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ABSTRACT

This work aims to establish a relationship between CO, adsorption capacity and water, in the
context of CO, removal directly from atmosphere (DAC). For this, experimental data was ob-
tained for a broad range of humidity, temperatures and concentrations of CO,, using a sup-
ported amine sorbent. Subsequently, the CO, adsorption results were fitted to equilibrium
models from literature and compared with experimental trends. The Stampi-Bombelli and
WADST models revealed the best fittings, being both values of SSR and R? relatively close
(SSR=0.338, R?=0.969 and SSR=0.360, R?>=0.968, respectively).

The measurements were performed through the breakthrough method, on a pilot scale
setup. These were featured with previous experimental work from SPT group for the same
subject. After comparing both data sets, it was observed that the adsorbent had suffered ~20%
degradation. Consequently, a correction factor was applied into previous values.

Experimental results displayed some inconsistencies, which were attributed to the un-
certainty of the correction factor and the complexity of co-adsorption mechanisms. The maxi-
mum observed amount of CO, adsorbed /kg of adsorbent was 2.25 kg.mol (Pc5,=1000 Pa, T=
5°C, RH= 84.97%), and ~2.7 mol.kg™" after the correction factor, which is significantly close to
values found in literature. The CO, capacity under the presence of water in comparison with
dry conditions (q/qay) was also considered to account its enhancement. At Pco,= 40 Pa, the
capacity adsorption nearly doubled in presence of high moisture content, while at the higher
partial pressures (Pco,=1000 Pa), humidity seemed to have a reduced impact.

For DAC conditions, experimental trends were well characterized, which follows litera-
ture remarks. Overall, the WADST and Stampi-Bombelli model represented the closest fits. In
addition, an empirical model was proposed based on the observation of experimental trends.
The model is described by a linear function, in which both values of slope and y-intercept were
obtained through logarithmic equations.

Keywords: CO, capture, water vapor, direct air capture, co-adsorption, amine sorbent

xiii






RESUMO

A tese visa estabelecer uma relagdo entre a capacidade de adsorgao de CO, e dgua, no contexto
de captura de CO, diretamente da atmosfera. Para tal, dados experimentais foram adquiridos
dentro de um intervalo amplo de temperaturas, concentra¢ées de CO, e dgua, usando um ad-
sorvente de aminas. De seguida, os dados foram ajustados a modelos mecanisticos da litera-
tura e comparados. Os modelos Stampi-Bombelli e WADST foram os que melhor descreveram
tendéncias experimentais, apresentando ajustes préximos (SSR=0.338, R?=0.969 e SSR=0.360,
R?=0.968, respetivamente).

As medigGes foram realizadas através do método breakthrough, numa instalagao piloto
de laboratério. Os valores foram complementados um trabalho experimental previamente re-
alizados no grupo SPT para o mesmo tépico. Apds comparar os dados, observou-se que o
adsorvente sofreu uma degradacdo de ~20%. Consequentemente, foi aplicado um fator corre-
tivo a valores anteriores.

Os resultados experimentais mostraram algumas inconsisténcias, que por sua vez foram
atribuidas a incerteza do fator de degradacdo e a complexidade dos mecanismos de co-adsor-
cdo. A quantidade méxima registada de CO, adsorvido/kg de adsorvente foi de 2.25 kg.mol™
(Pco»=1000 Pa, T=5°C, RH=84.97%), e ~2.7 mol.kg™ apés a fator corretivo, que é significativa-
mente proximo da literatura. A quantidade de CO, adsorvido em condi¢des himidas em rela-
cdo a de condiges secas (q/qary) também foi considerada para quantificar o seu acréscimo.
Nas condi¢des de Pco,= 40 Pa, a capacidade de adsorcdo quase duplicou na presenca de um
alto teor de dgua, enquanto que a niveis superiores de pressdo parcial (Pco,=1000 Pa), foi ob-
servado um impacto reduzido na capacidade.

Para condigdes DAC, as tendéncias foram bem caracterizadas, paralelamente a observa-
¢Oes da literatura. O modelo WADST e Stampi-Bombelli foram os que mais se aproximaram
dos valores deste trabalho. Foi também proposto um modelo empirico com base em tendéncias
experimentais. O modelo é descrito por uma fungdo linear, cujos valores de declive e ordenada

foram obtidos a partir de equagdes logaritmicas.

