibility
of many adsorbents to F, and HF, aluminas and polymeric adsorbents were selected as potentially
compatible materials. To increase the compatibility of these adsorbents, the use of a cryo-cooler was
determined to be feasible to precool the feed stream before separation, which increases the adsorption
capacity and compatibility of the material to F, and HF. To determine the adsorption potential in the low
concentration of these adsorbents, the concentration pulse chromatographic technique was chosen to
determine the Henry’s Law constants of CO,, CF,, and O,. This data was then plotted on the van't Hoff plot
and extrapolated to colder temperatures to determine the benefit of using a cryo-cooler. From this study, it
was determined that HayeSep Q was the best polymeric adsorbent with significant adsorption of CO, at
temperatures below -50°C while being the best performing CF, adsorbent. AA-300 was the best performing
alumina in this study while having significant adsorption of CF, at temperatures below -135°C. However,
from a compatibility standpoint, both of these materials need to be tested to determine their robustness in

the presence of F, and HF at room and reduced temperatures.

Chapters 5 & 6 in this thesis explore the fundamentals of adsorption on aerogels as a prelude to using
aerogels as possible adsorbents for DAC of CO,. This investigation into aerogels looks at silica aerogels
and carbon aerogels, which are both industrially produced and explores their adsorption with relation to
like materials such as silica gel and activated carbons. Both of these Chapters utilize experimentally
determined adsorption isotherms of CO,, N,, O, and Ar as well as characterization to determine
adsorption trends in the materials. Some major conclusions for silica aerogels were that common surface
modifications to make the material more resilient against water adsorption impacts the adsorption of CO,
significantly with roughly 4 fold difference in adsorption capacity. For carbon aerogels some major
conclusions were that the adsorption was increasingly dominated by the heterogeneous nature of the
surface at lower pressures and increasingly dominated by the pore size at the higher pressures. Both
chapters discuss the adsorption of air along with ideas such as the influence of gas thermal conductivity in

the pores with respects to adsorption.



Resume

La séparation par adsorption du CO, & faible concentration pour des applications pour la capture directe

dans I'air et la séparation des gaz exciméres

L'objectif général de cette thése est d'évaluer les principes fondamentaux des technologies actuelles de

séparation du CO, & faible concentration et de fournir une méthode alternative utilisant la technologie

d’adsorption avec des adsorbants actuels ainsi que d'en découvrir de nouveaux. Deux applications

différentes pour I'adsorption du CO, ont été explorées; la capture directe dans I'air ambient (CAD) et la

purification des gaz exciméres, ainsi que la recherche d'aérogels comme adsorbant possible pour ces

applications.

La premiére application, le CAD du CO, utilisant des adsorbants, pourrait répondre aux changements

climatiques puisque les niveaux de CO, atmosphérique sont directement corrélés au réchauffement

climatique. Derniérement, le CAD a fait I'objet d'une aftention particuliere en tant que stratégie de

réduction du CO,, par conséquent, deux voies différentes ont été explorées dans cette these:

1.

Le chapitre 2 étudie la capture et la concentration du CO, de 0,04% dans I'air & 95% afin de pouvoir
I'enfermer dans la terre. Pour ce faire, une sélection d'adsorbant a été effectué en utilisant des mesures
gravimétriques & gaz pur sur sept zéolithes de type X disponibles dans le commerce qui ont été
déterminés comme ayant un potentiel pour cette séparation. Des expériences révolutionnaires ont
ensuite été réalisées avec la zéolite la plus prometteuse en perturbant le lit avec de I'air ambiant
comprimé. Dans le processus étudié, un cycle basique & quatre étapes d’adsorption modulée en
température et pression (AMTP) a été étudié, comprenant les étapes suivantes: pressurisation,
adsorption, purge et désorption. Quatre températures de régénération différentes ont été testées ainsi
que quatre vitesses spatiales de gaz différents. Avec cette configuration de cycle, le CO, était
concentré & 95% de 0,04% avec des fractions de capture totales aussi élevées que 81%. Cette étude a
mis en évidence des méthodes pour réduire la consommation d'énergie par tonne de CO, captée dans
le systtme ainsi que le potentiel d'utilisation de zéolithes structurées & base de faujasite & faible rapport
Si/Al dans le CAD du CO, pour la réduction des gaz & effet de serre.

Le chapitre 3 approfondit les recherches du chapitre 2 en capturant le CO, de 0,04% dans I'air et en
le concentrant & des niveaux de trés haute pureté ou le processus sera remboursé par la valeur du CO,
produit. L'objectif de cette partie était d'augmenter la pureté du CO, le plus possible car plus le CO,
est pur, plus il est précieux. Une enquéte approfondie sur I'adsorption de gaz pur de CO,, N,, O, et
Ar sur la zéolite la plus prometteuse du chapitre 2. Les données ont ensuite été ajustées au modéle TD-
Toth qui a permis d'évaluer le cycle AMTP et a montré le potentiel de réduire la pression et/ou d'élever
la température pendant I'étape de purge afin de produire du CO, de haute pureté. Pour confirmer cela,
le cycle AMTP a été fait par le biais d’une expérience dans un lit fixe ou du CO, de haute pureté a été
produit entre une concentration de 99,5% et 99,96% en abaissant la pression de purge. En contrélant

la température de purge, la concentration du produit est passée de 99,8% & 99,95%, mais avec une

\%



perte importante de CO,. Cet effet de la désorption de N,, O, et Ar pendant |'étape de purge avec la
désorption du CO, pendant |'étape d'évacuation est illustré graphiquement en mesurant la
concentration et le débit des espéces de gaz sortant. Les résultats de cette étude montrent le potentiel
de production d'un produit précieux de CO, de haute pureté & partir des concentrations

atmosphériques.

la deuxieme application de cette thése qui est explorée au Chapitre 4 est la purification des traces
d'impuretés de CO,, CF,, COF, et O, de F,, Kr et Ne pour des applications dans les lasers & excimére. En
raison de l'incompatibilit¢ de nombreux adsorbants avec le F, et le HF, les alumines et les adsorbants
polyméres ont été sélectionnés comme matériaux potentiellement compatibles. Pour augmenter la
compatibilité de ces adsorbants, I'vtilisation d'un cryoréfrigérant a été jugée possible pour pré-refroidir le
flux d'alimentation avant la séparation, ce qui augmente la capacité d'adsorption et la compatibilité¢ du
matériau en F, et HF. Pour déterminer le potentiel d'adsorption dans la faible concentration de ces
adsorbants, la technique de chromatographie pulsée de concentration a été choisie pour déterminer les
constantes de la loi de Henry de CO,, CF, et O,. Ces données ont ensuite été tracées sur le graphique
van’t Hoff et extrapolées & des températures plus froides pour déterminer les avantages de I'utilisation d’un
cryoréfrigérant. A partir de cette étude, il a été déterminé que HayeSep Q était le meilleur adsorbant
polymére avec une adsorption significative de CO, & des températures inférieures a -50 ° C tout en étant
I'adsorbant CF, le plus performant. L'AA-300 était I'alumine la plus performante de cette étude tout en
ayant une adsorption significative de CF, & des températures inférieures a -135 °C. Cependant, du point
de vue de la compatibilité, ces deux matériaux doivent étre testés pour déterminer leur robustesse en

présence de F, et de HF & température ambiante et réduite.

Les chapitres 5 et 6 explorent les principes fondamentaux de |'adsorption sur les aérogels en prélude a
'utilisation d'aérogels comme adsorbants possibles pour le CAD du CO,. Cette enquéte sur les aérogels
examine les aérogels de silice et les aérogels de carbone, qui sont tous les deux fabriqués industriellement
et explore leur adsorption par rapport & des matériaux similaires tels que le gel de silice et les charbons
actifs. Ces deux chapitres utilisent des isothermes d'adsorption déterminés expérimentalement de CO,, N,,
O, et Ar ainsi que la caractérisation pour déterminer les tendances d'adsorption dans les matériaux.
Certaines conclusions majeures pour les aérogels de silice étaient que les modifications de surface
courantes pour rendre le matériau plus résistant & |'adsorption d'eau ont un impact significatif sur
I'adsorption de CO, avec une différence d'environ 4 fois dans la capacité d'adsorption. Pour les aérogels
de carbone, certaines conclusions majeures étaient que |'adsorption était de plus en plus dominée par la
nature hétérogéne de la surface & des pressions plus faibles et de plus en plus dominée par la taille des
pores aux pressions plus élevées. Les deux chapitres discutent de I'adsorption d'air ainsi que des idées

telles que I'influence de la conductivité thermique du gaz dans les pores en ce qui concerne |'adsorption.
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Hypotheses and Thesis Structure

The overall goal of this thesis is to apply existing adsorbents for the removal of CO, in low concentration
applications as well as to discover new ones. This research will particularly look into two different
applications for the adsorption purification of CO,; DAC of CO, and excimer gas purification, and will

investigate aerogels as a possible adsorbent for these applications.

Hypotheses

1. It is hypothesized that adsorbents such as low Si/Al ratio faujasite structured zeolite or other
adsorbents can be used for DAC of CO, and offer many benefits over the alternative research in
that field due to the fast uptake rate, proven stability and reliability of adsorbents. By conducting
adsorption experiments on these adsorbents, the potential for DAC can be analysed for
applications in greenhouse gas reduction as well as for the production of high purity CO,.

2. It is hypothesized that silica aerogel or carbon aerogel could be potential adsorbents and by
extension of that, for applications in either DAC of CO, or for purification of excimer gases. This
hypothesis can be tested by conducting isotherms of CO, as well as N,, O,, and Ar as well as
doing characterization of the aerogels. This will give insights into the adsorption potential of
aerogels as adsorbents for these two applications.

3. It is hypothesized that adsorbents could be used potentially to reduce the amount of impurities
within excimer gas, in particular CO,, which is present within the laser as a bi-product of fluorine
reactions. This is going to be tested by GC concentration pulse chromatography to determine

Henry’s Law constants for the potential of a variety of different adsorbents.

Thesis Structure

This paper based thesis consists of 7 chapters. Chapter 1 is the Introduction which discusses adsorption,
DAC of CO,, excimer gas purification, and aerogels in-depth while reviewing the literature in the field.
Chapters 2 to 6 each represents an individual article published in or prepared for submission to a peer-
reviewed academic journal. In this thesis, repetition of some ideas and elements was inevitable, such as
materials and methods. This thesis ends with Chapter 7 which provides an overview, conclusions, and
recommendations for future work that pertains to the entirety of this thesis. At the end of each chapter

contains their own separate abbreviations, nomenclature, and bibliographies.

Chapter 2
Direct Dry Air Capture of CO, using VTSA with Faujasite Zeolites

The capture and concentration of CO, from a dry ambient air stream by temperature vacuum swing
adsorption (TVSA) has been experimentally demonstrated in a small scale by using a single bed system
packed with 20 g of zeolite X. 7 different commercially available type X zeolites were investigated and one

of them was chosen for a more comprehensive study. Breakthrough experiments were carried out by
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perturbing the He saturated bed with compressed ambient air with CO, of around 410 to 440 ppm. In the
process studied, a basic four step TVSA cycle comprising the following steps: pressurization with feed,
adsorption, blowdown, and desorption was investigated first. Four different regeneration temperatures were
tested along with four different gas space velocities. With this cycle configuration, CO, was concentrated to
95% from 400 ppm with total capture fractions as high as 81%. The energy consumption per ton of CO,
captured in the system are discussed for the different process configuration. The results from this study are
discussed on how to improve the possibility of using low Si/Al ratio faujasite structured zeolites in direct air

capture of CO,.

Chapter 3
High Purity CO, from Direct Air Capture using a Single Cycle TVSA with Na-X Zeolites

The capture and concentration of 0.04% CO, from a dry ambient air stream by temperature vacuum swing
adsorption (TVSA) was investigated in order to produce high purity CO, . Initial investigation into the pure
gas adsorption of CO,, N,, O, and Ar was measured and these results were used to model the temperature
dependant Toth equation. This model allowed for the evaluation of the TVSA cycle and showed the
potential of reducing the pressure and/or elevating the temperature during the blowdown step in order to
produce high purity CO,. A fixed bed adsorption desorption breakthrough curves to model the TVSA cycle
to investigate the pressure and temperature effects on the blowdown step. From the experimental results,
high purity CO, was produced between a concentration of 99.5% and 99.96% by lowering the blowdown
pressure. By controlling the blowdown temperature, the concentration of the product was increased from
99.8% to 99.95%, however with a significant loss of CO,. This effect of N,, O,, and Ar desorbing during
the blowdown step with CO, desorbing during the evacuation step is shown graphically by measuring the
concentration and flow rate of the exiting gas species. The results from this study show the potential for
producing a valuable product of high purity CO, from atmospheric concentrations, which can be used in
many applications, particularly ones where CO, infrastructure does not exist or where there is a burden in

utilizing a CO, cylinder.

Chapter 4
Adsorption Separation of CF,, O,, CO,, and COF, from an Excimer Gas Mixture

The use of adsorbents is explored as an option for the removal of trace impurities of CO,, CF,, COF,, and
O, from F,, Kr, and Ne for applications in excimer lasers. Due to the incompatibility of many adsorbents to
F, and HF, aluminas and polymeric adsorbents were selected as potentially compatible materials. To
determine the adsorption potential of these adsorbents in the low concentration region, the concentration
pulse chromatographic technique was chosen to determine the Henry’s Law constants of CO,, CF,, and O,

gases on three polymeric adsorbents (HayeSep Q, HayeSep B, and Fluorinated DVB) and two aluminas
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(AA-300, and Alumina A). The results were plotted and compared on van't Hoff plots with the heat of
adsorption values being calculated from the lines of best fit for all gases and adsorbents tested in this study.
Due to the large energies required to operate the excimer lasers, a cryo-cooler was determined to be
feasible to precool the feed stream before separation, which increases the adsorption capacity and the
compatibility of the adsorbents to F, and HF. The van’t Hoff plots were extrapolated to colder temperatures
to determine the Henry’s Law constants to analyze the potential of using the cryo-cooler. From this study, it
was determined that HayeSep Q was the best polymeric adsorbent with significant adsorption of CO, at
temperatures below -50°C while being the best performing CF, adsorbent. AA-300 was the best performing
alumina in this study while having significant adsorption of CF, at temperatures below -135°C. However,
from a compatibility standpoint, both of these materials need to be tested to determine their robustness in

the presence of F, and HF at room and reduced temperatures.

Chapter 5
Adsorption of Components from Air on Silica Aerogels

Aerogels are porous media that have large internal surface areas causing them to have significant gas
adsorption. The adsorption isotherms of carbon dioxide, nitrogen, oxygen, and argon with a
tetramethoxysilane (TMOS) silica aerogel, a [trimethylsilylloxy (TMS)-modified silica aerogel, and a silica
gel were measured in the pressure range of O to 6.5 atm at 10°C, 30°C, 50°C, 70°C, and 90°C. These
isotherms were fitted to Langmuir, Freundlich, Sips, and Toth isotherms, as well as the temperature
dependent Toth model and their cumulative adsorption of the components of air were discussed. Isosteric
heats of adsorption were quantified. With this data, we can see the impact of the surface groups on
adsorption as well as the pore size, with a significant increase in the quantity and strength of adsorption of
CO, reported between silanol and TMS groups. The relationship between adsorption capacity and the

thermal properties of silica aerogels were also discussed in this study.

Chapter 6
Effect of Pore Size and Heterogeneous Surface on the Adsorption of CO,, N,, O,, and Ar on Carbon

Aerogel, RF Aerogel, and Activated Carbons

Aerogels are porous super materials that have many desirable properties including high surface areas
which cause them to have significant gas adsorption. In this study, carbon aerogel and resorcinol-
formaldehyde (RF) aerogel are compared with six commercial activated carbons (Derived from wood,
coconut shells, polymers, and bituminous coal). This study investigates many intrinsic properties of these
carbons including surface area, pore size, presence and type of surface groups, as well as ash content and
determines their influence on the adsorption of CO,, N,, O,, and Ar using pure gas adsorption isotherms.

This study noted that there was no trend for ash content but a strong correlation existed between the
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adsorption capacity and the pore size in the higher pressure region according to Dubinin’s micropore
volume filling theory. In the lower pressure range, the heterogeneous nature of the surface dominates the
adsorption particularly for CO, which has the strongest polarizability and quadrupole moment of the probe
molecules investigated. The two aerogel samples were then further investigated by determining their
adsorption in the presence of air using the temperature dependant Toth model with N, and O, being

adsorbed significantly more than CO, and Ar at ambient conditions.

XXIV



Chapter 1

Chapter 1

Introduction

1.1 Preamble

In industry, adsorption processes are widely used due to their abilities to perform separations that are
impossible, impractical, or uneconomical by conventional separation techniques such as distillation,
membranes, and absorption. This is due to the advantage of adsorption which can be optimized to operate
at ambient system conditions, therefore leading to less intensive process for the separation. As
environmental constraints increase over time, stricter quality standards are needed. Adsorption will be
investigated as a possible solution to many new separation problems. In order to determine which
adsorbent could be used to solve a problem, many commercially available adsorbents can be investigated,
and in most cases, these adsorbents perform reasonably for the separation. However, new adsorbents are
continuously being developed that have higher surface areas, faster diffusions, larger capacities, and better

properties which translates into improved performance for the targeted separation.

Adsorption is a surface phenomenon where the surface of the adsorbent interacts with the fluid which can
be a liquid or a gas. Separation in adsorption occurs when one component of the fluid stream is more
affinitive to the adsorbent surface than the others, leading to one component being preferentially adsorbed.
Since this is a surface phenomenon, the larger the surface area, the more adsorption happens. Therefore
commercially available adsorbents have large surface areas in the hundreds of meters squared per gram of
adsorbent. It is a common indication that if a material has high surface area that was measured using the

Brunauer-Emmett-Tellor (BET) method, the possibility of it being applicable as an adsorbent is good.

Adsorption falls underneath two main types: bulk separation and purification. Bulk separation is defined as
the adsorption of a large concentration of the total stream (above 10 wi%) '. Some industrial applications
of bulk separation using adsorbents include normal paraffins from iso-paraffins, N, from O,, refinery
hydrogen generation, and H,O from ethanol. Purification in adsorption, the subject of this thesis, is defined
as separating less than 2 wi% of the adsorbed component '. Due to the nature of adsorbents being in fixed
beds, adsorption is ideally suited for application in purification and has many different uses in industry.
Adsorbents that are useful for purification processes have high Henry’s Law constants which allow for
adsorption of the adsorbate at very low concentrations as the gas proceeds down the column, purifying the

stream of that adsorbate.

The required shape of the isotherm for a purification compared to a bulk separation can be seen in Figure
1.1. For the bulk adsorption of CO, from processes such as biogas upgrading, syngas processing, and flue
gas treatment, the desired isotherm shape is less rectangular than that for purification of CO, in
applications of CO, removal in confined spaces and direct air capture. This is because there is an optimal

interaction between the adsorbent and the adsorbate.
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Figure 1.1 - Desired adsorption isotherm shape for adsorption of CO, from different applications adapted
from Belmabkhout et al (2016) 2.