Palavras-chave: captura de CO,, vapor de dgua, captura direta do ar, co-adsorgdo, adsorvente

de aminas
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1

INTRODUCTION

1.1 Problem Background

Global warming, described as a largescale increase of global temperatures, has led to
environmental issues such as melting of snow cover and ice caps, rising sea levels, and more
severe weather patterns [1]. Cook ef al. [2] gathered a synthesis of published peer-reviewed
journals showing that 97% or more of the scientific community agree that climate-warming
trends over the past century are extremely likely due to human activities. The growth of world
population and overall industry causes increasing emissions of greenhouse gases (GHGs), a
group of gaseous compounds capable of absorbing and emitting radiant energy within the
thermal infrared range [3]. This category includes, among others, water vapor, carbon dioxide,
methane, nitrous oxide, ozone and various fluorinated gases. Among these, CO, is by far the
most abundant human-caused greenhouse gas, and persists in the atmosphere and oceans for
thousands of years after it is emitted [4].

The Paris Agreement has set a goal to limit global warming to “well below 2 °C”, pref-
erably to 1.5 °C, compared to pre-Industrial levels [5]. Figure 1.1 represents temperature data
showing fast warming in the past few decades, the latest data going up to 2021 [6]. Alongside
this illustration, a similar growing trend represents CO, concentrations in the atmosphere,
steadily increasing every year (Figure 1.2). Here, the levels increased from 280 ppm, before the
Industrial Revolution, to an average of 419 ppm in 2021. This is the highest level since accurate
measurements began 63 years ago, according to NOAA and Scripps Institution of Oceanogra-
phy [4]. Following the 2021 report of the Intergovernmental Panel on Climate Change (IPCC)
[7], there is more than a 50% chance that the 1.5 °C goal is crossed between 2021 — 2040 (with
a central estimate of the early 2030s). Under a high-emissions scenario, the world reaches the
1.5 °C threshold even more rapidly (2022 — 2037). Despite these predictions, the same report
states that it is still within reach limiting global warming to 1.5 °C by the end of the century,
requiring advanced technologic transitions.
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Figure 1.1 - Temperature data showing rapid warming in the past few decades, the latest data going up to 2021.
According to NASA, 2016 and 2020 are tied for the warmest year since 1880, continuing a long-term trend of rising
global temperatures [5].
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Figure 1.2 - Upward trajectory of carbon dioxide in the atmosphere. The annual fluctuation is known as the Keeling
Curve. Image provided by NOAA Global Monitoring Laboratory, Boulder, Colorado, USA
(https:/ /esrl.noaa.gov/) [4].

Numerous solutions have been proposed to lower the CO, emissions of high-energy ser-
vices such as aviation, long-distance transport and shipping, or for provision of energy. Rang-
ing from carbon-free renewable resources to cleaner coals, or retrofitting power plants with
the utilization of other types of fuel, such as natural gas [8]. It is unclear, however, whether
these resources can be deployed rapidly and widely enough and overcome socio-political ob-
stacles related to cost, environmental impacts, and public acceptance [9].

Alternatively, Carbon Capture and Storage (CCS) has been employed to at large point
sources such as power plants, oil refineries, and in steel and cement production [10]. To offset
GHGs emissions, most of the CO, produced by fossil fuels is captured locally and subse-
quently stored in underground reservoirs. In situ CCS can be divided into three categories,
depending on where and how CO, capture is implemented: (1) pre-combustion capture; (2)
post-combustion capture; and (3) oxy-fuel combustion. Among these processes, post-combus-
tion stands out as the most economically viable option [8], [11]. It is possible to design carbon



capture in existing power plants with post-combustion capture, unlike the previous two, with-
out compromising the existing operation and thus, providing a faster transition [10]. It re-
quires less total investment and indirect costs, including utilities [8]. Moreover, it is considered
a safe option due to its mature technology, whose first techniques (i.e. scrubbing the gas stream
with a chemical solvent) were established over 60 years ago [8], [10].

Today, the most developed capture process is CO, absorption by aqueous alkanolamine
solutions, typically monoethanolamine (MEA), where CO, is selectively absorbed by the reac-
tive solvent in a scrubber. The CO,-rich amine solvent is then sent to a stripper, where it is
heated, and the CO, is released from the solution and compressed for transport and sequestra-
tion [12]. The main disadvantage, however, stands in the reduced CO, concentration present
in the flue gas (i.e. 12 — 14 vol% for coal-fired and around 4 vol% natural-gas-fired), causing
an increase associated to the total costs of the operation [13].

As for storage, the only potential storage sites with capacity for such quantities (Gt of
CO, per year) are natural reservoirs, such as geological formations or the deep ocean. An al-
ternative is injection of CO, underground, similar technology to the enhanced oil recovery
employed by the oil and gas industry, and to the underground injection of waste as practiced
in the USA [10]. This approach might be debatable since in some cases it could lead to an
increased production of hydrocarbons, worsening the energy dependency on fossil fuels. An-
other drawback is storage space which, even though abundant, is limited and has associated
costs of compression, transportation and pumping. Another option would be utilization of
CO, (CCU) rather than storing it, which could alleviate the costs associated. Some of the ap-
plications of CO, range from turning it to other chemicals or fuels, solid inorganic carbonates,
or for algae cultivation [10], [14].

Nevertheless, even if all the CO, product from flue gas is captured and permanently
stored underground, the CCS process still falls short in achieving carbon neutrality [15]. In
order to achieve the ambitious carbon reduction goals announced by the IPCC, point-source
CCS requires complementary technologies [16]. Therefore, investigations for future manage-
ment of climate change have involved the development on Negative Emissions Technologies
(NETs), as a means of withdrawing GHGs from the atmosphere. NETs can be assigned into
the following categories [5]:

1) Afforestation and reforestation;

2) Land management to increase and fix carbon in soils;

3) Bioenergy with Carbon Capture and Storage (BECCS);

4) Enhanced weathering;

5) Direct Air Capture of CO, with Carbon Capture and Storage (DACCS);
6) Ocean fertilization to increase CO..

These options include nature-based solutions (e.g., afforestation and restoration of marine
habitats), measures to enhance naturally occurring processes (e.g., land management ap-
proaches to increase the carbon content in soil) and other technology-based solutions such as
Bioenergy with Carbon Capture and Storage (BECCS). In the case of BECCS, atmospheric CO,
is also removed by purpose-grown plants and trees, which are then converted to biomass. The



biomass can be burned to generate heat and electricity or turned into liquid fuels (known as
biofuels), with the majority of CO, released during combustion being captured, liquefied, and
stored [17]. Both afforestation and BECCS, however, involve high requirements of land avail-
ability of fertile soil, water and fertilizers, which may trigger potentially adverse concerns for
food security and biodiversity [18]. Recent assessments have considered Direct Air Carbon
Capture and Sequestration (DACCS) as a favorable technology that can potentially remove
higher amounts of CO, than other NETs [14].

1.2 Direct Air Capture (DAC)

The concept of capturing CO, from air was first introduced for climate change mitigation by
Lackner et al. in 1999 [19], and it serves as a promising addition to point-source capture by
addressing emissions from distributed sources, which would otherwise be inaccessible to
conventional CCS plants [16]. Additionally, its feed is air - it is everywhere and contains very
low to null concentrations of contaminants that are present in flue gases, such as NO, and SO..
Thus, the equipment can be set in any location without concerning about the adsorbent
poisoning [15] nor competing with agricultural and residential land uses [13].

On the other hand, DACCS still has some clear disadvantages compared to CO, cap-
ture from large point sources, which could prove challenging when deploying the technology
at major scales. The fundamental issue is directly associated with the low concentration of
atmospheric CO,, 400 ppm, a factor of 100 — 300 times more dilute than the CO, concentration
in gas- and coal-fired power plants [14]. This causes a massive disproportion between treated
air flowrate and the mass of captured CO,, e.g., for a CO, concentration of 400 ppm, at least
1400 m? of air needs to be supplied to capture 1 kg of CO, [13], considering the unlikely event
of every CO, molecule is captured. In order to obtain a significant amount of CO,, DAC plants
need to operate with large volumes of air. Thus, DAC is more energy intensive than other CO,
capture methods. Techno-economic reports on this matter estimate that the price of a DAC
operation evolves somewhere 94 - 600 $/tCO2, depending on the technology, as opposed to
80 $/tCO, for CCS from a coal power station [20]. Despite the costs, the relative immaturity of
DACCS technology indicates that there is considerable scope for innovation and cost reduc-
tion [18]. Moreover, in 2021 there were already 19 direct air capture (DAC) plants operating
worldwide [21]. Table 1.1 holds public information about the three most advanced and indus-
trialized companies on capturing carbon from the atmosphere.



Table 1.1 - Public information on the main commercial DAC entities, based on the data gathered by McQueen et

al. [22].
Carbon Engineering Climeworks Global Thermostat
(23], [24] [13], [18], [21] [25], [26]
Founding year 2009 2009 2010
Location Canada Switzerland and Ice- United States
land
Technology Liquid Absorption Solid Adsorption Solid Adsorption
Capacity (tco2yr™) ~ 365 ~ 1000 ~ 1000
Required temperature 900 80— 120 85-100
for energy needs (°C)
Th | Non-fossil energy re-
ermat energy Natural gas with CCS. sources (geothermal, -1
source
waste heat, etc.)
Current Costs ($. | .
£CO,) 500 — 600
Pro_]ected Costs ($. 942302 200 - 300 within 5 .
tco ) years.
Building the first First commercial DAC Pilot plant in Melano
. Park, CA. Planning on
large-scale DAC plant capturing 900 s .
. . s building two pilot
Developments plant with a capacity =~ tCO, yr! delivered to a .
7 scale plants with the
of 1 MtCO, year™ by next-door greenhouse .
capacity of 3000-4000
2024. (2015). 7
tCOz yI‘ 1.