This thesis will be looking into the adsorption of CO, within the purification range for two different
applications: Direct Air Capture (DAC) of CO, for greenhouse gas mitigation as well as for the production

of high purity CO,; and the purification of excimer gas from low levels of CO,.

Adsorbents have been used by industry for the adsorption purification of CO, in applications including
landfill and natural gas treatment, puritying hydrocarbons, air prepurification, and hydrogen gas
production 3. These applications all require CO, to be brought down to ppm levels. On the contrary, the
two applications in this thesis rconsider the adsorption of CO, in the ppm range as the feed into the
process, with DAC requiring the capture of low concentration of CO, from the air, and excimer gas

requiring the scrubbing of CO, from the rest of the gas mixture at low concentrations.

1.2 Direct Air Capture (DAC)

Increasing levels of CO, in the atmosphere has been shown to correlate to the increasing average global
surface temperature (Figure 1.2) which has led many researchers to invest time and effort into finding ways
to effectively reduce the amount of CO, entering the environment or to capture CO, directly from the air.
The latter, the subject of this study, has been dubbed DAC from pioneering research done by Lackner et al.

in 1999, and looks into capturing CO, directly from the air in concentrations around 400 ppm and
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concentrating it as a means fo reduce global warming *. Thanks to that study, this field has significantly
gained interest as a true carbon negative strategy to reduce the amount of CO, in the atmosphere >~. DAC,
although thermodynamically less favourable than capturing CO, from large stationary post combustion

8,9

point sources ®?, has some important benefits. The three main benefits of CO, capture from air over

conventional carbon capture is:

e CO, emissions from any sector, including automobiles, small CO, point sources, and airplanes,
can be captured in a separate location from the emission source. It would otherwise be impractical
to capture the CO, directly from these sources.

e A commercial plant for direct CO, capture from atmospheric air can be made any size and put in
any location due to it not being an addition to a power plant. This allows for scales of economy for
the size of the plant to be taken into consideration which would allow governments to put a fixed
price on carbon.

e CO, from past emissions can also be captured.
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Figure 1.2 — Correlation between the average global surface temperature change and the concentration of
carbon dioxide measured at the mid4ropospheric. This NOAA ESRL data was freely provided by
NASA.

This however, comes at the price of having to put in additional energy to remove the CO, from a more
dilute source in order to concentrate it up to the desired purity than Post Combustion Capture (PCC) if all
other conditions are similar '®'2, Studies have shown that using methods such as the Reverse Water Gas
Shift reaction in tandem with Fischer-Tropsch process, could allow DAC of CO, to be used to generate
hydrocarbon fuels instead of traditional sources, which would allow for the continuing use of the

transportation infrastructure well into the future 31>,
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The DAC of CO, at around 400 ppm is less thermodynamically favourable than coal fired PCC at 10 -
15% CO,, or natural gas carbon capture (NGCC) at 5 - 8% CO,. This is because the more disordered
systems require more energy to concentrate it. This can be derived from the second law of thermodynamics
and is shown in Equation 1 as the minimum energy required to separate the CO, at a particular
concentration and concentrate it to pure CO, (W,y;,). The derivation of this equation can be seen in works

from American Physical Society (APS) .

RT
YMco2

Wmin = -

Iny+ (1 -y)n(1-y)) 1

Where R is the gas constant, M, is the molar mass of carbon dioxide, and y is the initial concentration of
CO,. This difference in minimum work required to separate the CO, from DAC, NGCC, and PCC is shown
in Figure 1.3. Even though the minimum energy required to separate out the CO, from air is 2 to 3 times
that of PCC and NGCC, that difference in energy is no more than 1-2 US$/tonCO, 8.
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)

400 -
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Wi =— (yIny+(1-y»)In1-y))
YM con 1
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Figure 1.3 — Minimum work required to separate all of the CO, at a particular concentration and
concentrate it up to 100%.

With DAC gaining scientific interest, the scientific challenge of implementation is finding a low cost sorbent
that has high uptakes, selective for CO,, and fast kinetics, with strong physical and chemical stabilities,

whose regeneration is not overly energy intensive. Research efforts into finding a promising sorbent can fall

16-24 18,19 6,25-

under four main categories: amine based sorbents 2%, zeolites '®'?, absorption using caustic solutions

33 1834-36 Researchers first investigated using absorption systems

, and metal organic frameworks (MOFs)
such as sodium hydroxide solutions to absorb CO, ©% but since then amines bound onto solid supports

have gained significant traction in the scientific community as the solution to DAC %7737  This transition of
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thinking occurred due to the energy intensive nature of pumping a dilute source of CO,, where solid
sorbents provided significantly lower pressure drops and therefore lower pumping costs. Continuing with
this logic, adsorbents and in particular zeolites, could be potential materials for the DAC of CO, with many
such materials known for having very fast CO, adsorption kinetics and therefore require shorter beds and

less energy to pump gas through the beds.

Zeolites in literature have yet to be thoroughly investigated for DAC due to their hydrophilic nature. This is
because the tolerance of zeolites, a hydrophilic material, to water is poor and will decrease the overall
adsorption capacity of CO, in the presence of H,O because of competitive adsorption 819237 A guard
bed using a desiccant however, can be placed before the zeolite bed which would solve the problem by
removing H,O from the air stream before it contacts the zeolite '. Zeolites have many benefits for DAC that
should not be overlooked and should be given an appropriate investigation before being dismissed.
Zeolites, unlike amine based sorbents and MOFs for DAC of CO,, are commercially available, are very
well studied, and proven in industry due to their physical and chemical stabilities for many different
situations. This, coupled with faujasite structured zeolites being known to have very high capacities,
favourable selectivities, and strong adsorption of CO,, has made them excellent candidates for similar
separations to DAC such as PCC projects “°*3. It is also important to note that Na-X has been used and
proven in industry for capturing CO, from air since the early 1980’s in air prepurification processes in
order to reduce CO, to less than the ppm level “4#>. Another benefit that faujasite structured zeolites have,
when compared to other promising technologies, is very fast uptake rates, allowing for beds to be
optimized to have lower overall pressure drops. This is important because air compression can cost $22
per kPa increase per ton of CO, captured which can make up the majority of the cost for DAC for the

technology '°.

In this present thesis, we look at investigating zeolites’ potential for the DAC of CO, while outlining clear
positives and negatives of such a system. This will be done by using pure gas adsorption analysis along
with breakthrough experimentation in order to determine optimal adsorption and desorption conditions for
a Temperature Vacuum Swing Adsorption (TVSA) system. This work was inspired by previous literature from
Ralph T. Yang's student who investigated Li-LSX, K-LSX, and amine-grafted SBA-15, and was able to
increase the concentration of CO, in dry air using TVSA from 0.0395% to 93%, 94%, and 98%,
respectively, for these three different sorbents '°. Another inspiration for this research is the constant
reliability that zeolite 13X has for DAC of CO, which, after many runs shows its robustness for being

implemented in such a technology '®.

1.2.1  Adsorption of CO, for DAC

Activated carbons, zeolites, silica gels, and activated aluminas have dominated the adsorption commercial
market ' and therefore, are readily available and relatively cheap to acquire. This makes them more
attractive for use in DAC then alternatives which would need to be produced in-house. There are many like

processes to DAC that remove CO, in low concentrations. Air prepurification, used as a means to remove
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CO, and water to below the ppm level before cryogenic distillation in air separation plants, uses
adsorbents. A survey of air prepurification literature shows that the most common adsorbents are y-alumina

and low Si/Al faujasite structured zeolites used in pressure swing adsorption (PSA) or temperature swing

4448 Na-Y has also been patented as an alternative for low Si/Al

49-52

adsorption (TSA) for this separation

faujasite zeolite due to lower blowdown energies during regeneration

The adsorption of CO, at 30°C is shown in Figure 1.4 for activated carbons, zeolites, silica gels, and
activated aluminas. Due to the nature of DAC being a purification process, the adsorption of CO, by the
adsorbent is desired to have a high Henry’s Law constant. This Henry’s Law constant can be seen by the
shape of the isotherm with more rectangular isotherms indicating a larger Henry’s Law constant. In Figure
1.4, the adsorption of CO, is the strongest with zeolites and activated aluminas in comparison to activated
carbons and silica gels. This strength of adsorption for CO, is why zeolites and activated aluminas are

used in air prepurification and not activated carbons or silica gels.

For zeolites, different structures, Si/Al ratios, and cations that are present affect the adsorption of CO,.
There are 248 currently identified different structures of zeolites and the International Zeolite Association
has a very well done data base showing the structure of each one of them. Out of these structures, faujasite
and Linde Type A have seen applications in low concentration CO, removal due tfo their high Henry’s Law
constants. Faujasite structured zeolites are denoted as “X” or “Y” zeolites with the difference between them
being the Si/Al ratio with “X” encompassing Si/Al ratios below 2, and “Y” has more than 2. For “X”
zeolites that are approximately a 1/1 ratio of Si/Al are denoted as Low Silica X (LSX) is common. In Figure
1.4, faujasite structured zeolites are Ca-X, APGHI, Nitroxy 5, Nitroxy SXSDM, Na-LSX, Na-Y, and H-Y.
Linde Type A zeolites are denoted as “A” and in Figure 1.4 are labelled as 5A and 4A. For “A” zeolites,
the number that precedes the designation indicates the approximate pore size with 5A having a pore size
around 5A, and 4A having a pore size around 4A 3. A useful in-depth review by Bonenfant et al.
describes the effect that cations and Si/Al ratio within the zeolite have on the adsorption of CO, ** and

explains the CO, adsorption behaviour seen in Figure 1.4 for the zeolite samples.

For aluminas, different structures of the Al,O; framework and pH level affect the adsorption of CO,. There
are two different structures of alumina’s investigated for adsorption; y-alumina and a-alumina which are
calcinated at 400-600 °C and 1050-1100 °C with surface areas of 266 m?/g and 5 m?/g, respectively. y-
alumina’s which have higher surface areas than a-alumina’s, are marked as activated alumina and are the

aluminas of interest for CO, adsorption.
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The pH of an activated alumina also affects the adsorption of CO,, an acidic molecule . This can be seen
in Figure 1.4, with the two activated aluminas AA-300 being a neutral activated alumina, and Super |
Alumina A having a pH of 4. Due to AA-300 being more basic, the adsorption with CO, is stronger which
is a similar trend to that seen in zeolites >’. The adsorption of CO, on the surface of activated alumina is

%8, Studies have shown that this complex

complex with there being different types of adsorption sites
adsorption is due to a combination of physisorption and chemisorption, with chemisorption forming

bicarbonates, bidentate and monodentate carbonate, and bridging carbonate groups with the alumina *°.

In ambient air, there is approximately 405 ppm of CO, according to NASA with the rest of the components
being 78.09% N,, 20.95% O,, and 0.93% Ar. This puts the amount of CO, present in air approximately
within the Henry’s Law region of the isotherm. Figure 1.5 shows a line approximation for the adsorption of
CO, within the Henry’s Law region from a variety of sources for zeolites, solid supported amines, and
MOFs. All three sorbents can potentially be used for DAC of CO, with specific examples in Figure 1.5 of

each sorbent type showing adsorption greater than 1 mmol/g.

Zeolites have been tested within the Henry’s Law region for CO, adsorption with a wide range of reported
capacities. Low Si/Al faujasite structured zeolites “X” and “LSX” have the highest CO, adsorption capacity
when compared to higher Si/Al faujasite structured zeolite “Y”. Other zeolite structures such as clinoptilolite
and pentasil have significantly lower adsorption capacities for CO, within the 400 ppm and are therefore
not promising candidates for DAC. Two important points within the data in Figure 1.5 can be observed.
One is the fact that similarly classified zeolites (NaX and 13X) can have very different adsorption
capacities. This difference in adsorption capacities between different NaX samples can be due to multiple
reasons including the process, materials, or binders used to make them, or the difference in Si/Al ratio
within the material. The other observation from Figure 5 is that Li* as a cation improved the adsorption
capacity in the Henry’s Law region more than Na* cation. The cation within the zeolite affects the acid-base
properties, with Cs > Rb > K > Na > Li in terms of basicity *”. With CO, being a slightly acidic molecule,
the general rule is that increase in basicity, increases the strength of CO, adsorption. However, even
though lithium is the least basic alkali metal of all cation exchanged forms of zeolite “X”, due to CO, being
a very polarizable molecule, the small Li* ion size induces a stronger interaction with CO, which has been

observed in literature 19°,

Aminefunctionalized porous solids are also promising sorbents for CO, capture and have been proposed
to be used in space craft as a means of closed circuit breathing systems #2¢!. However, amine sorption is
influenced by many parameters and these parameters typically feature trade-offs. The primary advantage of
amine functionalized sorbents is their high capacity which can be seen in Figure 1.5 with 9.9 mmol/g
Amine Loading having a high sorption capacity for CO, of 1.72 mmol/g at 400 ppm of CO,. However,
these amine materials have very slow kinetics which require hours to reach saturation which has been
commented in literature **. This is due to the loss of the porous nature of the support structure to which the
amine is impregnated or grafted onto as well as pore plugging from the amine occupying a pore entrance.

Choi et al reported surface areas of 45 m?/g, 234 m?/g, and 314 m?/g, for amine loadings of 9.9
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mmol/g, 5.3 mmol/g, and 2.9 mmol/g, respectively, from an initial support structure surface area of 840
m?/g . This decrease in surface area is due to an increase in the amine loading which significantly
reduces the sorption kinetics. The humidity of the air also affects the sorption of CO, in amine
functionalized solids, with the amines able to co-sorb CO, and H,O. However, a wet gas stream is
required to ensure that the amine stays stable and does not degrade 2. As seen in Figure 1.5, a change in
humidity affected the amount of CO, adsorbed in the Henry’s Law region which was reported by
Wourzbacher et al 2. This study showed a decrease in CO, capacity as humidity dropped from 80% to
60% to 40% to 20% with similar adsorption uptake rates for all humidities. The similar uptake rates for CO,
for all humidities however was caused by the amine structure being pore plugged and having a low surface
area of 12.2 m?/g and therefore being surface reaction with the amine groups limited. Research by
Stuckert & Yang however showed that if amines were grafted onto the surface of the support structure with
care to ensure that there was no pore blocking, that dry amines would sorb CO, three times faster than wet

amines '°.
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Figure 1.5 — A line approximation for the adsorption capacity for CO, within the Henry’s Law region for
zeolites (solid line), amines (dotted line), and MOFs (dashed line) at approximately room
temperature. Source for data includes red 3, blue “*, green '°, purple ¢, brown 4, black %, and
orange %°.

To overcome the sorption trade-off of increased amine loading vs pore plugging in amine functionalized

solid sorbents, specially designed MOFs have been produced by McDonald et al. with amines grafted only

9
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onto the metal substrate of the MOF **. This MOF is labelled alkylamine appended MOF in Figure 1.5. This
research was proposed to allow for high surface areas and larger capacities at the same time. The results
from this study show that sorption was around 2.2 mmol/g of CO, at 390 ppm in nitrogen. However, the
surface area of the sample decreased from 3270 m?/g to 70 m?/g upon grafting the amine and further

research was proposed to try other polyamines in the place of the chosen grated amine.

With low Si/Al ratio faujasite structured zeolites having high capacity for CO, at low concentration, high

1%, industrially available, durable and

uptake rates in comparison to amine functionalized solid sorbents
robust, makes them excellent candidates for DAC of CO, for applications in concentrating CO, up to 95%

for greenhouse gas mitigation, as well as for application in production of high purity CO,.

1.2.2 Economics

The economic feasibility of a DAC technology is based on the operating cost, initial capital cost, integration
info present technology, and the value of the product. Each one of these attributes affect the final cost per
ton of CO, captured. A report on the feasibility of DAC using sodium hydroxide absorption processes by
the APS estimated the cost at $600,/tonCO,"". This report concluded that DAC was economically unfeasible
but since this report, published papers from Carbon Engineering using a potassium hydroxide DAC pilot

6465 Academic literature has also countered the

plant showed that cost can be as low as $94/tonCO,
report from the APS with studies investigating a solid sorbent system for DAC that would significantly drop

the cost with one study predicting costs as low as $100 per ton of CO, captured .

The operating cost of a DAC technology is based on the mechanical energy and the thermal energy
requirements for the system. Mechanical energy is required to flow the air through the sorbent (E;), as well
as for the removal of wastes and products by vacuum (E,), and energy to compress the product stream (E,),
which is generally provided by electricity. Thermal energy however, is required to desorb the CO, (E,) by
heating up the sorbent (Es) but can be provided by electricity or by a waste heat stream. This would
therefore allow DAC to become more economically feasible if incorporated into another process by

reducing the thermal energy requirements of the system.

The required energy for the flow of air through the adsorbent bed is one of the most important parameters
when determining the energy requirement for a DAC process and has been found to be the second most
energy intensive portion of DAC for amine impregnated sorbents /. This is because of the low CO, content
in air of 16.6 mmol of CO,/m? of air (400 ppm of CO,) and is heavily based on the percent captured and
the rate of diffusion of the sorbent. In order to estimate the energy requirement for air flow, a simple

correlation provided by the APS can be used (Equation 2).

Pdrop
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vsu(1 — ep)°L Usz.l’f(1 —¢&p)L
P =150—F—"—+—+175————— 3
arop @) e Odyey?

10



Chapter 1

Where the Py, is the pressure drop which can be derived from the Ergun equation for a packed bed
(Equation 3), a; is the total capture fraction of CO, from the air that flowed through the bed, and C¢, is
the concentration of CO, in the air which is 0.72 g/m?*for 400 ppm of CO, at 25 °C and 1 atm. The
capture fraction of CO, can then be defined from the characteristic length of the adsorbent L,, which is

similar to the concept to the mass transfer zone of a breakthrough curve.

a=1-exp(-) 4
o
Nvsepd
o = B%v 5
D

Where L is the length of the bed, vs is the superficial velocity, d, is the diameter of the pellets, &5 is the bulk
void space in the bed, D is the molecular diffusion of CO, in air which is approximately 2.1-10° m?/s, and
n is the dimensionless separation constant of the slowest decaying mode. The dimensionless separation
constant parameter is a measure of the contribution of the external mass transfer resistance to the overall

mass transfer in a packed bed.

n = f(dy) 6

Therefore, the energy requirement for the flow is a function of the system parameters (vs, L), and the sorbent
parameters (&5, d,, @). When comparing different sorbents for DAC of CO,, if system and sorbent
parameters are constant, only diffusion influences the energy required for flow. This is convenient in sorbent
selection due to the ability to investigate experimentally the rate of sorption of a single sorbate into a

sorbent particle using the Linear Driving Force model ¢°.