Two technologies are currently being used to capture CO, from the air: liquid and solid

DAC. Liquid systems place ambient air into contact with a strong liquid base, such as potas-
sium hydroxide (KOH) or sodium hydroxide (NaOH), which dissolves the CO, into a car-
bonate solution. CO, is then removed in a precipitator through the regeneration of the base,
forming solid calcium carbonate (CaCO;). Subsequently, the precipitate is sent to a calciner,
where it reacts at extremely high temperatures (about 800°C) with oxygen from an air-sepa-
ration unit, forming calcium oxide (CaO) and pure CO,, which can either be stored or used
[18].

Solid DAC technology is based on supported amine sorbents (SAS) that adsorb (rather
than absorb) atmospheric CO,. These SAS consist of a porous support material with amine
functional groups immobilized on or grafted to its surface, removing the need for H,O and

! No data concerning this topic is publicly available.

2 This range is reflected from a scenario by Keith et al. [23] The scenario represents a system optimized for air-to-
fuels, where hydrogen is produced via electrolysis which results in an oxygen byproduct. The need for an air sep-
aration unit is removed as the oxygen is provided from electrolysis, additionally reducing electricity requirements.



thus being entitled as a "solid sorbent" [27]. When the sorbents are heated and / or placed under
a vacuum, they release the captured CO,, which is then collected for storage (CCS) or for use
(CCU). Figure 1.3 illustrates the two-step process: step 1 consists of the adsorption of ambient
CO,, while step 2 presents the separation of the CO, using relatively low-temperature heat
(around 100°C or less), pressure or humidity changes, or some combination of these, to regen-
erate the sorbent [18].

Adsorber
containing
regenerated
amine sorbents

Adsorber
containing amine

sorbents

Amine with
adsorbed CO,
molecule

Figure 1.3 - Direct Air Capture using amine-functionalized solid sorbents based on Global Thermostat and
ClimeWorks plant process descriptions [18]. Reproduced from Gambhir et al. (2019) under the Creative Commons
license: http:/ / creativecommons.org/licenses /by /4.0.

As opposed to the use of liquid solvents, SAS’s appear as a cost-effective alternative [28].
According to previous evaluations of sorbent efficiency in CO, capture [29], solid sorbents
represent a significant advantage due to the reduced corrosion, water- loss problems and mild
regeneration conditions [15]. Furthermore, less energy is required to separate the CO, from
the amine sorbent because adsorption results in a weaker bond between the CO, and sorbent
when compared with absorption into a strong base [21].This work will focus on the application
of a solid sorbent.

1.3 Problem Definition

The conditions in which CO, is captured from ambient air, referred to as “air capture”, are
considered humid. This is due to the significant concentrations of water in the air (10 — 50,000

ppm), as opposed to the very low CO, concentration of approximately 400 ppm [30]. Thus, the
effect of water vapor requires consideration in any study related to carbon sequestration under



a DAC setting, whether for a real-world separation application or on a molecular scale. How-
ever, the studies on direct air capture are yet in an early stage. There are quite a few research
gaps for the CO, - H,O interaction in these conditions, which bring the motive to this the-
sis. The ones identified as the most relevant are as follows: (1) The relative humidity ranges
that have been explored are either very narrow (one to two values) or at very high values,
often resulting in pore condensation into a liquid-like state. The understanding of the behavior
of co-adsorbed moisture and CO; still remains incomplete under low RH (%) and low CO,
coverage conditions [31], especially since water concentrations fluctuate largely in air; (2) Most
experimental reports focus on capacity enhancement by the presence of water, but very few
authors attempt to describe which molecular mechanisms might lead to that phenomena; (3)
A mechanistically consistent mathematical description of this enhancement does not yet exist
[32]. To further improve process design and lower the costs, a detailed model on the interac-
tivity between CO, and H,O needs to be developed, while considering the weather conditions
and choice of adsorbent.

1.4 Research Goals

The main goal of this research is the following:

Describe the influence of water on CO, adsorption, in supported amine sorbents, under DAC
conditions.

In order to fulfill it, the following subgoal needs to be addressed:

o Establish a correlation between CO, equilibrium capacity and physical factors, i.e., tem-
perature, relative humidity and CO, partial pressure.

For this, the first step is to obtain experimental adsorption data that covers a broad range of
humidity, temperature and concentrations of CO,. Compare how both parameters of temper-
ature and partial pressure influence adsorption under dry and humid conditions.

Then, describe mathematically water's effect on CO, adsorption, in Lewatit® VP OC
1065, and find a good fit to original experimental co-adsorption data. For this, the experimental
data will be used to apply models already developed from mechanistic understanding. Eval-
uate how each model fits the experimental results, interpret each fitted parameter to its phys-
ical meaning. In case none display an accurate fit, develop my own equilibrium adsorption
model based on the study of experimental trends.






2

THEORY AND LITERATURE STUDY

2.1 Adsorption Phenomena

Adsorption occurs whenever one or more components from a liquid or gas phase, the adsorb-
ate, adhere to the surface of a solid, known as adsorbent [33]. This phenomenon differs from
absorption, in which the species are dissolved into a liquid or solid. Absorption takes up the
whole volume of the material, while adsorption is a surface phenomenon [34]. The interfacial
layer involves the surface layer of the adsorbent and the adsorption space in which enrichment
of the adsorptive can occur [35]. The transport phenomena of a gas molecule on the inner sur-
face of porous solid sorbents can be differentiated into three stages [36], as follows:

1) External Mass Transfer: transportation of adsorbate molecules from the bulk through
the film layer resistance to the interface;

2) Internal Mass Transfer: the molecules travel along the length of the pores, limited either
by molecular or Knudsen diffusion. In the case of an absolute pressure difference inside
the pores, viscous flow can play a role;

3) Interaction/reaction: the adsorbate reacts/interacts with the functional groups on the
surface.

Considering the complexity of applying these concepts to monolayer and multilayer
sorption, some authors [33] consider adsorption simply as pore filling. The reverse mechanism
is classified as desorption. The desorption takes place as a regeneration step to fully remove
the adsorbate so that a new cycle of adsorption can restart. Due to the exothermic nature of
adsorption, the reverse mechanism can be induced by increasing the temperature, a tempera-
ture swing adsorption (TSA), or reducing the pressure, known as pressure swing adsorption
(PSA).

Interactions between the adsorbate and adsorbent can be characterized as physical or
chemical, based on the nature of the surface's forces. Physical adsorption involves Van der
Waals forces, forming a weaker bound due to induced dipole-dipole interactions [33]. On the
other hand, in chemical adsorption, molecules are firmly bound to the surface through a co-
valent bound and are subject to chemical reactions. Bonding energies in adsorption range from



about 5-40 kJ.mol" for physisorption, lower than energies of 40-800 kJ.mol! present in chemi-
sorption [37]. Thus, the sorbent regeneration in chemical adsorption is found to be more en-
ergy-intensive and frequently cannot occur without changing the adsorbent's properties [34].
Besides the nature of the interaction, the affinity of a component towards a specific adsorbent
depends on molecular characteristics such as size, shape, polarity, the system's partial pres-
sure, and temperature.

2.1.1 Thermodynamics

Adsorption involves an attractive interaction between adsorbate molecules and the adsorbent,
resulting in a superior release of energy when forming bonds than breaking them. Thus, its
enthalpy value, AH,, is negative, and the reaction is considered exothermic [38]. The molecules
in the desorbed state have high configurational entropy, but when they are bound to the ad-
sorbate's surface, the entropy is reduced, i.e., AS is also negative. Considering the Gibbs free
energy equation presented below, its value (AG) is negative if the condition AH > TAS is met,
causing the adsorption to occur spontaneously. The phenomenon is described below (Equa-
tion 2.1).

AG = AH —TAS (2.1)

Once the reaction takes place, AH value decreases as adsorption continues, whereas TAS
increases, and finally, AH becomes equal to TAS so that AG = 0. In other words, the adsorption
rate equals the desorption rate, and an equilibrium is reached. Rather than looking at the ad-
sorption mechanism as a one-way reaction, AG, can change from positive to negative by ma-
nipulating the temperature. Therefore, equilibrium can shift towards adsorption by lowering
the temperature or desorption with a significant temperature increase.

One of the most relevant properties for thermodynamic studies is the isosteric heat of

adsorption, AH;; (kJ.mol"). It is defined as the heat of adsorption determined at constant load-
ing, a specific combined property of an adsorbent—adsorbate combination.
The activation energy (kJ.mol?), Ea, is another significant standard as it determines the tem-
perature dependency of the reaction rate. It is associated with chemisorption and can be de-
fined as the energy barrier the adsorbate molecules must go through before they become
strongly bonded to the surface [39]. According to the Arrhenius equation, the value can be
determined from experimental measurements of the adsorption rate constant at different tem-
peratures. In practice, the activation energy generally varies with surface coverage due to en-
ergetic heterogeneity and/or sorbate-sorbate interaction [33].
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2.1.2 Equilibrium

The extent of the reaction is limited by equilibrium. Such behavior is usually described by the
amount of sorbent loading q., as a function of partial pressure (gases) at a fixed temperature,
denominated as an isotherm [38]. The isotherm is used to characterize and evaluate the most
critical properties of an adsorbent, such as adsorbent affinity, capacity, adsorption mechanism,
and quantitative distribution of adsorbate [40]. Several isotherm models have been developed,
varying in complexity and applicability.