The mechanical energy for the vacuum is considerably less than the energy that is required for flow which
has been seen in literature 7. This was seen to be due to the significantly larger flow required to capture
the CO, compared to flow for the amount of CO, desorbed. Another finding from literature noted that if all
gases desorbed from the bed were assumed to be CO, the energy for compression of the final product to

15 MPa would remain constant at approximately 417 MJ/tonCO, 7.

The total thermal energy required for a DAC system is the sum of the sensible energy to heat up the sorbent
to the desorption temperature and the energy required to desorb the CO, along with the sensible energy to

heat the gas to the desorption temperature.
ED =MAAHA+MACPAAT 7
ES = MSCPSAT 8
Where M, is the mass of the adsorbed species, 4H, is the heat of adsorption, Cp, is the heat capacity of
the adsorbed species, and Cp; is the heat capacity of the sorbent. A sorbent that can be regenerated at a

lower temperature will therefore have a lower required change in temperature which will require less

energy per ton of CO, adsorbed. For a cyclic process, another method to lower the cost per ton of CO,

11
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captured is to have a high working capacity of the sorbent. This is because of the loss of energy due to

heating up the sorbent decreases as the working capacity of the sorbent increases.

The total energy of the system is the sum of the mechanical energy (energy to pump the air plus the energy
for the vacuum of the system plus the energy for the compression of the CO, after concentration), and the
thermal energy (the energy of desorption plus the sensible energy to heat up the sorbent and the sorbate),

given by Equation 9.
ETZ(Ef+EU+EC)+(ED+ES) 9

Ways to save energy can be included into these parameters. For instance, thermal energy can be saved
using waste heat streams or direct heat streams. Examples of applications that could use the heat stream
are concentrated solar power which operates at temperatures of higher than 200°C and would be sufficient
to desorb the CO, from materials such as low Si/Al ratio faujasite structured zeolites. Incorporating
concentrated solar power into DAC could be done by designing adsorption cycles to last throughout low
sun output and desorption when sun output is high. This would therefore allow for CO, to be captured

when it is the coldest, and desorbed when it is naturally the hottest.

One of the measurable DAC technology initial capital costs is the capital investment into the liquid or solid
sorbents which is a function of the working capacity, cost of the sorbent, lifetime of the sorbent, and the
swingtime of the process (Equation 10). Having a lower cost of sorbent consumption relative to amount of
CO, captured is desirable and can only be achieved with high working capacities, fast cycles, and long
lifetimes. High working capacities can be investigated by looking into the loadings in pure gas adsorption
isotherms, with larger capacity differences over temperature and pressures indicating more desirable
sorbent. Lifetime of the sorbent is harder to quantify in a laboratory sefting, however. Lifetimes, unless
degrading after dozens of cycles which has been identified in MOFs and hybrid ultramicroporous materials
'8 are harder to measure, with amine impregnated sorbents being shown only up to 100’s of repeated
cycles %2, Zeolites in industry last over 15 years in air separation processes.

Cost of Sorbent Consumption Sorbent Cost X Swingtime

10

tonCO, "~ Working Capacity x Lifetime

1.2.3  Greenhouse Gas Mitigation

DAC of CO, for greenhouse gas mitigation has been growing rapidly but is still in its infancy in terms of
technology. The larger industrial players such as Carbon Engineering (Squamish, British Columbia,
Canada) which utilizes a KOH absorption unit was founded only in 2009, Climeworks (Zurich,
Switzerland) which utilizes amines that are impregnated onto fiber supports being founded in 2009, and
Global Thermostat (Huntsville, Alabama, United States) which uses amines that are impregnated onto
ceramic supports being founded in 2006. Since these companies founding, they have commercialized their

technology, begun sales, and have received significant funding due to the promise that their technology can

12
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be a part of the solution to global warming. As of 2019, Carbon Engineering has acquired $68 million in
private funding ¢’ and have announced a joint venture to capture 0.5 million tons of CO, per year based
on their Squamish prototype 8. Global Thermostat has raised $29.5 million for its pilot plant out of a total
fundraising since inception of $70 million with plans to build a commercial project 8. In 2018, Climeworks
secured €30.5 million with a total funding of €50 million since there founding, with plans to produce CO,
for products by Coca Cola under the brand name of “Valser” 8. Other start-ups in the DAC of CO, include
Prometheus fuels, Skytree, Soletair Power, Silicon Kingdom Holdings, Synhelion, and Sunfire. This rise of
start-ups is due to global warming becoming more of a problem in the public perception, which therefore

offers more support for carbon emission trading as well as carbon taxes.

The goal of all CO, mitigation technologies is set by the U.S. DOE, which is a technology that can achieve
90% capture at 95% purity from a coal fired power plant while limiting the increase cost of electricity to no
more than 35% °. This equates to around 27-39 US$/tonCO, “°. It is important to note that DAC of CO,
does not need to meet the same recovery rate as PCC or NGCC which could translate into a
thermodynamically more favourable separation. The initial baseline for this technology was set by anime

absorption of flue gas with figures showing CO, capture costs between $40 - $100/tonCO, .

In order to compare different technologies for DAC of CO, for greenhouse gas mitigation, it is important to
break down the operating energy requirements into the heating and the electrical energies. This is because
these values determine if a process is fundamentally feasible. Also, these values can be compared across
different processes. Care should be taken when comparing the final $/tonCO, of a DAC plant without first
investigating the energy requirements because differences in methodology, cost of utilities, and capital costs
of the equipment can significantly change the final $/tonCO,. For example, Figure 1.6 shows the energy
requirements of four different processes for DAC utilizing NaOH absorption (APS Report, 2011)"", KOH
absorption (Carbon Engineering, 2018)%, fibers impregnated with amines (Climeworks AG, 2019)”?, and
TRI-PE-MCM-41 (Kulkarni and Sholl, 2012)' with reported costs of $610-780/tonCO,, $94-232/tonCO,,
$100-600/tonCO,"3, and $88-163/tonCO,, respectively. The estimated cost for a DAC NaOH absorption
plant according to the APS Report was theoretically determined to be $610-780/tonCO, which utilizes
fossil fuels for heating and $0.71/kWh for electricity with a total operating utility energy cost of
$81/tonCO,. The remainder of the $610-780/tonCO, is the capital costing of $370-500/tonCO, and
operating costs excluding utility energy costs being $160-200/tonCO,. The APS study considers the value
of $610/tonCO, being optimistic for DAC of CO, and deemed the use of such technology as
uneconomical which is an unscrupulous statement. This is because when comparing it to $/tonCO,
determined from a real world pilot plant by Carbon Engineering which uses the same energy costs but
changes the solution from NaOH to KOH, using a novel design, and accounting for renewable energy in
the grid, Carbon Engineering study reported only a cost between $94-232/tonCO, from their pilot plant

located in Squamish, British Columbia, Canada.

In literature and practise in the DAC of CO, for greenhouse gas mitigation, one trick used to reduce the

heating costs is to utilize the burning of fossil fuels which provides cheap heat '""'7. This is counter-intuitive
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to the mitigation of green-house gases but savings in overall cost per ton of CO, can be significant. Kulkarni
and Sholl (2012) showed differences in reported cost of $181.7/tonCO, to $92.7/tonCO, by utilizing
fossil fuels instead of just wind electricity at a utility cost of $0.097/kWh while accounting for the release of
CO, from the burning of fossil fuels '”. Carbon Engineering makes this a fundamental part of their process
in their calciner which requires significant amount of thermal energy to break the CO, from the calcium
carbonate ¢*. Global Thermostat also mentioned in their patents that fossil fuels would be able to provide

the heat required for their process 747>
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Figure 1.6 - The thermal and electrical energy requirements for DAC using NaOH absorption ', KOH
absorption ¢4, impregnated amine fiber 72, and TRI-PE-MCM-41 "7,

From a combination perspective of an environmentalist and a chemical engineer, utilizing a source of low
grade heat that is not fossil fuel dependant would allow the DAC process to meet their thermal requirements
while having minimal CO, impact. Two carbon free sources of low grade heat that are particularly
interesting includes solar thermal plants and geothermal which has been noted in literature 7. Both of these
energy sources have renewable sources of heat and can also be used to produce electricity, effectively
running the full DAC plant. Climeworks is currently partnered with Reykjavik Energy on an EU-funded
project called CarbFix2 which looks to utilize Climework’s DAC technology along with Reykjavik Energy’s
geothermal power plant to be able to capture and then sequester CO, utilizing renewable energy 7.
Global Thermostat has also expressed interest in utilizing solar thermal power in their DAC technology 747>
Combining green energy sources with DAC technologies, DAC becomes more economical with the

potential to be used as a solution to global warming.

The potential of other green energy sources such as photovoltaic and wind for DAC have been investigated

in literature, especially when they are located in regions with high energy potential 78%°. For solar, this can
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be utilized in regions along the Topic of Cancer or Tropic of Capricorn that have high solar energy
densities. Breyer et al. demonstrated in their economic study that by utilizing photovoltaics in the Maghreb
region in the Sahara can reduce the $/kWh, which will therefore drop the $/tonCO, significantly 7°. For
wind, that can use utilize katabatic winds or trades winds such as the Roaring Forties which provide strong
continuous winds that can be seen in maps of wind energy density. Goldberg et al. showed that locating a
humidity swing DAC process on the Kerguelen Islands in the South Indian Ocean would offer cheap energy
from wind to run their process, as well as a favourable location to sequester the CO, in the nearby Courbet
Peninsula ®. This matching of DAC technology with an inexpensive energy source is important for the

potential to reduce the overall effect of greenhouse gas emissions on a global scale.

CO, can be captured from the air anywhere on the planet to reduce the overall world’s emissions .
However, from a technological standpoint, the location of the DAC is very important for the viability of the
technology. This is due to the dilute nature of the targeted adsorbate. In air, there is only 0.72 g/m? for
400 ppm of CO, (25 °C and 1 atm) and therefore would require substantial amount of air to capture 1 ton
of CO,. This makes it uneconomical to change the temperature, humidity, or pressure of the ambient air.
For each particular DAC technology, there would be optimum conditions for the process to run. With DAC
utilizing zeolites, this would be locations that would be considered dry due to the requirement to first
remove water before separating the CO,. By matching the ideal operating conditions for a DAC technology
with potential locations, one can then therefore select a location near an ideal energy source, as well as a
location to sequester the CO,. By choosing a location this way, the $/tonCO, can be reduced significantly

which would increase the viability of removing CO, from the atmosphere using DAC.

1.2.4  Production of High Purity CO,

Table 1.1 - Different Concentrations of
CO, provided by CO,meter 82,

Type CO, Concentration
Medical 99.5%
Bone Dry 99.8%
Food and Beverage 99.9%
Anaerobic and Laser 99.95%
Supercritical Fluid 99.998%
Research 99.999%

The maijority of DAC projects sequester CO, but projects that utilize the CO, from DAC will get reimbursed
through the value of the carbon, increasing the economic viability of the process. Process such as Air to
Fuels try to chemically convert the CO, into more valuable products ¢ but due to CO, being the most
oxidized version of carbon, have to overcome a large enthalpy ?°. One method to utilize CO, without
chemically converting it is to increase the purity to the point where it becomes intrinsically more valuable.
There are many different concentrations of high purity CO, in the market which can be seen in Table 1.1.

These vary in value with higher values being attributed to higher purities. For medical grade CO, typical
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charges are around $15 CAN for a cylinder of CO,. For bone dry CO, that number is around $30 CAN,
and the cost for research grade CO, is over $500 CAN per cylinder '. Therefore, depending on the purity

of CO, being able to be achieved, different cost comparisons will be needed.

CO, has many applications that are currently being met with small scale solutions such as dewars and

cylinders, or large scale solutions such as bulk supply tanks. These solutions are used for:

e Food & beverage: where CO, is used as a cryogenic agent for freezing, chilling, and cooling
applications which protect the food’s texture and taste. CO, is also used as a preservative in
packaged products as well as for carbonation in beverages.

e Healthcare: where CO, is offen mixed with air or oxygen as an inhalation stimulant to promote
deep respiration. CO, is also used in cases where insufflation is required.

e Pulp & paper: where CO, is used to control the pH levels in alkaline digestion processes, reduce
calcium carbonate dissolution, and during the washing of brown and bleached stock.

e Wastewater treatment: where CO, is used to reduce the wastewater's pH which is a safe
alternative to mineral acids.

e Welding & metal fabrication: where CO, is used as a shielding gas to prevent atmospheric
contamination of molten metal in electric arc welding processes.

o Electronic: where CO, is used in the removal of microscopic particles from electronics as well as to
help prevent the photoresists collapsing during drying for semiconductor layers.

e Pharmaceutical: where CO, is used in bench top incubators as well as for the separation of chiral

molecules using super-critical CO, fluid chromatography.

Providing high purity CO, for these applications using DAC has the benefit that since air is everywhere,
CO, can be provided everywhere. The challenge is concentrating that CO, from air which is composed of
0.04% CO, to more than 99.5%. Experimentally in literature neither this concentration step change nor
separation type has yet to be investigated using adsorbents. Kikkinides and Yang modelling investigated
CO, separation using an activated carbon or carbon molecular sieve for PCC which demonstrated that
CO, could potentially be concentrated to purities of 99.997% from 17% using a PSA cycle 8. Similar
modeling research has also showed that zeolite 13X can be used in PCC to concentrate CO, from 16% to
over 99% using PSA *'. One conclusion from these studies is that other than high working capacities which
was discussed earlier in this thesis, high equilibrium selectivity is required between CO, and the other
components in the air in order to produce high purity CO,*'. This is important because after the adsorption
step, significant amounts of N, and O, are co-adsorbed with the CO, due to the high quantities present in
the feed stream. The blowdown step then occurs with the goal of removing the N, and O, while leaving the
CO, present on the adsorbent so that only pure CO, is desorbed during the evacuation step. So if an
adsorbent has a high equilibrium selectivity to CO,, the adsorbent will be efficient in the blowdown step in
removing the N, and O, while leaving CO, adsorbed. This thesis will be looking into the potential of

utilizing low Si/Al ratio faujasite structured zeolites which have been shown in literature to have high
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equilibrium selectivity to CO, and have been shown to be able to concentrate 400ppm of CO, to 93% and
94% for Li-LSX and K-LSX, respectively '°.

The value proposition for using DAC for the production of high purity CO, is not the $/tonCO, but the
convenience of having a continuous supply of CO, available as well as not requiring CO, transportation
infrastructure to be put in place. The cost is not the value proposition because producing high purity CO,
from air will require significant amounts of energy to run the process leading to significant $/tonCO, and
will not be able to compete on a $/tonCO, against current means of production including purified CO,
from hydrogen production, ammonia production, fermentation, and oxo-alkene production. However, the
convenience of having a continuous supply of high purity CO, available has the value proposition
according to the Lean Six Sigma mantra, of reduced waiting for replacement when CO, cylinder/tank run
empty, reduced transportation into and out of the facility, reduced inventory requirement of CO,, and
minimizing personnel motions in the requirement of changing CO,. Since only air and electricity are
needed for the production of high purity CO,, this means that high purity CO, can be produced even with

a lack of CO, infrastructure in remote areas or places in poor/undeveloped regions in the world.

DAC companies have also seen the potential of producing high purity CO, with companies such as Global
Thermostat which are selling captured CO, to soda companies, and Climeworks working with Coca Cola’s
brand “Valser” to carbonate their drinks with CO, from the air as well as selling CO, captured from air for
sparkling water dispensers which are manufactured by Carbagas 8. By utilizing the CO,, DAC can help
offer solutions to problems while allowing their businesses to acquire funding to develop their technology.
This allows these companies a segue from smaller scale developments to larger solutions to global

warming.

1.3 Excimer Gas

Excimer lasers are used to produce a specific wavelength of light which is in the ultraviolet spectrum and

have applications in the production of semiconductors 8¢, eye surgery #~°, and micromachining

9192
They work by exciting a noble gas (Ar, Kr, or Xe and sometimes Hg) with a reactive gas (F,, Cl,, or Br and
sometimes |) info an exciplex 7. This exciplex is created using high voltages with the exciplex producing a
pulse of light which then dissociates into the original gas mixture. In this thesis the noble and reactive gases
of interest are Kr and F, respectively, which when excited, produce a wavelength of 248 nm. In order to
produce this exciplex, gases F, and Kr are needed at concentrations of 0.1% and 2% with a balance of

neon within the laser chamber.

The issue with Kr—F excimer lasers is that the fluorine is very reactive and a build-up of by-products of CO,,
COF,, CF,, O,, and HF are found within the laser. Technologies exist to chemically remove HF but 20 ppm,
350 ppm, and 150 ppm of CO,, CF,, and COF, are present in the laser with an unknown amount of O,.
These gases either absorb the 248 nm ultraviolet light or impede the formation of the exciplex ?*. To keep

the laser operating at the same specification, the laser is programmed to ramp up the voltage required to
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produce the desired intensity of light. This increase in voltage however, significantly decreases the life of the

laser.

1.3.1  Separation of Impurities

Current and previous solutions to this problem include venting, cleaning, and injecting fresh excimer gases
into the chamber, as well as utilizing liquid nitrogen to condense out the impurities in the process. Using
liquid nitrogen was found to condense out significant amounts of krypton as well as be an inconvenience to
the customers which has since been phased out as a solution . The current solution of venting, cleaning,
and injecting fresh excimer gas however, has become more expensive due to the increase cost of Ne and

Kr in the world market.

One potential solution is scrubbing the excimer gas of the impurities as they build up by utilizing
adsorbents. This would mean finding an adsorbent that would adsorb CO,, CF,, COF,, and O, while
letting F,, Kr, and Ne pass through. By noting the internal adsorbate forces ', CO, and COF, would
have the strongest sorption due to their strong intermolecular forces in comparison to CF,, O,, and F, being

weaker. Kr and Ne with little to no intermolecular forces, typically have the weakest adsorption.

The challenge with adsorbents is finding an adsorbent that has a high adsorption capacity, favourable
selectivity, easily regenerable, fast kinetics, good chemical and physical stabilities, and low cost. Due to the
reactiveness of F, and HF, many common industrial adsorbents could not be utilized. This includes activated
carbons which have been found to break down to CO, and O, while scrubbing all the F,, and the Si-O
bond which is present in zeolites and silica gels which reacts spontaneously with fluorine '°'-1%%, It has been
shown in literature that the reaction of activated carbons to F, and HF happens at room temperature ',
However, this work by Tressaud et al. shows that the fluorination does not go untill completion but mainly
reacts with the surface groups to C-F with some C-F,. Therefore, fluorinated carbons could be prospective
materials for this separation if it happens at room temperature or lower. Aluminum Phosphates (AIPO) have
also been investigated for their stability to HF and F, exposure, with studies showing mixed results with
decomposition occurring at room temperature for some AIPOs '% and stability at temperatures above

400°C for others %1%, There has yet to be a paper discussing the stability of F, or HF to MOFs.