2.1.2.1 Toéth Isotherm

The Téth isotherm has described CO, adsorption in Lewatit VP OC with good accuracy [27],
[36]. The isotherm is an empirical extension to the Langmuir isotherm (see Appendix A.1),
suitable in describing heterogeneous adsorption systems and valid for both low and high-end
boundaries of the pressure range [41]. The lowest region is specifically relevant for studies
based on DAC as they work around reduced concentrations of CO,. The equations that make
up the isotherm are represented between 2.2 and 2.5. The parameters g, [mol.kg], b [Pa], and

t [-] are temperature-dependent variables, and qy [mol.kg"], by [Pa’], t, [-], o [-] and y [-] re-
quire fitting.

_ qsbPco, (22)
qe - 1
(1+ (bPgop)t)

The parameters b and t in Equation 2.2 are specific for adsorbate-adsorbent pairs. If the value
of t equals 1, the relative energies of the different adsorption sites are the same, and the Téth
isotherm becomes the Langmuir isotherm. Hence, the further its value deviates from unity,
the more heterogeneous the system is. For this reason, t is considered to describe surface het-

erogeneity of the adsorbent and should not be = 1, otherwise the equation reduces to the Lang-

muir isotherm [41]. The variable b is an equilibrium parameter, defined as b = % [36].

des

T (2.3)
ds = qs0€Xp (}( (1 - —))
Ty

In equation 2.3, x is a fit parameter that confers temperature dependence in the maximum
equilibrium loading, qs.. Nevertheless, it has been assumed to be equal to 0 when considering
the CO,adsorption behavior in Lewatit as chemical. In chemisorption, the number of available
sites is determined by the number of functional groups on the adsorbent, independently of
which temperature occurs [42].

AH, T 24
b=b0exp< R;:S<T—O—1>> @4)
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T (2.5)
t=ty+aexp (1—?0)

Equation 2.4 causes the relationship between AH 45 and b, to be dependent on the arbitrary

value of Ty, referred to as reference temperature. Further, in a proposed model for co-adsorp-
tion CO,-H,O, the equation is altered to remove this association [32]. Equation 2.5 includes

both o, a fit parameter, and t,, a surface inhomogeneity factor at the reference temperature.

2.1.2.2 GAB Isotherm

GAB serves as an extension of the BET isotherm to also account for capillary condensation.
The BET isotherm is limited to a concentration range of 5 — 30% RH (see Appendix A.2). With
the GAB isotherm this is extended to 85%. This model considers the sorption state of adsorbed
molecules to be identical throughout the multilayer but different from that of the pure liquid
[43]. Thus, a parameter K,q4 [-] was included in the original BET equation.

The parameter K4, is referred to as a "correction factor" since it adjusts the properties of
the multilayer molecules relative to the bulk liquid, by accounting for the difference in free
energy between these two states. The more the adsorbed molecules are structured in a multi-
layer, the lower the value for K,q,. When K,y approaches 1, there is almost no distinction be-
tween multilayer and liquid molecules, reducing it to BET isotherm [44].

CoKaas B2

_ H20 (2.6)
e = Gm Py20 Pu20
(1 Kads Psat ) (1 + (CG 1)Kads Psat )
H20 H20
AHC) 2.7)
RT
AHK) (2.8)
RT

Ce = Cso exp(

Kaas = Ko eXp(

The parameter AH [J.mol?] refers to the difference in enthalpy between monolayer and mul-
tilayer sorption. This value is expected to be positive, due to the exothermic interaction of
water with primary sorption sites. The value of AHy, instead, is equivalent to the difference
between the heat of water condensation and the heat of sorption of a multimolecular layer.
This value will be negative and smaller, since the multilayer molecules are less firmly bound.

The factors Cy [-] and K, [-] deal with entropic nature between the first and multilayer,
and between the bulk liquid and the multilayer, respectively. Cg, is expected to be smaller
than 1, since the molecules prefer to be in the multilayer above the monolayer from an entropic
point of view. Similarly, K, will be larger than 1, due to the high entropy of the molecules in
the bulk liquid [44]. The saturation vapor pressure is temperature-dependent and can be de-
scribed by the Antoine equation 2.9. The parameters A [-], B [-], and C [-] correspond to the
Antoine constants.
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sat B (2.9)

log(pito) = A — T—C

2.2 Supported Amine Sorbents

The adsorbent constitutes a significant weight in designing a successful CO, capture operation.
Some criteria must be considered when selecting the sorbent among the existing ones or when
to develop a synthetically new one. An ideal sorbent would gather important parameters like
adsorption capacity, capital cost, and multicycle stability. The absolute value of adsorption
capacity tends to be one of the most focused metrics in research. However, it does not consider
the renewability conditions. Thus, the working capacity (WC) is considered an equally im-
portant parameter, defined as the difference between capacity before and after the adsorption
step, quantifying how much sorbent needs to be heated in the desorption to capture the same
amount of CO, [29]. The higher the WC, the lower the sensible heat energy penalty of the
process, and the respective capital cost can be reduced [27].

Thermal energy requirements take up most of the costs around separation [45]. The heat
of adsorption is a crucial adsorbent characteristic to determine the extent of thermal effects. It
measures the heat generated during the adsorption process and the heat required to complete
the desorption step. An additional factor is selectivity, which in this case, is described as the
affinity of CO, over other components present in the air (such as H,O and N,) to achieve high
product purity. This measure can determine the feasibility of the operation, as the further sep-
arations needed to separate the desired adsorbate from the other components takes up addi-
tional costs, which can be costly. Furthermore, stability is as essential since it defines the life-
time of the sorbent, i.e., the number of adsorption cycles. The higher this number of cycles, the
more the stability can be affected due to multiple factors such as operating temperature and
the presence of O,, CO,, and steam [46]. Realistically, no practical adsorbent gathers all these
conditions. Therefore, each adsorbent's strengths and weaknesses must be considered in the
context of a practical adsorption process for effective CO, separation [29].

Amine-containing sorbents have been formerly differed into three classes: (1) class 1
sorbents, based on physical interaction through impregnating amines into the pores of a sup-
port; (2) class 2, consisting of amine functional groups covalently bound to their internal sur-
face; and (3) class 3 sorbents, where amine monomers have been polymerized in situ, resulting
in polyamine structures tethered to the walls. These three classifications are illustrated in Fig-
ure 2.1. While more recently, a 4" class of sorbents has been proposed: aminosilane-grafted
silica surface and an additional layer consisting of physically impregnated amino polymer
clusters enclosed by a net of aminosilanes [47]. Class 1 sorbents typically have a higher capac-
ity than Class 2 sorbents due to their higher amine content [48], though their adsorption kinet-
ics are typically mass transfer limited [28]. While the adsorption loading of class 2 and 3
sorbents is not as competitive as the impregnated ones, the high stability during regeneration
has proven to be an advantageous trait [28], [46]. Choi et al. [28] observed that supported-
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amine adsorbents have relatively large CO, capacities at low CO, partial pressures compared
to other adsorbent types, which make them feasible candidates for DAC operations.

H

o 0
Class 1 Amino-solid
Impregnation

oH o
Class 2 Amino-solid Class 3 Amino-solid
Silane linkage polvmerization

Figure 2.1 - Classification of amine sorbents [49], as previously defined by Didas [50]. Copyright © 2019, Springer
Science Business Media, LLC, part of Springer Nature.

Among the research group Sustainable Process Technology (SPT), an analysis was per-
formed to compare sorbents impregnated and grafted with amines [27]. By evaluating the ad-
sorption capacity and thermal stability, impregnated amine sorbents were revealed to have a
higher initial capacity due to their superior density of amines. However, these capacity values
decrease substantially after a short period, as these amines are not attached to the surface they
tend to evaporate during regeneration. On the other hand, grafted amine sorbents were shown
to have much higher stability, despite scoring lower values in adsorption capacity. A grafted
amine sorbent was found to be very stable and resistant to degradation and with a good ca-
pacity (qeq = 3.2 mol.kg?), designated as Lewatit® VP OC 1065. The sorbent was the one chosen
to be part of this study.

2.2.1 Lewatit VP OC 1065®

This study conducted experiments with the commercial mesoporous adsorbent Lewatit VP
OC 1065®, imported from LANXESS [51]. The material is a polystyrene-based ion exchange
resin (IER) containing primary benzylamine units (see Figure 2.2), with cross-linking for di-
mensional stability and a divinylbenzene (DVB) crosslinking. The resin comes in the form of
spherically shaped beads [52], whose scanning electron microscope (SEM) capture is pre-
sented in Figure 2.3. The chemical and physical properties of this adsorbent are presented in
Appendix B.1.
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Figure 2.2 — Representation of a benzylamine structure.

Figure 2.3 - A scanning electron microscope (SEM) capture of Lewatit VP OC 1065 beads [46].

While it was observed that the resin has similar capacities of CO, at ambient conditions
when compared with other sorbents [13], Lewatit showed a high selectivity of CO, over H,O
(0.24 mol CO,/ mol H,O) in comparison to other alkali carbonate sorbents and physical
sorbents under air capture conditions (Pco, = 40 Pa, 20 °C, relative humidity (RH) = 58 %).
Moreover, it is commercially available in large amounts, making it a good candidate for scal-
ing-up. Alesi et al. [30] also reported that VP OC 1065 has a stable CO, capacity during 18 cycles
and that can be almost entirely regenerated at temperatures in the order of 100 °C, a tempera-
ture that has lower risks of causing sorbent degradation.