Two commercially available adsorbents which could be used for this separation are porous polymers and
activated aluminas. Many polymers have been found to have good stability for F, and HF such as
polytetrafluoroethylene (PTFE), polyfluorinated-ethylenepropylene, and polyperfluoroalkoxy '°°. PTFE has
many brand named chromatography column packings ''° but has significantly less surface area than the
most popular porous polymers which are divinylbenzene (DVB) based. DVB based porous polymers have
surface areas in the order of = 600 m?/g which make them useful in chromatographic separations but has
yet to be tested for its stability for F, or HF. Alumina have also been found to have decent stabilities to F,
and because of this, are common materials for electrodes in excimer lasers. Activated aluminas, which are
porous aluminas, can have different surface chemistries from basic to acidic, with either or both Brensted

and Lewis sites '. Some literature has shown that activated alumina can have stability up to 200°C to HF !
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but a more thorough investigation info the effect of F, and HF on different surface chemistries is required

before determining compatibility.

1.3.2 Potential of Colder Conditions

Due to the large amount of energy required producing the exciplex (6 kW of power for the excimer laser),
it is feasible to cool down the feed stream using cryocoolers before separation. This would allow the use of
materials that would otherwise not be able to handle fluorine or hydrofluoric acid at room temperature for
long durations with the goal of having a continuous use service life of around 3 — é months. This can be
seen with aluminas Al-O bond reaction with HF which has a strong correlation to temperature ''". Lowering
the temperature also increases the compatibility of HF and F, to polymeric materials which has been seen in
literature 7.

Lowering the temperature would have the added benefit of increasing the adsorption capacity which can
be seen from the van’t Hoff equation (Equation 11) which relates the Henry’s Law constant (K) to
temperature (T). The rate at which K changes with respect to T is based on the heat of adsorption at zero

loading (AH,), with larger AH, creating a larger changes in K with respect to T.

AH, 1

—_—0= 11
InK R T+ano

1.3.3  Adsorption of CO,, COF,, CF,, and O,

A part of this thesis will be investigating the adsorption of CO,, COF,, CF,, and O, for the purification of
Kr-F excimer laser gas. This separation has yet to be investigated in literature for adsorption but patents
have been filed for using cryogenic condensation or sublimation of the impurities ''%''*. The adsorption of
CO, and O, are very well studied in literature for applications in air separation, respectively '. For CF,, the
field of adsorption has mainly investigated its adsorption properties due to fluorocarbons having a high
greenhouse gas potential """, No studies have been identified in the field of adsorption for COF,. In this
thesis, it is expected that COF, will have the strongest adsorption but due to COF, being a dangerous and
hard to acquire gas, it will be negated from tests. The adsorption of CO, > CF, > O, is expected due to
their relative intermolecular forces. This can be seen in the study by Branken et al. shows the adsorption
trend of stronger interaction in order of CO, > CF, > O, on a wide variety of adsorbents including 13X,
5A, ShinCarbon ST, HayeSep N (highly polar porous polymer made of EGDMA and DVB), and Super Q
7. Similar trend of greater adsorption of CF, over O, can be seen from work done by Yang et al. with

Porapak Q (a DVB based porous polymer), silica gel, and 5A '8

Since the impurities are present at low concentrations in this thesis, the adsorption behaviour can be best
described by the Henry’s Law region of the isotherm. Previous studies by our research group have
investigated the Henry’s Law region of CO,, and CF, of many adsorbents including ones of interest for this

section of this thesis, activated aluminas ¢*'">. In the literature, there are also Henry’s Law constants for the
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adsorption behaviour of CO, and O, on activated aluminas 3¢''%'%°, There are no previously mentioned

Henry's Law constants for porous polymers of adsorbates in this part of the thesis.

1.3.4  Concentration Pulse Gas Chromatography Technique

To investigate the Henry’s Law constants of these impurities on activated aluminas and porous polymers,
concentration pulse gas chromatography technique can be utilized. This technique has been widely used in
literature since 1958 to measure the Henry’s Law constants, diffusion properties, and the limiting heats of
adsorption'?'"'?* It is an isothermal approach where a pulse of strongly interacting component is put into
the flow stream of a carrier gas which is a component that insignificantly interacts with the adsorbent
(normally He but for this part of the thesis Ne was used). Using the response of the column to an impulse at
the inlet the Henry’s Law constant can be calculated from the recorded data by the gas chromatography’s
detector as concentration as a function of time. This event and response of the system are shown in Figure
1.7. By analysing the response, the Henry’s Law constant can be calculated for a specific adsorbate at that
temperature. By carrying out experiments at multiple temperatures, the limiting heats of adsorption for that

specific adsorbate can be determined from the Henry's Law constants obtained at different temperatures.
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Figure 1.7 - Diagram of the concentration pulse gas chromatographic technique.

1.3.4.1 Henry’'s Law Constant

The derivation for this begins with the mass balance in the column (x; + x, = 1) for the component mole
fraction in the gas phase of the strongly interacting component (x;) and the component mole fraction in the
gas phase of the weakly interacting component (x,) which is shown in Equation 12 and Equation 13,

respectively, assuming dispersed plug flow with negligible pressure drop.

0%x, x4 ov 0x; (1—ep\10q,

- — —+— -——=0 12
L622+U62+x182+6t+< &g )cat
0%x, 0x, ov 9x, (1—ep\10dq,

D, ——+v— —+—= = 13
L622+v62+x262+6t+< g )c at
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With D, being the axial dispersion coefficient, z being the direction along the length of the column, v being
the interstitial gas velocity, 5 being the void fraction of the bed, gq; & g, being the adsorbed phase
concentration of components 1 & 2 on a pellet basis, ¢t being time, and ¢ being the total gas phase
concentration which is defined as ¢ = ¢;/x; = ¢,/x, = ¢;/(1 — x;). This can be seen in literature '* by
summing Equations 12 and 13, for small changes in gas concentration denoted by X about an initially

established equilibrium composition of x; gives

D=V, "5

29X X 0X 1- 1 0 d
< 53) q1 QZ} —0 14

5 z{“‘xﬂﬁ‘xlﬁ

Due to the change being small (such as those in the Henry’s Law region), the equilibrium relationship can
be denoted as linear, with ¢; and ¢; being the equilibrium values of g; and g, at a particular
concentration.

. 0qq aq;

= cX + constant & q; = — cX + constant 15
ql acl q2 acz

By differentiating Equation 15 with respect fo t gives the accumulation term 22 and 222 are formed.
at at

ot de,Cat & Tat T de, ot

By substituting Equation 16 into Equation 14, the effective equilibrium constant of components 1 and 2 can
be obtained.

’X  o0X 1—¢p dq; dgi\10X
A B 1- 4421 94) _ 17
L'9z2 v 0z { + ( &g ) [( %) (dcl) ta (dcz)] at} 0
Where K, is the effective equilibrium constant of components 1 and 2,
da; dqé‘)
Kyrp=(1—
err = (1= x1) (dcl) th (dcz 18
Therefore,

’X X 1— &g ax

= - = 19
DLazz Yoz {1+( &g )Keff}at 0

The velocity of the concentration wave front as it moves through the bed (v*) can be rearranged from the
accumulation which can be expressed as the product of the velocity and the concentration gradient using

the triple product rule,
X = £(t.2) (6X> _ (62) <6X) _ *<6X) " *_(62) 20
=@ \5r), = \ae) \az). =~ v \az), wherev =15,

21



Chapter 1

By substituting the velocity of the concentration wave front from Equation 20 into Equation 19 we get,

p, 2X o P i A R 21
v 1+ (5 )k (), -

At the inflection point of (9%x,/02z%), =0, the ratio of the interstitial velocity and the velocity of the

concentration wave front can be given by,

v* 1

v 1+ (1 ;BeB) Keff 22

For a given length (L), the mean retention time (z) is then given by,

_L_L1 1—¢p K 23
T‘F_E{ +< e ) eff}

From the gas chromatographs response, the mean retention time can be calculated from the difference in

the baseline and the response peak at the exit of the column (Ac;) given by Equation 24,

[ Ac, tot
£ })Ooo Ac,0t 24
If the adsorption of the weakly interacting component (component 2) can be neglected with respect to the
strongly inferacting component (component 1) which is an acceptable assumption for most carrier gases
(He and Ne), then as the mole fraction of component 1 approaches zero, the effective equilibrium constants
of components 1 and 2 equate to the Henry’s Law constant for component 1 (K;). Therefore, by calculating
the mean retention time from Equation 24 using the gas chromatograph response and substituting its value
info Equation 23, for a small injection step change in the input of the column, the Henry’s Law constant of
component 1 can be calculated.

0q;

K, = lim K =—
17 gm0 T T 4g,
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To modify the Henry’s Law constant (K;) from the less common mol-m?/mol-m™ to the more common units of

Kp, of mmol g atm™, the following conversion can be used.

K

Kpi=——
P opRT 26

Where p; is the pellet density in kg:m?®, R is the gas constant in atm:m®*mol'-K", and T is temperature in K.

1.3.4.2  Limiting Heat of Adsorption

By doing multiple injections at different temperatures for an adsorbate, the limiting heat of adsorption can

be determined by using the vant Hoff equation as follows,
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8T  RT?

27

Where K ;is the Henry’s Law constant which were previously calculated for a specific T, and AH, is the
limiting heat of adsorption. By assuming 4H, is not a strong function of T, integrating Equation 27 gives,
AH, 1
anP,l = _T ? + ano 28
Where K, is the pre-exponential constant. The slope of the line of best fit in the plot of inK ; versus 1/T in

Equation 28 gives the limiting heat of adsorption for that adsorbate.

From the van’t Hoff plot, the Henry’s Law constant can be interpolated from the line of best fit within the
range of experimental temperatures. For many circumstances however when the interaction between the
adsorbent and adsorbate is strong enough to create a distended response at the temperature of interest, a
solution is to elevate the analysis temperature and extrapolate to the desired range. This is done because
for strong interactions between the adsorbent and the adsorbate, there is a large error between the
baseline and the response on the gas chromatograph. Care should be taken when extrapolating values as

the further the extrapolation, the greater the error.

1.4 Aerogels

Aerogels, by definition, are a class of mesoporous open-celled solid foams that are an assembly of
inferconnected nanostructures with porosity of greater than 50%. This class of materials have some
exceptional properties making them the best insulating medium (0.016 W/m K), the lightest synthetic solid
(0.0011 g/cm?®), have the lowest sound speed (70 m/s), have the lowest optical index of refraction
(1.002), as well as having the lowest dielectric constant (1.008) '?>. Due to aerogels’ high porosity (~80 to
99.8%) '?® particularly in the mesoporous range (2 — 50 nm), they have high surface areas typically
between ~500 - 1200 m?/g with reported values up to 3200 m?/g for carbon aerogels that have been
activated to further develop additional surface area '#’. This porosity and high surface area makes aerogel

materials of interest for the field of adsorption.

Aerogels were first invented by S. Kistler in 1931 where aerogels of silica, alumina, nickel tartarate, stannic
oxide, tungstic oxide, gelatine, agar, nitrocellulose, cellulose, and egg albumin were synthesised using
three common steps, sol-gel process, aging, and then drying '22'??. When S. Kistler invented aerogels he
noted that he could see no reason why this list of aerogel materials may not be extended indefinitely. With
great foresight, this list of materials was extended significantly to pure and composite materials of metal
oxides (including most transition, lanthanide, and actinide metal oxide with several main group metal
oxides), organic polymeric (such as resorcinol-formaldehyde, phenolformaldehyde, polyurethanes,
polyacrylates, polystyrenes, and epoxies), biological polymers (such as agar-agar, pectin, and gelatin),
pure metals (such as copper and gold), and carbon (carbon nanotubes, and pyrolyzed biological or

organic polymeric aerogels) '*°. This is significant for the field of adsorption with each aerogel material
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having a unique surface chemistry. This surface chemistry interacts uniquely with the adsorbates’
polarizability, quadrupole moment, and dipole moment potentially allowing an improved or new
adsorption separation to occur between particular gases. For example, copper aerogels could be used as
an adsorbent to adsorb CO from syngas production via m - bonding which would be a significant
improvement compared to impregnating adsorbents with copper salts '. Other benefits of aerogels is that
they increase the options for adsorption screening based on system compatibility, many aerogels are

125 131

allowing for electric swing adsorption '*!, can be made to be monoliths, and they

132,133

electrically conductive

have a tuneable pore size

Aerogels have yet to be thoroughly investigated in the field of adsorption which presents an opportunity for
research. Currently, only a handful of investigations into gas adsorption separations have been done with
the majority of studies investigating carbon aerogels. This includes gas adsorption separations into

134,135 137-140

chemical air pollutants , use in hydrogen storage '*¢, for CO, capture , adsorption of ethane &

132 "investigating adsorption of water '#!, with many studies using adsorption for surface and pore

ethylene
size characterization (CO, and N, BET). Also, due to aerogels having a porous structure with a large
surface area, many studies have investigated using them as support for grafting or impregnating a working

material for a separation 4%/,

The future of aerogels made for adsorption will be different than aerogels made for other applications. This
is because other applications favour having as light as possible aerogel and therefore, a very porous solid.
However with adsorption, having a solid that is 99% porous would lead to adsorbent beds that have low
volumetric productivities as well as challenges to meet adsorbed component product purities requirements.
Therefore, aerogels made for adsorption should focus more on creating aerogels with high surface area

and more defined pore size at the expense of low density.

1.5 Nomenclature

c Total Gas Phase Concentration (mol m?)

C; Concentration of Component | (ton of CO, m?)

Cp Heat Capacity (MJ kg K")

D Molecular Diffusion (m?s™)

D, Axial Dispersion (m?s")

d, Diameter of Pellet (m)

E. Mechanical Energy Required to Compress Product Stream (MJ tonCO,")
Ep Heat Energy Required to Desorb CO, (MJ tonCO,")

Ef Mechanical Energy Required to Flow Air through the Sorbent (MJ tonCO,")
Eg Heat Energy Required to Heat up Sorbent (MJ tonCO,")

E, Mechanical Energy Required to Remove Wastes and Products by Vacuum (MJ tonCO,")
Er Total Energy Required for the System (MJ tonCO,")

H, Heat of Adsorption (MJ kg™)

Hy Heat of Adsorption at Zero Loading (MJ kg™)

K Henry’s Law Constant (mmol g atm™)

K,y Henry’s Law Constant for Strongly Adsorbed Species (mol m3/mol m?)
Kess Effective Equilibrium Constant (mol m*/mol m3)
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Kp Henry’s Law Constant (mmol g atm™)
L Length of the Adsorbent Bed (m)
Ly Characteristic Length of the Adsorbent Bed (m)
M Molar Mass (g mol™)
M, Mass of the Adsorbed Species (kg)
Pirop Pressure Drop (MJ m?)
q; Concentration of Component i in the Pellets (mol m?)
R Ideal Gas Law Constant (m* atm K mol')
t Time (s)
T Temperature (K)
v Interstitial Velocity (m s™)
v Superficial Velocity (m s™)
W nin Minimum Energy (MJ tonCO,")
X Concentration of Component i in between the Pellets (mol m™)
Mole Fraction in the Gas Phase ()
z Direction along the Length of the Column (m)
a, Adsorption Capture Fraction (-)
ap Desorption Capture Fraction (-)
ar Total Capture Fraction (-)
£p Void Fraction of the Bed (-)
n Dimensionless Separation Constant Parameter (-)
u Dynamic Viscousity (kg m™ s7)
Pr Density of Fluid (kg m?)
pp Density of Pellet (kg m?)
T Mean Retention Time (s)
@ Sphericity (1 for perfect sphere) (-)

1.6 List of Abbreviations

APS American Physical Society

BET Brunauer-Emmett-Tellor

DAC Direct Air Capture

DvB Divinylbenzene

LSX Low Silica X

MOFs  Metal Organic Frameworks
NGCC  Natural Gas Carbon Capture
PCC Post Combustion Capture

PSA Pressure Swing Adsorption
PTFE Polytetrafluoroethylene

TSA Temperature Swing Adsorption
TVSA Temperature Vacuum Swing Adsorption
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2.1 Abstract

The capture and concentration of CO, from a dry ambient air stream by temperature vacuum swing
adsorption (TVSA) has been experimentally demonstrated in a small scale by using a single bed system
packed with 20 g of zeolite X. 7 different commercially available type X zeolites were investigated and one
of them was chosen for a more comprehensive study. Breakthrough experiments were carried out by
perturbing the He saturated bed with compressed ambient air with CO, of around 410 to 440 ppm. In the
process studied, a basic four step TVSA cycle comprising pressurization with feed, adsorption, blowdown,
and desorption steps, was investigated first. Four different regeneration temperatures were tested along with
four different gas space velocities. With this cycle configuration, CO, was concentrated to 95% from 400
ppm with total capture fractions as high as 81%. The energy consumption per ton of CO, captured in the
system are discussed for the different process configuration. The results from this study are discussed on how

to improve the possibility of using low Si/Al ratio faujasite structured zeolites in direct air capture of CO,.

Single Cycle 4-Step TVSA

Low Si/Al Faujasite Zeolite

Keywords: CO, Capture, Zeolite 13X, Faujasite Zeolite, Temperature Vacuum Swing Adsorption, Direct Air

Capture, Process Energy Requirements
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2.2 Introduction

Increasing levels of CO, in the atmosphere has been shown to correlate to the increasing average global
surface temperature which has led many researchers to invest time and effort into finding ways to effectively
reduce the amount of CO, entering the environment or to capture CO, directly from the air. The latter, the
subject of this study, has been dubbed Direct Air Capture (DAC) and has significantly gained interest as a
true carbon negative strategy to reduce the amount of CO, in the atmosphere.'? DAC, although
thermodynamically less favourable than capturing CO, from large stationary post combustion point sources
43, has important benefits including; all greenhouse gas emissions (including transportation emissions) can
be captured from one spot, previous CO, emissions can be captured, and the location as well as the size
are not limited unlike post combustion capture of a power plant. Additionally, studies have shown that using
methods such as the Reverse Water Gas Shift reaction in tandem with Fischer-Tropsch process, could allow
DAC of CO, to be used to generate hydrocarbon fuels instead of traditional sources, which would allow

for the continuing use of the transportation infrastructure well into the future.®®

With DAC gaining interest, the scientific challenge of implementation is finding a low cost sorbent that has
high uptakes, selectivity for CO,, and fast kinetics, with strong physical and chemical stabilities, whose
regeneration is not overly energy intensive. Research efforts into finding a promising sorbent can fall under

9-17 9,10 2,18-25
!

four main categories: anime based sorbents 77, zeolites *'°, absorption using caustic solutions and

metal organic frameworks (MOFs). 72628

Zeolites in literature have yet to be thoroughly investigated due to their hydrophilic nature for DAC. This is
because of the low tolerance of zeolites, a hydrophilic material, to water which will decrease the overall
adsorption capacity of CO, in its presence because of competitive adsorption %'%2%2° A guard bed using a
desiccant however, can be placed before the zeolite bed which would solve the problem by removing H,O
from the air stream before it contacts the zeolite *. Zeolites have many benefits that should not be
overlooked and should be given an appropriate investigation before being dismissed. Zeolites, unlike
amine based sorbents and MOFs for DAC of CO,, are commercially available, are very well studied, and
proven in industry due to their physical and chemical stabilities for many different situations. This coupled
with faujasite structured zeolites being known to have very high capacities, favourable selectivities, and
strong adsorption of CO,, has made them excellent candidates for similar separations to DAC such as post
combustion carbon capture projects ', It is also important to note that Na-X has been used and proven in
industry for capturing CO, from air since the early 1980’s in air prepurification processes in order to
reduce CO, to less than the ppm level 3. Another benefit that faujasite structured zeolites have, when
compared to other promising technologies, is very fast uptake rates, allowing for beds to be optimized to
have lower overall pressure drops '°. This is important because air compression can cost $22 per kPa
increase per ton of CO, captured which can make up the majority of the cost for DAC for the technology
(assuming an energy cost of $0.06 kW/h) '°.
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In this present study, we look at investigating zeolites’ potential for the DAC of CO, as a means of
producing 95% pure CO, for carbon sequestration while outlining clear positives and negatives of such a
system. This will be done by using pure gas adsorption analysis along with breakthrough experimentation
in order to defermine optimal adsorption and desorption conditions for a temperature vacuum swing
adsorption (TVSA) system. This work was inspired by previous work in the literature which investigated Li-
LSX, K-LSX, and amine-grafted SBA-15, and was able to increase the concentration of CO, in dry air using
TVSA from 0.000395% to 93%, 94%, and 98%, respectively, for the three different sorbents '°. Another
inspiration for this research is the constant reliability that faujasite zeolites have for DAC of CO, which,

after many runs show their robustness for being implemented in such a technology °.

2.3 Materials and Methods

2.3.1 Materials

CO,, N,, O,, and Ar pure gases were obtained from Llinde Canada (Burlington, Ontario, Canada) at
purities of 99.99%, 99.999%, 99.994%, and 99.9993%, respectively. Adsorbent materials were chosen
from a group of commercially available faujasite structured adsorbents which were acquired from Zeochem
(Ruti, Switzerland), CECA Arkema Group (La Garenne-Colombes, France), Hengye (Houston, Texas, United
States), and Honeywell UOP (Des Plaines, lllinois, United States). APG-lll, and Z10-02ND were chosen
because they are marketed for their use in air pre-purification, G5CO2M, Z10-01, and Na-X HP as
standard 13X zeolites, and Ca-X and Na-LSX to give some variety. The details of these adsorbents are

given in Table 2.1.

Table 2.1 — Commercially available 8 x 12 MESH faujasite structured
zeolite samples used in this study with their respective
manufacturer, trademark name, structure and cation.

Manvufacturer Name lon* pr " (g/mL) Comments
CECA Arkema G5CO2M Na 1.03 Standard 13X
Honeywell UOP APG-IlI Na 1.07 Air prepurification
Zeochem Ca-X Ca 1.04
Zeochem Na-LSX Na 1.08 Low Silica X
Zeochem Z10-01 Na 1.04 Standard 13X
Zeochem Z10-02ND Na 0.98 Air prepurification
Hengye Na-X HP Na 1.07 Standard 13X

T Determined experimentally
* Major cation component in the crystalline structure (full data included in Table 2.2)

The chemical compositions of the samples were measured using energy-dispersive X-ray spectroscopy and
are presented in Table 2.2. Since pellets were analysed, some binder composed of silica or alumina might

be present which would inflate either the silica or alumina numbers.
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2.3.2  Methods
2.3.2.1  Equilibrium Isotherms

Pure component isotherms were measured using a VTI Scientific Instruments (Hialeah, Florida, United States)
GHP gravimetric system for CO,, N,, O, and Ar adsorption at 22°C for all samples. These were
conducted by first weighing then regenerating the samples at 350°C under a vacuum pressure of
approximately 10® atm until there was negligible weight change. Samples were then evaluated at
increasing pressures of up to 6 atm. This was done using a microbalance with an accuracy of + 5 x107 g,
and two pressure transducers, one from O to 1000 Torr with an accuracy of + 0.25 % of reading, and
another from 0 to 6 atm with an accuracy of + 0.02 atm. Desorption was then performed by decreasing
the pressure to check for any hysteresis. Buoyancy corrections were performed using helium at similar
pressure and temperatures. A schematic drawing of the setup is included in the Supporting Information in
Appendix | (Figure Al.1).

Table 2.2 — Chemical composition of faujasite structured zeolites used in this
study in atomic percentages for cations within the lattice structure of
the zeolite determined using SEM-EDS.

Cation Lattice Structure

Adsorbent Na* K+ Mg? Ca?* Fe2* Si* Al*
G5CO2M 9.75 0.533 2.16 0.128 0.163 17.5 10.9
APG-IlI 11.15 0.083 1.01 0.360 0.275 16.6 12.1
Ca-X 2.65 0.148 0.758 5.25 0.223 17.5 12.4
Na-LSX 10.8 0.495 1.26 0.403 0.263 16.0 12.2
Z10-01 10.7 0.045 1.08 0.30 0.248 17.0 11.8

Z10-02ND 11.5 0.018 0.855 0.345 0.168 16.5 12.2
Na-X HP 11.5 0.06 0.67 0.178 0.210 17.2 11.9

The adsorption isotherms were then fitted to the Langmuir, Freundlich, Sips, and Toth models using the sum
of least squares method. The isotherm model with the highest coefficient of determination (R?) was used to
reflect the isotherm. These models were then used to analyse the ideal selectivity between the different
adsorbents. Equations for the isotherm models and ideal selectivity are included in the Supporting

Information in Appendix | (Table Al.1, and Equation Al.1, respectively).

Rates of adsorption were calculated from pressure steps of vacuum to approximately 1.3 - 10?2 atm for all
adsorbents tested. The equations for the diffusion into the particle using the Linear Driving Force (LDF) model
are included in the Supporting Information in Appendix | (Equations Al.6 and Al.7). They are also sourced

here 7.

2.3.2.2  Fixed Bed Adsorption Breakthrough Curves

Fixed bed adsorption-desorption breakthrough curves were used in order to determine the multicomponent

gas adsorption behaviour of CO, separation from air. A schematic diagram of the breakthrough setup is
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included in the Supporting Information in Appendix | (Figure Al.2). Breakthrough experiments were carried
out by first packing the adsorbent column and using a piece of quartz wool on either end of the column.
The column was then degassed at (350°C) with a helium purge for at least 24 hours. The feed gas for the
experiment was ambient air from Ottawa that was compressed to 20 psi and pre-purified to remove
moisture using calcium sulphate and any oils from the compressor using activated carbon. The flow rate of
the air entering the column was controlled using a 10000 + 100 sccm mass flow controller. The prepurified
atmospheric air would then enter the packed bed adsorption column at conditions presented in Table 2.3.
Eight temperature probes were used to monitor the bed temperature with one probe located each at the
inlet and the outlet, and six located along the outside of the packed column. Column pressure was
monitored with two pressure gauges (0 to 7 atm = 0.02 atm) located at the inlet and outlet. The column
outlet gas composition was measured as a function of time in tandem with a Model 410i IR (10’000 ppm
CO,) from Thermo Electron Corporation (Waltham, Massachusetts, United States) and a model 580 gas
chromatograph from GOW-MAC (Bethlehem, Pennsylvania, United States) which was equipped with a

thermal conductivity detector and a Porapak Q column.

Table 2.3 - Column properties and operating conditions for
adsorption-desorption breakthrough curves obtained
in this study.

Parameter Value

Column Properties

Column length, L 30 cm
Inner column diameter, D,, 1.09 cm
Outer column diameter, D, 1.27 cm
Volume of column, V. 28.1 cm?®
Void fraction, ¢ 0.4

Adsorption Operating Conditions for Case Study
Total feed volumetric flow rate, Q 1250 - 10000 sccm

Average column pressure, P 1.25 atm
Average pressure drop, AP, 0.35 atm
Average temperature, T 23.5°C
CO, feed concentration, yco, 409 - 441 ppm
N, feed concentration, yu, 78.1%
O, feed concentration, yo, 20.9%
Ar feed concentration, y,, 0.93%

Once the outlet gas composition from the packed adsorption column reached the same as the inlet gas
composition, the breakthrough was complete. Desorption of the column would then begin by reducing the
pressure. Once a pressure of 0.1 atm was detected, the column would then start heating up (up to 261°C)
while applying a vacuum. Exiting gas flow rates were analysed using a 50 + 0.5 or 1000 + 10 sccm mass

flow meter. Once desorption was completed, the cycle would be repeated.
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2.3.2.3  Four Step TVSA Cycle

Many commercial applications use a combined vacuum swing adsorption and temperature swing
adsorption called a temperature vacuum swing adsorption (TVSA) 3°. This process is examined in the
present work in order to determine the feasibility of producing a 95% CO, concentration desorption
product from a feed stream of air. This specification of 95% was determined based on the required CO,

concentration to pipeline CO, to the desired sequestration site 3¢,

Desorbed gas quantities were calculated using the measured flow rate and the measured concentration
from both gas analysing instruments (GC and IR). These desorbed amounts were used to calculate the purity
of the gas, which is shown in Equation 1. With DAC of CO, for greenhouse gas reduction, a purity of 95%
CO, in the product stream is important to meet the specification for pipelines and compression. However,
the recovery of CO, is less important and more importance should be given to reduce the overall energy
per ton of CO, captured. Lower recoveries, also called capture fractions, theoretically have also been
shown to have higher thermodynamic efficiencies “°, however, smaller capture fractions of CO, require
larger pumping energies which is discussed later. The definitions for the capture fraction of CO, during

adsorption (a,) and during desorption (ap) are shown in Equations 2 and 3.

. Moles of CO, from Desorption Step
Purity = - X 100% 1
Total Moles of Gas from Desorption Step

Moles of CO, Adsorbed during Adsorption and Pressurization Steps

% = Total Moles of Gas that Entered the Column during Adsorption and Pressurization Steps

_ Moles of CO, from Desorption step
" Total Moles of CO, from Desorption and Blowdown Steps

ap

The total capture fraction of the process (ay) is the product of these two capture fractions, assuming that
moles of CO, adsorbed during adsorption and pressurization steps are equal to the total moles of CO,
coming out from the desorption and blowdown steps. For the four step TVSA cycle, a single adsorption bed
was used. The bed was first pressurized quickly from vacuum to the adsorption pressure and then the
adsorption step would take place. The adsorption step would last until the column outlet concentration of
CO, reached the inlet concentration at which time the column was completely saturated with CO,. Once
the column is saturated, the co-current regeneration would be started. This was composed of a blowdown
step where the pressure would be slowly decreased to 0.1 atm over the course of 5.3 + 1.1 min, followed
by the desorption step where the column would be heated up to its regeneration temperature while
maintaining the vacuum. In total, the blowdown and the desorption steps took 3 hours. Regeneration
temperatures of 261°C, 194°C, 116°C, and 62°C all with an applied vacuum and just a vacuum were
tested for an adsorption gas hourly space velocity (GHSV) of 13400 h'. GHSV is defined in the Supporting
Information in Appendix | (Equation AL.9). GHSVs of 34400 h', 27000 h', 13400 h"', and 6720 h' after
a regeneration temperature of 194°C were tested as well. The fixed GHSV and regeneration temperatures

were chosen as the middle point values studied in this work.
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2.3.2.4  Estimation of Energy Requirements

The economic feasibility of a DAC technology is based on the operating cost, initial capital cost, integration
info present technology, and the value of the product. Each one of these attributes has an effect on the final
cost per ton of CO, captured. A recent report on the feasibility of DAC using sodium hydroxide absorption
processes by the American Physical Society estimated the cost at $600/tonCO, “°. This report concluded
that DAC was economically unfeasible but studies quickly countered that using a solid sorbent system for
DAC would significantly drop the cost to around as low as $100/tonCO, '°. Also, a very recent study has
shown that using innovative solutions for NaOH solutions could also drop the cost to as low as $94/ton of

CO, captured which has been demonstrated in a 9 year pilot plant study *'.

The operating cost of a DAC technology is based on the mechanical energy and the thermal energy
requirements for the system. Mechanical energy is generally provided by electricity, and is composed of
three components: (E;) for air flow through the sorbent, (E,) for the removal of wastes and products by
vacuum, and (E,) energy to compress the product stream. Thermal energy can be provided by electricity or
by a waste heat stream and is composed of two components: (Es) the energy required to heat up the
sorbent, and (E,) the energy required to desorb the CO,. By incorporating a waste heat stream, DAC
would become more economically feasible by reducing the overall thermal energy requirements of the

system.

The required energy for the flow of air through the adsorbent bed is one of the most important parameters
when defermining the energy requirement for a DAC process and has been found to be the most
mechanical energy intensive portion of DAC for amine impregnated sorbents . This is because of the low
CO, content in air of 16.3 mmol of CO,/m? of air (at 400 ppm of CO,) and is heavily based on the total
capture fraction of CO, from the process and the rate of diffusion of the sorbent. In order to estimate the
energy requirement for air flow, a simple correlation which was derived and provided by the American

Physical Society can be used (Equation 4)%.

_ P drop

E; =
I~ arCeoz 4

a vu(1l — &)?L vipr(1—€)L
Parop = 1505z + 175 —0 5

where the Py, is the pressure drop which can be derived from the Ergun equation for a packed bed
(Equation 5), a; was calculated as the product of @, and «; using Equations 2 and 3, and Ccy, is the
concentration of CO, in the air which is 0.72 g/m?® for 400 ppm of CO, at 25°C and 1 atm. Where L is
the length of the bed, v is the superficial velocity, d,, is the diameter of the pellets, ¢ is the void fraction in

the bed. @ is the sphericity which was taken to be unity in this study.

A theoretical method can be used to calculate the capture fraction of CO, during adsorption which can

then be defined from the characteristic length of the adsorbent, L,, which is similar to the concept of the
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mass transfer zone of a breakthrough curve shown in Equations 6 and 7 “°. It is essential to highlight the

importance of kinetics in adsorption systems.

L
a,=1-—exp(— L—) 6
o
C_med 7
D

D is the molecular diffusion of CO, in air which is approximately 2.1-10° m?/s, and 7 is the dimensionless

separation constant (Equation 8).
n = f(Dy) 8

The dimensionless separation constant parameter depends on the effective adsorption of the CO, into the
wall of the pellet, and is equal to 0.068 for the case of diffusion from the gas to the pellet being slower

than the diffusion from the surface of the pellet to the inside of the pellet, D, “°.

Therefore, the energy requirement for the flow is mainly a function of the system parameters (v, L), and the
sorbent parameters (D,, €, d,,, @). In order to compare different sorbents, system parameters should be
maintained constant, which would only leave diffusion properties to be compared. This is convenient in
sorbent selection due to the ability to investigate the rate of sorption of a single sorbate into a sorbent

particle using the LDF (Linear Driving Force) model experimentally *’.

The mechanical energy for the vacuum is considerably less than the required energy for flow which has
been observed in literature '°. This was due to the significantly larger flow required to capture the CO,
compared to the flow for the amount of CO, desorbed. Assuming only pure CO, is being pulled from the
bed, this energy cost would only be 22.4 MJ/tonCO, . Another finding from literature noted that, if all
gases desorbed from the bed were assumed to be CO,, the energy for compression of the final product to
15 MPa would remain constant at approximately 417 MJ/tonCO, '°. This article assumed a vacuum pump

and the compressor efficiency of 80%.

The total thermal energy required for a DAC system is the sum of the energy required to desorb the CO,
along with the sensible energy to heat the gas to the desorption temperature (Equation 9) and the sensible

energy fo heat up the sorbent to the desorption temperature (Equation 10) “°.
Ep = (MpAH,y + MCpyAT)/ap 9
E = M¢CpsAT /ay, 10
where M, is the mass of the adsorbed species, M is the mass of the adsorbent, 4H, is the heat of

adsorption, Cp, is the heat capacity of the adsorbed species, and Cpg is the heat capacity of the sorbent. A

sorbent that can be regenerated at a lower temperature will therefore have a lower required change in
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temperature which will require less energy per ton of CO, captured. For a cyclic process, other strategies to
lower the cost per ton of CO, captured are to have a lower heat of adsorption as well as to have a high
adsorption capacity for the sorbent. The latter in particular can reduce energy requirement since the loss of
energy due to heating up the sorbent decreases per adsorption cycle as the working capacity of the sorbent

increases which can be seen in Equation 10.

One of the measurable initial capital cost for DAC technology is the capital investment for the liquid or solid
sorbents. This capital cost is a function of the sorbent’s working capacity, the sorbent’s working lifetime,

and the swingtime of the process as shown in Equation 11.

Cost of Sorbent Consumption _ Sorbent Cost($/kg) x Swingtime(hr)
tonCO, " Working Capacity(tonC0,/kg) x Lifetime(hr)

11

Having a lower cost of sorbent consumption relative to amount of CO, captured is desirable and can only
be achieved with high working capacities, fast cycles, and long lifetimes. High working capacities can be
investigated by looking into the loadings in pure gas adsorption isotherms, with larger capacity differences
over temperature and pressures indicating more desirable sorbents. Lifetime of the sorbent is harder to
quantify in a laboratory, however. Lifetimes, unless degradating after dozens of cycles which has been
identified in the majority of MOFs and hybrid ultramicroporous materials °, are harder to measure, with
amine impregnated sorbents being shown only up to 100’s of repeated cycles in the presence of water .

Zeolites in industry are shown to last over 10 years in air separation processes.

2.4 Results

2.4.1 Equilibrium Adsorption Isotherms

The pure component adsorption isotherms of CO,, N,, O,, and Ar with faujasite structured zeolites at 22°C
can be seen in Figure 2.1. Solid lines in the figure represent the adsorption isotherm model with the highest
coefticient of determination. All isotherms tested showed no hysteresis indicating that the isotherms are
completely reversible. At all pressures, carbon dioxide was the most adsorbed gas, followed by nitrogen,
then oxygen, and argon was the least adsorbed species. This was the same trend that was shown in
literature with other sodium based faujasite structured zeolites **#3. The adsorption equilibrium of CO, and
N, was compared to previous literature with similar results for similar adsorbents with deviations of up to
13 % “+*>. Adsorption isotherm data points (Tables Al.2 to Al.8) and isotherm model parameters (Table
AlL9) are included in the Supporting Information in Appendix I.

For adsorption at 22°C and a concentration of 400 ppm of CO,, adsorption capacity was predicted to be
between 0.13 to 0.51 mmol/g of adsorbent calculated from the isotherm model with the low SiO,/Al,O,
ratio zeolites having the highest adsorption capacities. This adsorption capacity is within the range of those
measured from literature with Na-X at 0.41 mmol/g '° and 13X at 0.2 mmol/g * at 395 ppm of CO,.
However, Stuckert and Yang (2011)'° reported better zeolitic materials such as Li-LSX, Na-LSX, and Ca-LSX
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with adsorption capacities of 1.34, 0.87, and 0.76 mmol/g at 395 ppm of CO, at 298 K. This made in

house zeolite would have significantly increased efficacy because increased adsorption capacity reduces

the energy requirement to heat up the sorbent (Es) per ton of CO, captured.

Adsorption Capacity (mmol/g)

2 3 4
Pressure (atm)
—8— G5CO2M —@— Z10-01 —A— APG-lIl —y— Ca-X
€ Na-LSX —¢— Na-X HP B Z10-02ND

Figure 2.1 — CO,, N, O,, and Ar pure adsorption isotherms at 22°C for CECA Arkema Group’s
G5CO2M, Honeywell UOP’s APGHII, Hengye's Na-X HP, and Zeochem’s Ca-X, Na-LSX, Z10-01,
and Z10-02ND. Each isotherm is fitted to Langmuir, Freundlich, Sips, and Toth and is represented
by the model with the best fit.

2.4.2  CO, Selectivity

As can be seen from the equilibrium isotherms, faujasite structured zeolites are very selective for carbon
dioxide. This can be more clearly seen in Figure 2.2 where the ideal selectivity is shown for in a part for
part basis at different total pressures for air having 780840 ppm of N,, 20960 ppm of O,, and 9300 ppm
of Ar and 400 ppm of CO,. The selectivity is calculated as the ratio of CO, pure gas adsorption capacity
corresponding fo a relative partial pressure of 400 ppm over the summation of the pure gas adsorption
capacities for N,, O,, and Ar at their corresponding relative partial pressures at 780840 ppm, 20960
ppm, and 9300 ppm, respectively. This was calculated from the isotherm models that best represented each
isotherm. Z10-02ND, APGHII, and Na-LSX have the highest selectivity values for CO, out of the adsorbents
tested. This is not surprising since two of these adsorbent (Z10-02ND and APGHlIl) are marketed for air
prepurification. They are also the adsorbents with the lowest SiO,/Al,O5 ratios, indicating that the more
heterogeneous the surface, the greater the ideal adsorption selectivity for CO,. One thing of interest is that
the ideal selectivity of CO, decreases as pressure increases for these adsorbents, indicating that a CO,

separation from the air will not benefit from selectivity at higher pressures for the best performing
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adsorbents. This is due fo the sharp rectangular nature of the CO, isotherms for highly selective adsorbents
compared to the other ones. At even very low partial pressures of CO, in air (400 ppm), CO, seems to be

favourably adsorbed compared to nitrogen.
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Figure 2.2 — The adsorption capacity ratio of CO, at 400 ppm over the summation of adsorption capacities
of N,, O, and Ar at 780840, 209460, and 9300 ppm, respectively, at different total pressures
calculated from their isotherms at 22°C.

2.4.3  Adsorption Rates

Adsorption uptake rates are important parameters for the economic viability of DAC of CO, with higher
uptake rates having steeper breakthroughs as well as higher capture fractions. This relationship can be seen
in Equations 4 and 5 in Section 3. With higher capture fractions (ay), less energy per ton of CO, captured

is required.

The LDF model was used to model the diffusion of CO, into the particles using the uptake rates from the
constant pressure gravimetric experiments from the initial equilibrium data point on the isotherms. Graphs
showing the uptake rates for all zeolites are included in the Supporting Information in Appendix | (Figure
Al.4) along with the equations for the diffusion time constant into the particle using the LDF model which are
sourced from literature 3. The calculated values in Table 2.4 show good agreement with values calculated
in the literature '°. The diffusion time constants of CO, into the particle are the highest for Z10-02ND and
APGHII, which are the adsorbents designed for air prepurification and the lowest for G5CO2M and Z10-01
which are basic 13X zeolites. However, all of these faujasite structured zeolites perform two orders of
magnitude better than amine-grafted SBA-15 data from literature with a diffusion time constant of 0.043 -
102 s % With grafted amines typically having significantly higher surface areas than impregnated

amines, impregnated amines would be hypothesized to have worse kinetics.

42



Chapter 2

Table 2.4 - CO, LDF mass transter coefficients into the particle
calculated from the LDF model for the adsorbents

studied.
® N
N z =
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2.4.4 Fixed Bed Breakthrough Curves

APGHIl was selected for further breakthrough experimentation due to its highest adsorption capacity
predicted from the isotherm model, one of the highest CO, selectivity at 1 atm, and second highest
diffusivity compared to the other adsorbents tested in this study. Due to the CO, selectivity ratio being only
1.35, a simple two stage adsorption cycle would not yield a high enough purity of 95% for carbon
sequestration (since the amount of N,, O,, and Ar that would be co-adsorb would dilute the product gas).
Therefore, a four stage TVSA cycle was chosen. This cycle includes a pressurization, adsorption,
blowdown, and desorption steps where the DAC of CO, will happen during the pressurization and
adsorption steps, the majority of N,, O,, and Ar within the column will be evacuated during the blowdown
step, and the CO, will be recovered as a product gas during the desorption step. After the desorption step,
the column would be cooled in ambient air before starting the pressurization step. A design note: It was
observed that by starting pressurization step immediately with a hot column the thermal front would
advance and exit the column relatively quickly without impacting concentration front during the adsorption

step.

Four regeneration temperatures were tested to determine their effects on the DAC of CO,. This include
regeneration temperatures of 60°C, 116°C, 194°C, and 261°C with vacuum, as well as one run where
only a vacuum was applied at room temperature. The blowdown and desorption steps were cumulatively
three hours long. Figure 2.3 show the breakthrough curves after the blowdown and desorption steps for air
passing through the column at a GHSV of 13400 h'. Corresponding adsorption and desorption

temperature profiles are included in the Supporting Information in Appendix | (Figure Al.5).

Breakthrough times after desorption using a regeneration temperature of 261°C is the longest, with lower
regeneration temperatures having sooner breakthroughs. This is due to more CO, being able to escape the
column at higher temperatures than at lower temperatures over the 3 hours regeneration period. For
regeneration temperature of 60°C, the effluent concentration wave front of CO, happened immediately. For
a regeneration temperature of 261°C, 0.41 + 0.02 mmol of CO,/g of APGHII was released, with the
coupled breakthrough adsorbing 0.40 + 0.04 mmol of CO,/g of APGHIl, and as the regeneration
temperature decreased, the breakthrough adsorption capacity decreases. This effect can be seen in Figure
2.4 which shows the breakthrough adsorption capacity. Figure 2.4 shows both the adsorption and

desorption breakthrough capacity for APGHlII for the different temperatures tested. The calculation for this is
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described in the Supporting Information in Appendix I. The error bars in Figure 2.4 were determined from

replicate runs showing the reproducibility of these results.
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Figure 2.3 — Breakthrough curves for a column packed with APG-Il with a positive CO, concentration step
of 431 + 10 ppm of CO, (indicated in blue) at 23.5°C and a GHSV of air at 13400 h"'. These
breakthroughs happened after regeneration temperatures of 62°C, 116°C, 194°C, and 261°C
while applying a vacuum over the course of three hours.

T T T T
04} $ i
R
> ]
g /
E o3l % i
>
2 |
4]
o
8 o2t % -
Ny
()]
5
o
£ 01} 4
< i —eo— Desorbed CO,
s —=— Adsorbed CO, | |

0 O " 1 " 1 "

100 200
Regeneration Temperature (°C)

Figure 2.4 — Breakthrough adsorption and desorption capacity of CO, for APGHII in the column for the
adsorbed CO, during the adsorption and pressurization steps as well as the desorbed CO,
during the combined blowdown and desorption steps.

o

The initial adsorption after a complete regeneration using a helium flow and temperature of around 350°C
over 24 hours with a He purge had a breakthrough adsorption capacity of 0.42 + 0.04 mmol of CO,/g of
adsorbent. This is less than the predicted adsorption capacity from the isotherms which was 0.51 mmol of

CO,/g of adsorbent. From Figure 2.3, using a regeneration temperature of 261°C the adsorbent bed was
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not able to fully regenerate. This can be seen in Figure 2.3 with the breakthrough curves for 261°C
breaking through before the initial adsorption. This difference is due to the high affinity of CO, to APGHII
within the adsorption column even at vacuum pressures of 0.010 + 0.002 atm and elevated temperatures
which has been seen in literature with 13X ¢, This affinity for CO, from APGHIl can also be seen from just
applying a vacuum of 0.008 + 0.002 atm to the column during regeneration where almost no CO, loss
was observed. This effect can be used to optimize the purity while reducing the loss of CO, during the
blowdown and the desorption step by using the vacuum to first remove the N,, O,, and Ar from the

adsorption column and subsequently desorb the CO, with additional heat.

This affinity for CO, can also be seen in the sharp shock wave of the effluent concentration after
regeneration temperatures of 116°C, 194°C, and 261°C. This sharpness in the breakthrough’s shape is
due to the favourable rectangular shape of the isotherm as well as the fast adsorption kinetics of CO, for
APGHII which causes a self-sharpening mass transfer zones as it moves through the bed. This effect has
been seen within literature *° with similar shaped CO, breakthroughs for Li-LSX and K-LSX from air '°.
However, these breakthroughs do show some dispersion in the trailing edge of the shockwave which is also
impacted on the use of glass wool or void space within the experimental setup. The slight change in the
exiting gas temperature due to the exothermic nature of adsorption of 0.75°C would also make the trailing
edge distended which can be seen in the temperature profiles included in the Supporting Information in
Appendix | (Al.Figure 5). The sharpness of the effluent concentration after regeneration temperatures of

116°C, 194°C, and 261°C are very similar.

The effect of GHSV on the breakthrough on APG-Il at 6720 h', 13400 h', 27000 h', and 34400 h' were
tested each using the same regeneration temperature of 194°C. These results are presented in Figure 2.5.
The experimental pressure drop was determined to be 18, 35, 65, and 82 kPa for flow rates of 6720 h”,
13400 h', 27000 h', and 34400 h", respectively. This pressure drop is much greater than the theoretical
pressure drop of 2, 5, 15, and 21 kPa respectively, due to the glass wool, fittings, and bends in the
equipment. All GHSV's had statistically similar breakthrough adsorption capacities with an average of 0.32
mmol/g along with similar sharpness in the shock wave. However, there is a slight trend in the
breakthroughs being sharper at faster GHSVs. This can be seen with the leading edge of the wave front
being smaller for faster GHSVs than slower ones in Figure 2.5. This is not surprising due to the nature of

self-sharpening wave front with even the fastest GHSV of 34400 h' having a clean breakthrough.

2.4.5  Energy Requirements for Greenhouse Gas Reduction

In order to mitigate CO, in the atmosphere, CO, must be pipelined and sequestered at concentrations of
95% and pressures of 14 MPa %37 For a 95% CO, purity for the product stream during the desorption
step, capture fractions for a combined blowdown and desorption step (a,) were calculated from the
experimental data and are presented in Figure 2.6 for desorption temperatures of 116°C, 194°C, and
261°C. For 60°C, insufficient CO, was released. The purity fluctuated for the 116°C, 194°C, and 261°C

due to human error in manually slowly opening in the valve during the blowdown step. To correct this,
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shifting the time in which the desorption step started in the calculations by + 1.3 min make sure that the
purity was 95% according to Equation 1. This figure shows that the capture fraction for desorption
increases from 96% at a regeneration temperature of 116°C to 99% at a regeneration temperature of
261°C. This is due to similar amount of CO, being desorbed during the blowdown step, but more CO,

being released during the desorption step as regeneration temperature increases.
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Figure 2.5 - Breakthrough curves for a column packed with APG-Il with a positive CO, concentration step
of 421 + 11.5 ppm of CO, (indicated in blue) at 23.5°C after a regeneration temperature of
194°C and vacuum over the course of three hours for GHSV of air of 34400 h', 27000 h',

13400 h', and 6720 h'. Corresponding breakthrough adsorption capacities are next to the
displayed GHSVs.

Adsorption capture fractions were calculated from the beginning of the pressurization until the effluent
concentration reached 95% of the input concentration during the adsorption breakthrough. The adsorption
capture fraction increased as the regeneration temperature increased, with this effect being more significant
than the same trend with the desorption capture fraction. The adsorption capture fractions changed from
0.64 after regeneration at 116°C to 0.79 after regeneration at 261°C as can be seen in Figure 2.6.

Although the length of unused bed (LUB) for different regeneration temperatures are the same, the difference
in adsorption capture fractions come from the fact that columns regenerated at higher temperatures have

higher adsorption capacities, leading to later breakthroughs.

Energy costs per ton of CO, captured are important for the viability of a DAC process. Figure 2.7 shows
the total energy per ton of CO, captured which are composed of the mechanical energy for the flow,
vacuum, and compression to 14 MPa, and the thermal energy for heating during the desorption and the

sensible heating requirements for the sorbent to be heated up to the desorption temperature for APG |Il.

For the mechanical energy, if the vacuum and the compression are assumed to be applied to pure CO,, the

energy requirement of 430 MJ/ton of CO, is constant. The energy requirement for flow is a function of the
total capture fraction and the pressure drop which was calculated using Equation 2 which was 2950 Pa for
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a GHSV of 13400 h (which is equivalent to a flow of 2500 sccm). With the pressure drop being constant
over these experiments, the energy cost for flow mirrors the same trend shown in Figure 2.6. This trend
shows that with increasing regeneration temperatures during desorption having higher values for the total
capture fraction reduces the energy cost of flow E; per ton of CO, captured. Overall, mechanical energy

requirements for DAC are only 30% to 39% of the total energy requirement.
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Figure 2.6 — CO, capture fractions for the adsorption at 95% effluent concentration/input concentration
composed of the pressurization and adsorption step (a,), desorption with a CO, purity of 95%
composed of the blowdown and desorption steps (a;) and the total capture rate of all four steps

(ar) at a GHSV of 13400 h' and temperatures of 116°C, 194°C, and 261°C for APGHI.

Thermal energy requirements to capture one ton of CO, was calculated using Equations 9 and 10. The
sensible heating requirements for the sorbent, Eg, were found to be the most energy intensive part making
up between 56% and 64% of the total energy requirements. This energy requirement per ton of CO,
captured was higher at higher regeneration temperatures and lower at lower regeneration temperatures.
The same trend was also observed for the desorption energy requirements E,. However, this value is
significantly smaller than Eg, with E, making up only 4% to 5% of the total energy requirements. The energy
cost of Eg for APGHII is significantly larger than that for the E; for amine solid sorbents when compared to
literature '°. This is in part due to the higher temperatures required for CO, desorption from low Si/Al ratio
faujasite structure zeolites (~200°C) compared to the temperature required to desorb CO, from amines
solid sorbents (~120°C) *47. However, due to amine solid sorbents forming chemisorption bonds with CO,
3347 the energy for desorption is higher with impregnated amines such as MEA, DEA, and PEl requiring 81
kJ/mol, 65 ki/mol, and 69 kl/mol “4, respectively, compared to APG-lIl which was calculated to be 31.7 +
1.3 kJ/mol (calculations shown in Supporting Information, Figure Al.3). This gives APG-lIl a lower E, when

compared to the Ej, for amine solid sorbents from literature '>48.
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Figure 2.7 - Energy cost per ton of captured CO, at a GHSV of 13400 h' at 23.5°C and temperatures of
116°C, 194°C, and 261°C calculated using Equations 4, 5, 9, and 10 for APGHII.

One benefit of higher regeneration temperatures is that the volume productivities (CO, captured per cubic
meter) are better than those at lower regeneration temperatures. This is because there are larger CO,
adsorption breakthrough capacities at higher regeneration temperatures than at lower ones allowing more
CO, per kg of adsorbent. Lower volume productivities means more dead volume must be evacuated per ton

of CO, captured which will increase the vacuum energy requirements.

The effect of the GHSV on the energy consumption for flow was also investigated and is presented in Figure
2.8 for APGHIL. This figure shows that as the GHSV decreases, the pressure drop across the bed decreases
requiring less energy per ton of CO, captured compared to higher GHSV values. This effect is compounded
by slower GHSV having higher adsorption capture fractions. This is due to the length of the equilibrium
section of the breakthrough curve is much higher relative to the LUB section at low GHSV conditions. With
slower GHSV having lower pressure drops and higher adsorption capture fractions, the energy requirement
for flow decreases significantly from 21400 MJ/ton of CO, to 2160 MJ/ton of CO, for 34400 h' to 6720
h', respectively. This is a reduction of 10 times the energy cost, however, by reducing the flow rate, the
amount of CO, that is captured per day reduces due to the longer adsorption step that is required to
saturate the adsorbent bed. With the energy for flow requiring mechanical energy often provided by

electricity, reducing this energy cost will help make DAC of CO, much more viable.

There are three additional strategies that could be utilized to reduce the energy cost required for flow. One
strategy is utilizing a shortened length of adsorbent bed which would reduce the overall pressure drop (can
be seen from Equation 5), but this would also reduce the capture fraction. Another strategy would be
ordered packed beds which would significantly reduce the energy cost for flow to capture CO,. Ordered

packed beds have been investigated in literature in recent years using 3D printing fusion deposition
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4952 This would particularly be beneficial to DAC due to the low

modeling for many applications
concentration of CO, in the air requiring large pumping requirements. Lastly, utilizing larger adsorbent
particles could possibly reduce the energy required to pump air through the adsorbent bed per ton CO,
captured. Larger particles would reduce the pressure drop across the bed but have been shown to have
higher mass transfer resistances which leads to a more dispersed breakthrough ** reducing the adsorption

capture fraction.
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Figure 2.8 — The effect of GHSV on the energy for flow at 23.5°C, pressure drop, and the adsorption
capture fraction for a regeneration temperature of 194°C.

2.4.6 Moisture Effect

Water must first be removed from the air before CO, can be captured using zeolite materials. This is due to
the hydrophilic nature of zeolites competitively adsorbing water preferentially over CO,. This is in contrast
to absorbent materials which require a moist stream of air to not damage the materials in the case of solid

29,54,55

supported amines or have to deal with evaporation losses of water which happens with NaOH

solutions 1920,

To overcome this problem, a desiccant bed such as silica gel or 3A which do not significantly adsorb or
are kinetically hindered would allow the CO, to pass through but would capture the humidity in the air. This
would then allow a low Si/Al ratio faujasite zeolite such as APGHlll to subsequently capture the CO, from
the air. This required additional process would have an additional energy cost and would make a large

impact on the economics of DAC using zeolites.

This additional energy cost would be the Ef to push the air additionally through the desiccant bed, Ej, to
desorb the water and elevate its temperature from the adsorption temperature to the desorption
temperature, and Es to elevate the sorbent temperature from its adsorption temperature to its desorption

temperature. 3A and silica gel have different desiccant process parameters outlined in Table 2.5. This
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difference in parameters has been noted in literature making silica gel more suited as a desiccant at higher

H,O partial pressures and 3A more suited at lower H,O partial pressures °°.

Table 2.5 - Desiccants 3A and silica gel parameters for the desorption temperature, density, heat capacity,
H,O heats of adsorption, and TD-Toth parameters for the H,O adsorption capacity.

Water Adsorption Capacity TD-Toth Parameters 57
T Density Ce AH, dp

Desiccant . ’ T b E c
(c) (kg/m’)  (dekg'sk")  (/mol)  (molekgekPar!) (kP:_1) « to ©

Silica Gel 110 720 1.13 2980 °¢ 176.7 2.787+10° 1093 -1.19.10° 22.13

Zeolite 3A 175 780 0.836 3400 *° 1.106.10°% 4.71441070% 9955° 0.3548" -51.14°

*TD Toth parameters for 5A were used as an approximafion fo 3A due fo no avallable estimation dafa for fhe desired femperafure range due
to their similar water adsorption capacities which was validated through literature 3%

This impact on the energy consumption per ton of CO, captured to remove H,O has been estimated and
shown in Figure 2.9 for APGHII. This was estimated for air containing 431 ppm of CO, for APGHII
regeneration temperature of 194°C, an adsorption GHSV of 13400 h', which has an adsorption capacity
of 0.33 mmol of CO, per gram of APGHlIl. This was determined by the H,O saturation vapour pressure in

®1, estimating the H,O adsorption

air using a temperature dependant empirical equation from literature
capacity of the desiccant using the TD-Toth equations, using the parameters that are shown Table 2.5,
with Equations 4, 9, and 10. Information about the calculations for this is included in the Supporting
Information in Appendix |. This estimate however, did not take into consideration the change in adsorption
capacity for CO, of APGHII with respect to temperature. In Figure 2.9, the energy requirements for both 3A
and silica gel to remove water from air are shown. From this figure, 3A or silica gel can be chosen
depending on the feed air temperature and the relative humidity level to have the least energy requirement
for the removal of the moisture. In accordance with literature, lower partial pressures of H,O which occur at

lower temperatures and humidity levels are more energy efficient to remove with 3A than with silica gel.
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Figure 2.9 - Energy required to remove water from air for the DAC of CO, using APG-Il using either silica
gel (blue) or zeolite 3A (green) as a function of temperature and humidity levels 20%, 40%, 60%,
80% and 100% between the temperature of -20°C to 10°C (left) and 5°C to 35°C (right).
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The energy requirement to remove water from air is lower when the temperature is lower and the humidity
is lower. This effect is significant with the difference in humidity and temperature effectively determining the
success of using APG-lIl as a DAC of CO, adsorbent. For example, earlier experimentation taking place at
23.5°C with a GHSV of 13400 h' and a regeneration temperature of 194°C required 16800 MJ/ton CO,
captured. This is the same energy required to remove water from air at a humidity level of 22.3%. The
energy required to dehumidify the air is composed of thermal energy which makes up between 92% and
97% and electrical energy which makes up between 3% and 8% of the total energy requirements. Similar
to the capturing CO,, utilizing a waste heat source would help significantly reduce the energy required to

remove water from the air.

2.4.7  Capital Cost and Location

Operating a DAC of CO, process can potentially happen anywhere on the planet due to all air on the
planet containing CO,. This allows some flexibility in terms of operating costs to run such a process by
selecting a location that has desirable operating conditions. This problem has been investigated before for
DAC of CO, for NaOH in literature 2. Low humidity places are desirable which can be found in desert
locations due to their low humidity levels. Deserts can also be beneficial because of the low cloud cover
allowing for solar panels to capture significant amounts of energy which can provide the heating
requirements as well as electrical requirements to run the process. Deserts also have cold nights and warm
days to design adsorption and desorption steps around. They are locations where instillation of such a unit
would not affect the environment significantly. Colder temperature places are also beneficial which can be
found closer to the poles as well as at higher elevations. Running this process with cool air would also
improve the amount of CO, adsorbed which might also decrease the energy required for this process

making it more economical. However, further studies would be required to determine this.

Investigating different locations on the planet concludes polar deserts are excellent locations for this
process. This is because polar deserts are arid frigid locations which would reduce the energy required to
dehydrate the air as well as provide higher CO, adsorption capacities at lower temperatures. One
advantageous place in particular is the super arid McMurdo Dry Valley in the Antarctic which has a yearly
average temperature of -20°C and an average humidity of 54% ©2. This particularly dry artic weather is due
to the katabatic winds ¢ which could be harnessed to provide energy to run the DAC process. Another
ideal location is the Atacama Desert located in Chile. This 105,000 km? elevated desert located on the
Tropic of Capricorn has temperatures and humidity levels between -5°C to 20°C, and 5% to 20%,
respectively, near the top of Cerro Paranal 4. Due to its location and aridness, the Atacama Desert is one
of the best locations for solar power which houses both photovoltaic and concentrated solar power plants
>, These energy sources could be used to significantly reduce the energy requirements for the DAC

process.

Another important consideration for location is that the DAC plant is near a CO, sequestration site. These

can be oil, gas, or unminable coal reserves or geological formations such as saline formations. Saline
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formations located in the sedimentary basins are relatively common and have a high prospective use for
CO, sequestration which is extensively explained by Bradshaw and Dance (2005) ¢¢. By locating the DAC
plant near the sequestration site, the capital and energy cost to build and pump the CO, to from the DAC

plant fo the sequestration site can be reduced.

Keeping the capital costs low is important for the viability of DAC using zeolites. Faujasite structured
zeolites are relatively cheap with costs in the 100’s per ton for non-specialized versions and with their long
life times in the 10 to 20 year range of operation in air prepurification. For an adsorbent cost of $500/ton
and lifetime of 20 years, using the conditions for 194°C regeneration and a cycle time of 6 hours, the
capital cost of the adsorbent would be only $1.20/tonCO,. This is a fraction of the cost per tonCO,

captured incurred in comparison to the operational costs.

2.5 Conclusions

DAC of CO, using low Si/Al ratio faujasite zeolites such as APG-lIl has been shown to have a high uptake
of CO, 0.42 mmol/g, fast kinetics leading to sharp breakthroughs, quite high selectivity towards CO,
allowing for CO, purities that can be compressed, piped, and stored, and have strong physical and
chemical stabilities allowing their long term use. However, due to the high temperature to desorb CO,, a
majority of the energy is used to heat up the adsorbent during the regeneration process. This along with the
requirement to remove water before the capture of CO, are the two biggest challenges for DAC using low
Si/Al ratio faujasite type structured zeolites. These two challenges however can be overcome by capturing
CO, in a low humidity level environment and by using waste heat streams while integrating heat recovery
info the process. Another way to optimize DAC of CO, is the reduction of the amount of electrical energy to
do mechanical work which can be done by reducing pressure drop using future zeolite monolith beds
technology or by reducing the flow rates which was shown in this article. For the effect of regeneration
temperature, increasing the regeneration temperature increases the thermal energy per ton of CO,

captured, but decreases the electrical energy per ton of CO, captured.

2.6 Nomenclature

C; Concentration of Component | (ton of CO, m?)
Cp Heat Capacity (MJ kg™ K")

d, Diameter of Pellet (m?)

D, Inner Column Diameter (cm)
Doye Outer Column Diameter (cm)

E. Energy Required for Compression (MJ tonCO,")
Ep Energy Required for Desorption (MJ tonCO,")

Ef Energy Required for Flow (MJ tonCO,")
Eg Energy Required for Sorbent (M) tonCO,")
Ey Energy Required for Vacuum (MJ tonCO,")
H, Heat of Adsorption (MJ ton)
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.93 Linear Driving Force Mass Transfer Coefficient (s”)
L Column Length (cm)
Ly Characteristic Length of the Adsorbent Bed (m)
My Mass of the Adsorbed Species (ton)
M Mass of the Required Sorbent (ton tonCO,")
P Pressure (atm)
Parop Pressure Drop (MJ m3)
Q Standard Total Feed Volumetric Flow Rate (sccm)
T Temperature (K)
Ty Desorption Temperture (°C)
v Velocity (m s™)
Ve Volume of Column (cm?)
Yi Molar Component Fraction (-)
a, Adsorption Capture Fraction (-)
ap Desorption Capture Fraction (-)
ar Total Capture Fraction (-)

Bed Void Fraction ()

Dimensionless Separation Constant (-)

1} Dynamic Viscosity (kg m” s)
Py Density of Fluid (kg m?)

@ Sphericity (1 for perfect sphere)
D Molecular Diffusion (m? s™)

2.7 Abbreviations

DAC Direct Air Capture
DEA Diethanolamine
FAU Faujasite
GHSY  Gas Hourly Space Velocities
LDF Linear Driving Force
LSX Low Silica X
LUB Length of Unused Bed
MEA Monoethanolamine
MOFs  Metal Organic Frameworks
PEI Polyethyleneimine
TD-Toth  Temperature Dependant Toth
TVSA Temperature Vacuum Swing Adsorption
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3.1 Abstract

The capture and concentration of 0.04% CO, from a dry ambient air stream by temperature vacuum swing
adsorption (TVSA) was investigated in order to produce high purity CO,, Initial investigation into the pure
gas adsorption included the determination of CO,, N,, O, and Ar adsorption isotherms with NaX zeolite
and their fit to the temperature dependent Toth isotherm model equation. These studies allowed for the
evaluation of the TVSA cycle and showed the potential of reducing the pressure and/or elevating the
temperature during the blowdown step in order to produce high purity CO,. Fixed bed adsorption
desorption breakthrough curves for TVSA cycle were obtained to investigate the pressure and temperature
effects on the blowdown step. High purity CO, was experimentally produced between a concentration of
99.5% and 99.96% by lowering the blowdown pressure. By controlling the blowdown temperature, the
concentration of the product was increased from 99.8% to 99.95%, however with a significant loss of CO,.
This effect of N,, O,, and Ar desorbing during the blowdown step with CO, desorbing during the
evacuation step is shown graphically by measuring the concentration and flow rate of the exiting gas
species. The results from this study show the potential for producing a valuable product of high purity CO,
from atmospheric concentrations, which can be used in many applications, particularly ones where CO,

infrastructure does not exist or where there is a burden in utilizing a CO, cylinder.
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3.2 Introduction

The global warming phenomenon is the observed correlation between an increasing worldwide surface
temperatures and the increase in CO, that is present within the atmosphere. This global warming causes
many changes to the planet and has spurred interest into reducing the amount of CO, in the atmosphere
back to the pre-industrial revolution levels. One strategy to do this is capturing the approximately 400 ppm
of CO, from the other components in the air, which is referred to as direct air capture (DAC). The majority
of DAC projects look into sequestering the CO,, but projects that look into utilizing the CO, from DAC will
get reimbursed through the value of the carbon, making the whole process more economical. Most
utilization methods look into a chemical conversion route which is energy intensive because of the low
chemical energy state of CO, which is the most oxidized version of carbon. Another way to get reimbursed
from capturing CO, without having to chemically convert it is to increase the concentration of the CO, to
the point that it becomes intrinsically more valuable. The value of the CO, increases as the purity of the
CO, increases from medical, bone dry, beverage, and food grade CO, (which are between 99.5% and

99.9%) to anaerobic, laser, supercritical fluid, and research grade CO, (which are between 99.95% and

99.999%).

In literature, many studies have shown experimentally that relatively pure CO, can be produced via

! 23, Chue et al. showed that the purity that can be

adsorption using activated carbons !, and zeolites
achieved is a function of the shape of the isotherm and the inlet concentration of CO,, with lower inlet
concentrations requiring larger Henry’s Law constants to achieve higher purities . For DAC, this means that
a potential adsorbent would need to have a large Henry’s Law constant due to the diffuse nature of CO, in
the air. Having a large Henry’s Law constant is also important during the adsorption step of DAC with
larger Henry’s Law constants for CO, indicating larger loading capacities of the process making it more
economical. Due to this requirement of a large Henry’s Law constant, adsorbents such as certain zeolites *
and metal organic frameworks (MOFs) > which have been shown in literature to have high CO, Henry's
Law constants could be used as prospective materials for this separation. It is important that the materials
also have high selectivity for CO, compared to other components in the air, fast kinetics, relatively low cost,

are not overly energy infensive fo regenerate, and have strong physical and chemical stabilities.

The number of adsorption steps and the type of adsorption swing process is important for the economic
viability of DAC. Utilizing a significant number of steps in an adsorption cycle allows for higher recoveries
for a set purity but requires more equipment to handle set productivities which has been shown in literature
©. This is particularly important for DAC with CO, being so diffuse in the air. This happens, because in a
simple two-step adsorption cycle, the amount of N,, O,, and Ar that would be co-adsorbed during the
adsorption step would dilute the product gas during the desorption step producing a dilute CO, product.
For these reasons, many studies in the literature looking into DAC, utilize more complex swing processes
such as temperature vacuum swing adsorption (TVSA), rather than just temperature swing adsorption (TSA)
or vacuum swing adsorption (VSA). With TVSA, the strong adsorption required to capture the CO, during

the adsorption step can be overcome in the evacuation step with the aid of a combination of vacuum and
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heat. The steps involved in a simple 4-step TVSA cycle are typically adsorption, blowdown, evacuation, and
light product pressurization (LPP) with a temperature increase during the evacuation step, which are shown

in Figure 3.1.
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Figure 3.1 — Schematic diagram along with the graphical representation of the temperature and pressure of
a 4-step TVSA.
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In this study, we have looked at improving what has already been investigated for dry DAC of CO, using
zeolites *’, and in particular sodium type low Si/Al ratio faujasite structured zeolites, and defermining
whether it is possible to concentrate the CO, from air to concentrations above 99.5% in one TVSA
adsorption cycle composed of 4 steps. In this study, we have applied an additional controlled temperature
increase to the blowdown step, and changed the blowdown duration, which would effectively supply a
stronger vacuum. This investigation has included an initial pure gas isotherm study as well as breakthrough
experiments. A single bed system has been used to demonstrate the TVSA cycle with the steps in the

adsorption cycle being non- coupled.

3.3 Materials and Methods

3.3.1 Materials

CO,, N,, O,, and Ar pure gases were obtained from Linde Canada (Burlington, Ontario, Canada) at
purities of 99.99%, 99.999%, 99.994%, and 99.9993%, respectively. A cylinder of 383 + 1 ppm
certified CO, concentration in air acquired from Llinde Canada was used to determine the steady state

breakthrough. Air used for the breakthrough portion of this study was acquired from outdoor air in the
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downtown Ottawa region, compressed, and then purified to remove any oils and water that was present.
APGHII purchased from Honeywell UOP (Des Plaines, lllinois, United States), a sodium type low Si/Al ratio
favjasite structured zeolite which will be referred to in this manuscript as Na-X, was chosen because it is
marketed for its use in air pre-purification, and its relevance to previous DAC research 7. The details of this
No-X are given along with the chemical composition, which was measured using energy-dispersive X-ray

spectroscopy in the Supporting Information in Appendix Il (Table All.1 and Table All.2, respectively).

3.3.2  Methods
3.3.2.1  Equilibrium Isotherms

Pure component isotherms were measured using a VTl Scientific Instruments GHP gravimetric system
(Hialeah, Florida, United States) for CO,, N,, O,, and Ar adsorption at 22°C, 50°C, 80°C, and 110°C for
Na-X. These were conducted by first weighing then regenerating the sample at 350°C under a vacuum
pressure of approximately 10® atm until there was negligible weight change. The sample was then
evaluated at increasing pressures of up to 6 atm of the pure gas that was studied. This was done using a
microbalance with an accuracy of £ 5 x 107 g, and two pressure transducers, one with a range of O to
1000 Torr with an accuracy of + 0.25 % of reading, and another with a range of 0 to 900 psi with an
accuracy of + 0.36 psi. To look at any possible hysteresis, desorption was then performed by decreasing
the pressure after the adsorption data points and the data points are presented within the isotherms.
Buoyancy corrections were performed using helium at similar pressures and temperatures as the isotherm
data points. These were used to calculate the absolute isotherms from the excess amounts by assuming that
helium does not adsorb to the surface during buoyancy correction. All isotherms presented in this study are
shown as absolute isotherms. A more elaborate description of the calculations of absolute isotherms from
excess amounts are presented in S. Cavenati et al 8. A schematic drawing of the setup is included in the

Supporting Information in Appendix Il in Figure All.1.

The adsorption isotherms were fitted to the Langmuir, Freundlich, Sips, and Toth models over the whole
range of pressures by minimizing the sum of least squares, and the isotherm with the highest coefficient of
determination (R?) was used to represent the isotherm. These isotherm model equations are presented in the
Supporting Information in Table All.3 in Appendix Il. The limiting heat of adsorption (AH,) values were
calculated using the van't Hoff plot (Henry’s Law constant vs. 1/T) with the relationship of the heat of
adsorption at zero loading given by Equation 1. The Henry’s Law constants were derived from the linear

section of the isotherms for N,, O,, and Ar and from the Langmuir parameters for CO,.

mk =20 Lk 1
A

Temperature Dependant Toth (TD-Toth) was also used to represent the isotherms between temperatures of
20°C and 110°C from O to 6.5 atm pressures. The TD-Toth model equations are presented and explained

in the Supporting Information in Appendix Il (Table All.4).
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3.3.2.2  Fixed Bed Adsorption Breakthrough Curves

To determine the multicomponent adsorption behaviour of CO,, N,, O,, and Ar, fixed bed adsorption-
desorption breakthrough curves were used. The schematic diagram of the system used is shown in Figure
All.2 in the Supporting Information in Appendix II. Table All.5 in the Supporting Information in Appendix I
shows the column properties, and operating conditions used for these experiments. The experiment began
by first packing the adsorption column with Na-X with a piece of quartz wool on either end of the column.
The column was then placed into the setup and degassed at 250°C with a flow of 300 sccm of N, for over
48 hours to ensure any water was driven off the adsorbent. Once regenerated, the column was placed into
the temperature controlled bath at 20°C and kept at isothermal conditions. The feed gas for the experiment
was Ottawa, Canada air that was compressed, put through a layered adsorption bed of activated carbon
and CaSO, to remove any water or oils from the feed. The flow of the gas was then controlled using a
10,000 + 100 sccm mass flow controller (MFC). The gas would then enter the column during the adsorption
step with its pressure (0 to 100 psi + 0.25 psi) and temperature being measured. After exiting the column,
the temperature and pressure were measured again and the gas would proceed to bypass the gas
chromatograph (GC) and get measured by the Thermo Electron Corporation Model 410i 10,000ppm CO,
Infrared Spectroscopy (IR) (Waltham, Massachusetfts, United States) to defermine the exiting CO,
concentration. After the adsorption had completely broken through the column, the blowdown step would

begin.

For this study, to increase the purity of the product during the evacuation step, the temperature and pressure
during the blowdown step were modified. Instead of choosing a blowdown pressure, the duration of the
blowdown step was chosen in which a vacuum pump would run. Therefore, longer blowdown durations
would equate to lower pressures. Four blowdown temperatures of 20°C, 40°C, 60°C, and 80°C, and
blowdown durations of 7.5 min, 15 min, 30 min, and 60 min were chosen. The conditions for each step
are graphically shown in Figure 3.2 with the varying conditions for the blowdown step. Subscripts A, B, and
E denote adsorption, blowdown, and evacuation, respectively, and T, t, and P denote temperature, time,

and pressure, respectively.

Adsorption; Blowdown ;Evacuation;  LPP
A =7.5, 15, fe=120min A

p,=1atm 30, 60min TS v

L o
2 5
o ! 2
o T,=20°C 3 o
Te=20, 40, Pe

60, BG°C

Figure 3.2 - The conditions in this study for the adsorption, blowdown, evacuation, and LPP steps of the
TVSA cycle.
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During blowdown and evacuation steps, the column would first be isolated by closing the valves around the
column and placed into either the temperature controlled bath for blowdown temperature of 20°C or in the
temperature controlled oven for blowdown temperatures of 40°C, 60°C, and 80°C. The system was
designed to minimize the dead space around the column which would otherwise impact the purity obtained
in this study. This dead space, excluding the void space between the pellets was 7.1 cm® and including it
was 18.3 cm®. The vacuum would then be applied by opening the exit valve during the blowdown step for
7.5 min, 15 min, 30 min, or 60 min. After the blowdown step, the column was placed inside the
temperature controlled oven for the evacuation step, which was controlled at 200°C for 120 min. In order
to evaluate the composition of the gases coming out during the blowdown and evacuation steps, the exiting
gas being drawn out of the column would first pass though the GC GOW-MAC 580 (Bethlehem,
Pennsylvania, United States). This GC was equipped with a thermal conductivity detector and a Porapak Q
column to determine the CO, composition coming out of the column. Compositional analysis would occur
every 3 minutes with a é-port GC valve. The gas would then pass through the vacuum pump and enter the
CO, IR spectroscopy and then the 50 + 0.5 sccm mass flow meter (MFM). The flow rate of the exiting gas
would be corrected based on the concentrations calculated from the interpolated GC readings and the
thermal conductivities of the gases. In order to determine the purity of a particular run more accurately, the
column after the blowdown step was isolated from vacuum using valves and allowed to be pressurized
while the temperature increased to 200°C, and then sampled with the GC to determine the purity in a

similar procedure to literature 3.

The goal of this study is to produce high purity CO,. The definition of purity is given in Equation 2. With
DAC using CO, from the air, more importance should be placed on producing CO, at a high purity
inexpensively than with high capture fractions (also called recovery) since air is abundant °. Capture
fraction is an important parameter to investigate due to lower capture fractions requiring larger pumping
energies to capture the CO, from the air. In this study, there were two different capture fractions that were
defined: capture fraction during the adsorption steps (@) and the capture fraction during the evacuation

steps (ag). They are defined in Equations 3 and 4.

Purit Moles of CO, from Evacuation Step 100% 9
= X
urity Total Moles of Gas from Evacuation Step ?

Moles of CO, Adsorbed during Adsorption and Pressurization Steps

%a = Total Moles of Gas that Entered the Column during Adsorption and Pressurization Steps

Moles of CO, from Evacuation step

a =
E ™ Total Moles of CO, from Evacuation and Blowdown Steps

3.4 Results and Discussion

3.4.1 Equilibrium Adsorption Isotherms
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The pure component isotherms of CO,, N,, O,, and Ar with Na-X at 22°C, 50°C, 80°C, and 110°C are
presented in Figure 3.3. The solid markers represent the adsorption data points, and the hollow markers
represent the desorption data points. No significant hysteresis was observed, which is indicative that the
isotherms are completely reversible. The solid lines in Figure 3.3 represent the isotherm model with the
highest coefficient of determination. The adsorption equilibrium data presented is in good agreement within
1% of literature values for CO, adsorption at 22°C '°. The adsorption isotherm data points and isotherm
model parameters are presented in the Supporting information in Appendix Il in Table All.6 — All.9 and
Table All.10, respectively.
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Figure 3.3 - CO,, N,, O,, and Ar pure adsorption isotherms at 22°C, 50°C, 80°C, and 110°C for Na-X
with each isotherm being fitted to Langmuir, Freundlich, Sips, and Toth and is represented by the
model with the best fit. Filled points = adsorption, hollow points = desorption.

As can be seen from Figure 3.3, at all pressures, CO, is significantly more adsorbed, followed by N,, Ar,
and O,, with last 2 gases having similar adsorption capacities. Similar trends were observed in literature,
as well "2 These differences in adsorption capacity were shown in a previous study that CO, is
selectively adsorbed over the other components in air 7. This is not surprising since Na-X is marketed for air
pre-purification which is an application looking at removing CO, from the air before separating N, from

O,. This difference in adsorption of CO, from the other components in air is highlighted in the van’t Hoff
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plot in Figure 3.4. This shows the two orders of magnitude difference between the adsorption of CO, in the
Henry’s Law region compared to the adsorption of N, and the other gaseous components in the air. This
difference in the Henry’s Law region is important for the TVSA cycle to produce high purity CO,. This is
because of two reasons. Firstly, that the high Henry’s Law constant for CO, allows the CO, to be adsorbed
in significant quantities at very low concentrations. Secondly, that during the blowdown step, when a

vacuum is applied, N,, O,, and Ar get desorbed but CO, remains on the adsorbent’s surface.
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Figure 3.4 — Van't Hoff plot for CO,, N,, O,, and Ar for Na-X using calculated Henry’s Law constants at
temperatures of 22°C, 50°C, 80°C, and 110°C including their respective line of best fit.

From the van't Hoff plots in Figure 3.4, the limiting heat of adsorption values were calculated from the
slopes of the lines of best fit giving 31.0 + 1.2 kJ/mol, 17.4 + 0.9 kJ/mol, 10.8 + 0.2 kJ/mol, and 10.5 +
0.7 kI/mol for CO,, N,, O,, and Ar, respectively. The values for O, and Ar adsorption are comparable to
values from literature . The values for CO, and N, are slightly on the lower end of values seen from
review studies (35 — 50 kJ/mol for CO, and 18.4 — 25 kJ/mol for N,) '* and individual studies (40 — 55
kl/mol tor CO, and 14 - 19.9 kl/mol for N,) *'* with similar Na* type low Si/Al ratio faujasite structured
zeolites. This can be explained on the material in this study containing small amounts of K*, Mg*, Ca*, and

Fe*, with a majority of Na* as can be seen in the Supporting Information in Appendix Il (Table All.2).

From the isothermal data points at the 4 different temperatures for CO,, N,, O,, and Ar, the TD-Toth
parameters were calculated in order to understand the adsorption behaviour between pressures of 0 — 6
atm and temperatures of 20 — 110°C. The parameters for the TD-Toth model are included in the Supporting
Information in Appendix Il (Table All.11). These parameters were used to plot Figure 3.5 which shows the
adsorption capacity of CO,, N,, O,, and Ar between 20°C - 90°C, and O — 1 atm for N,, O,, and Ar,
and 0 - 0.0004 atm for CO,, or 400 ppm of CO,. This shows that the adsorption capacity of CO, at
lower temperatures at 400 ppm is greater than that of N,, O,, or Ar at 1 atm. As temperature increases,
the ratio of the adsorption capacity of Na-X for CO,/air decreases showing the detrimental effect of higher

adsorption step temperature on the DAC of CO, using low Si/Al ratio faujasite structure zeolites.
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Figure 3.5 — 3D surface plots of the adsorption capacity of CO,, N,, O,, and Ar on Na-X determined using
the TD-Toth model. For CO, the pressure goes only to 400 ppm or 0.0004 atm.

These surface plots are useful tools in understanding the effect of changing variables such as temperature
and pressure during the different parts of the TVSA cycle. For this study, the adsorption step in the TVSA
cycle occurs at approximately 1 atmosphere and 20°C composed of 78.09% nitrogen, 20.95% oxygen,
0.93% argon, and 0.04% carbon dioxide. Under these conditions at equilibrium, there is predicted to be
0.45 mmol/g of CO,, 0.32 mmol/g of N,, 0.02 mmol/g of O,, and an insignificant amount of Ar
adsorbed onto Na-X according to the TD-Toth model. As can be seen in Figure 3.6, there is 0.45 mmol/g
of CO, and 0.34 mmol/g of air adsorbed, if the evacuation step were to proceed without a blowdown
step, the maximum concentration of the product would be 57% CO,. However, to increase the purity of
CO, in the product, it is common practice that a blowdown step is utilized where N,, O,, and Ar would be
desorbed by reducing the pressure using a vacuum. This is a common step in literature with CO, purities of
as high as 99.997% reported from simulations '>. With Na-X and other low Si/Al ratio faujasite structured
zeolites, decreasing the pressure would remove the N,, O,, and Ar from the column while leaving the CO,
as long as the pressure is not decreased too much. This can be seen in Figure 3.6 by N, and O, adsorption
capacities significantly changing as the pressure is reduced, but CO, still being within the Henry’s Law
region. After a sufficient reduction in pressure would occur, mostly CO, would remain allowing the
evacuation step of increasing temperature and reducing pressure further to produce pure CO,. Another

method proposed in this study is to increase the temperature and reduce the pressure during the blowdown
step to remove N,, O,, and Ar.
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Figure 3.6 — 3D surface plots of the adsorption capacity of CO,, N,, and O, on Na-X determined using the
TD-Toth model along with the TVSA route during the blowdown step for either pressure decrease,
or a temperature increase with a pressure decrease.

3.4.2  TVSA Cycle Breakthrough

To determine the multicomponent adsorption behaviour of CO,, N,, O,, and Ar, a fixed bed adsorption
breakthrough was done at 20°C with a step change in inlet using Ottawa, Canada ambient air. The
adsorption step was carried out isothermally until equilibrium was reached for all runs in this study. After
the adsorption step, the blowdown step would occur. In this study, two variables were changed, the
blowdown temperature and the blowdown duration. To test these variables 7.5 min, 15 min, 30 min, and
60 min blowdown durations at a blowdown temperature of 20°C, and 30 min blowdown duration at
20°C, 40°C, 60°C, and 80°C blowdown temperatures were selected. Multiple replicates of each run were
completed and are presented along with the data. After the blowdown step, each run would have the same
evacuation step conditions of 200°C for 120 min. The evacuation temperature was selected from results

from a previous study 7. After evacuation, the column would then be quickly pressurized to 1 atm and the

adsorption step would proceed.

The adsorption breakthrough curve at 20°C and 2,500 sccm of air after a full regeneration using 300 scecm
of N, at 250°C for over 48 hours is compared to the steady state breakthrough curve for the center point
conditions of T, = 20°C, t; = 30 min, Tz = 200°C, and t = 120 min at the same flowrate. Both of these
breakthrough curves are presented in Figure 3.7. For these runs, certified air with 383 + 1 ppm of CO,
was used. This was done to minimize the error during these runs due to the varying level of CO, in the air
over the course of the day and throughout the year as mentioned in the literature '°. The cyclical steady

state condition was achieved after the first cycle for these experiments. The adsorption capacity was

66



Chapter 3

calculated from the area between the breakthrough curve and the atmospheric CO, concentration, which
was determined to be 0.44 + 0.04 mmol/g for the initial adsorption and 0.35 + 0.03 mmol/g for the
cyclical steady state conditions. This difference of 0.09 mmol/g is due to the vacuum being unable to pull
out all of the CO, during the evacuation step. When the outlet concentration equates to 95% of the inlet
concentration, the capture fraction were found to be 77.0 + 0.7% and 75.7 + 0.7% for the initial
adsorption and the cyclic steady state conditions, respectively. When the predicted CO, adsorption
capacity from the TD-Toth model is compared to the adsorption capacity calculated from the breakthrough
curve, the values are quite similar at 0.45 mmol/g and 0.44 mmol/g, respectively. One thing to note in
Figure 3.7 is the similar shapes presented with both the initial adsorption and the cyclical steady state

conditions, indicating similar kinetics.
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Figure 3.7 — Comparison of breakthrough curves for the initial adsorption after a full regeneration and at
cyclical steady state for the conditions of T;=20°C, t;=30min, T;=200°C, and t;=120min with a
column packed with Na-X with a positive CO, concentration step of 383 + 1 ppm of CO,
(indicated in blue) at 20°C and a flow rate of 2,500 sccm.

3.4.2.1 Effect of Blowdown Duration

After the adsorption step would reach equilibrium, the blowdown step would occur with the goal of
reducing the amount of N,, O,, and Ar while leaving the CO, adsorbed for the evacuation step. By
increasing the duration of the blowdown step, the pressure within the column would be reduced, aiding the
removal of unwanted gases during this step. In this study, four blowdown durations of 7.5 min, 15 min, 30
min, and 60 min were selected at 20°C with the same evacuation conditions of T = 200°C, and t.= 120
min. The flow rates of N, O,, Ar, and CO, exiting the column during these two steps is presented in Figure
3.8. It can be seen from this figure that, N,, O,, and Ar gases, which are represented by the dotted line in
this figure, exit the column first during the blowdown step with the CO, exiting afterwards during the
evacuation step. For example, for a blowdown duration of 60 min indicated by the black color, N, O,,

and Ar leave the column first, then after 60 minutes, the column is placed into the temperature controlled
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oven and the evacuation step begins by heating the column to 200°C. During this step it is observed that
the CO, is desorbed from Na-X. In order to measure the outlet concentration from the column, a 6 port GC
injection valve was used to inject a small sample from the outlet gas into the GC, which would restrict the
flow every 3 minutes. This created the ripple patterns in Figure 3.8. This ripple was partially smoothed
using a second order Savitzky-Golay technique. Included in Figure 3.8 is the CO, flow rate uncertainty,

which is represented as the faded coloured bands around the solid lines.
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Figure 3.8 — Flow rates of N,, O,, Ar, and CO, during the blowdown (constant temperature, varying
duration) and evacuation (Tz=200°C, and t:=120min) steps for Na-X.

By increasing the duration of the blowdown step, the pressure in the column was decreased, and the purity
of the product was increased. This can be seen in Figure 3.9 with the blowdown duration shown on the x-
axis, purity in ppm shown on the y-axis on the left side of the figure, and blowdown pressure on the y-axis
on the right side of the figure. The error for the purity is the standard deviation in the replicate runs and the
error for the blowdown pressure is the uncertainty in the measurement. From these results, utilizing a
blowdown duration of 7.5 min at 20°C, a product purity of 99.54 + 0.23% CO, was acquired meeting the
lowest high purity grade of 99.5% CO,. As the blowdown duration increased from 15 min to 30 min, to
60 min, the purity increased from 99.73 + 0.14% to 99.83 + 0.12% to 99.96 + 0.05%, respectively. This
increase in CO, purity meets the requirements for anaerobic, laser, and supercritical fluid grade CO,, while
being within the margin of error of research grade CO,. This is the first reported increase in purity of CO,
from air using a single adsorption cycle in literature. This increase is due to lower pressures reached during
the blowdown step where the N,, O,, and Ar are evacuated from the column, leaving the CO, adsorbed.
However, the amount of CO, captured during the evacuation step decreases as the blowdown duration
increases. This can be seen in Figure 3.8 by the reduction of the size of peak as the blowdown duration

becomes longer. An important design parameter for the production of high purity CO, is the empty space
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inside and around the column which holds N,, O,, and Ar in quantities that are equivalent to that of the
blowdown pressure after the blowdown step. By reducing this void space, higher purities can be achieved
for similar conditions. This study required evaluating equipment such as thermocouples and pressure gauges
which added roughly 7.1 cm? of void space, as well as 11.4 cm? of void space due to the void fraction of
the pellets. This cumulative void space of 18.5 cm® would have reduced the measured purity, therefore, for

the highest purity CO,, it is recommended to reduce the void space as much as possible.
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Figure 3.9 — The effect of blowdown duration on the blowdown pressure and the purity of the product.

3.4.2.2  Effect of Blowdown Temperature

Another strategy examined in this study to increase the amount of N,, O,, and Ar desorbed from the Na-X
during the blowdown step is to use an elevated temperature with a vacuum to remove these impurities. Four
blowdown temperatures of 20°C, 40°C, 60°C, and 80°C were investigated at a blowdown duration of 30
min. It was observed that by elevating the temperature of the blowdown step from 20°C to 80°C, the purity
of the product increased from 99.83 + 0.12% to 99.95 + 0.04%, which can be seen from Figure 3.10.
This increase in purity was not due to the decrease in pressure which was observed by changing the
blowdown duration, but by elevating the temperature. This can be seen from the near constant blowdown
pressure observed from Figure 3.10, with a slight increase in blowdown pressure for a blowdown

temperature of 80°C.

This increase in blowdown pressure indicates an undesirable attribute that can be seen in Figure 3.11,
where not only the amount of N,, O,, and Ar desorb during the blowdown step, but also significant
quantities of CO, desorb as well. This desorption of CO, can be seen by the peaks for the CO, during the
evacuation portion of the cycle decreasing in size as the temperature of the blowdown step increases. This
makes sense and can be observed from the TD-Toth plot in Figure 3.6 with the slope of the Henry's Law
region decreasing along with the overall adsorption capacity for CO, decreasing at 400 ppm at higher

temperatures. This loss of CO, by changing the blowdown temperature during the blowdown step is
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significantly greater than that observed by changing the blowdown duration. Further studies into utilizing an
elevated temperature during the blowdown step at lower duration times should be investigated before ruling
out the two main benefits of using an elevated temperature during the blowdown step. Firstly, the reduced
vacuum requirement during the blowdown step for the TVSA cycle and secondly, the energy required for

the elevated blowdown temperature which will later be utilized for the evacuation step.
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Figure 3.10 - The effect of blowdown temperature on the blowdown pressure and the purity of the product.
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Figure 3.11 - Flow rates of N,, O,, Ar, and CO, during the blowdown (constant duration, varying
temperature) and evacuation (T;=200°C, and t;=120min) steps for Na-X.
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3.5 Conclusions

The goal of this study was to experimentally produce high purity CO, above 99.5% by capturing and
concentrating the CO, from the air. This study first showed that CO, was favourably adsorbed onto Na-X
over the other components in the air by determining the pure component isotherms of each gas which
confirmed results from literature. These results were then used to create the TD-Toth model which showed the
pure component adsorption of CO,, N,, O,, and Ar between 20 — 110°C and O - é atm. This model was
used to evaluate the behaviour during the blowdown step of the TVSA cycle with the goal of desorbing only
the N,, O,, and Ar while leaving CO, adsorbed by the Na-X in order to increase the purity of the product
during the evacuation step. Two proposed methods were then hypothesized from the TD-Toth model which
were investigated: decrease the pressure (by varying the blowdown duration) with and without an increase

in temperature.

Fixed bed adsorption desorption breakthrough curves were used to study the TVSA cyc