In previous studies with Lewatit, it was experimentally observed a maximum capacity
of 18.5 mol H:O.kg' (RH = 93%, T = 21.7°C) [43] and 2.95 mol CO,.kg? (70 vol% of CO,, T =
32.85°C) [53]. As the maximum theoretical amine loading is expected to be in the order of 6.7
mol N.kg* of sorbent [54], the maximum CO, loading then corresponds to a amine efficiency
of 0.44 mol CO, per mol No.

Yu et al. [46] evaluated the thermal and chemical stability of Lewatit VP OC 1065 in view
of the potential strategies of regenerating this sorbent in CO, removal application and reported
significant oxidative degradation above 70°C in air and, surprisingly, above 120°C degrada-
tion in concentrated dry CO,. In view of the degradation observed, sorbent regeneration
should be carried out in absence of oxygen when operating above 70°C and at temperatures
below 150 °C to avoid thermal degradation. If the partial pressure of CO, approaches 1 bar,
the maximum temperature should not be higher than 120°C to avoid urea formation. Humid-
ity was unable to completely prevent urea formation nor to reverse it.

The T6th isotherm has described CO, adsorption in Lewatit VP OC with good accuracy
[27], [36]. Figure 2.4 depicts the CO, behavior under dry conditions through the Téth equilib-
rium model and fitted parameters determined by M. Bos et al. and Veneman et al. [27], [36],
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based on experimental results. The CO, adsorption isotherms exhibits a typical Langmuir
shape characteristic of chemisorption with a steep rise at low pressures and a plateau at higher
pressures. Both sets of parameters have very similar trends, particularly in the lower partial
pressure region. Furthermore, it displays comparatively high loadings of ~1 mol.kg™ in ambi-
ent conditions, i.e., T = 25 °C, Pco, = 40 Pa, represented in Figure 2.4 a). While for the same
conditions but at higher partial pressures, e.g., pco. = 1000 Pa, maximal loadings reach no more
than 3 mol.kg™.

a) 35 b) 35
—5°C M.Bos sz
3r ——15°C M.Bos
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35°C M.Bos 3l
25} — — 5°C Veneman
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n
o

CO2 loading [mol/kg]
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CO2 partial pressure [bar] %1073 CO2 partial pressure [bar]

Figure 2.4 — CO; equilibrium isotherm for Lewatit VP OC for different temperatures [5-35 °C] from two sets of
parameters, M. Bos and Veneman [27], [36]. From left to right: a) sorbent loading within a lower partial pressure
range [0-100 Pa]; b) overlook of the whole partial pressure array [0-1000 Pa]. The parameters are displayed in Ap-
pendix C.1.

Previous equilibrium experiments [53] have confirmed that water adsorption in Lewatit
indeed behaves as physisorption. This assumption is based on (1) H,O adsorption has dis-
played experimentally a much higher sorbent loading (q.=12.5 mol.kg?) than CO, (q.=2.5
mol.kg?) [52]; (2) the adsorption heat value for water is significantly lower than CO, (AH.,4s 1120
=43 kJ.mol", AH,4sco. = 70—-80 kJ.mol?), adding the fact that AH,4 is very close to the conden-
sation heat of water (AH,,,, 0 = 41 kJ.mol?), suggesting that indeed condensation/ pore filling
occurs at higher relative humidity [53].

Figure 2.5 depicts the H,O behavior applying the GAB equilibrium model and fitted pa-
rameters determined by J. G. Martinez [43], based on experimental studies. As opposed to CO,,
the kinetics for the adsorption of water vapor has not been studied in detail. Although it is
known that physical adsorption processes are in general fast compared to chemical adsorption
processes [27], which has been observed for the case of water [55].
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Figure 2.5 - Water equilibrium loading for Lewatit VP OC as a function of the relative humidity [5-85%] and tem-
perature [5-35 °C], using the GAB equilibrium model. The parameters applied are displayed in Appendix C.2.

2.3 Co-Adsorption Mechanisms

2.3.1 CO; Adsorption under Dry Conditions

The uptake of CO, in aqueous alkanolamines, which is the most intensively studied
amine—CQ, interaction, has most often been described as the formation of alkylammonium
carbamates through a zwitterion mechanism for primary and secondary amines [28], [56]. For
adsorption with amines supported, or tethered, on solids, the main mechanisms are still under
investigation. Nonetheless, literature has consistently reported two species formed on amine-
functionalized adsorbents in the presence of carbon dioxide, in anhydrous conditions: ammo-
nium carbamate and carbamic acid. Such species were found in numerous spectroscopic stud-
ies based on Fourier transform infrared (FTIR) [31], [57]-[61], 13C solid-state NMR [62]-[64]
and to a lesser extent, 15N NMR [64], [65] and X-ray diffraction [66]. In contrast, many de-
scribed conflicting band assignments in FTIR studies and insensitivity in solid-state NMR
(SSNMR), reason why the precise atomic-level structure of chemisorbed CO, species remains
poorly understood [67].

The well-established mechanism between primary and secondary amines® and CO, was
first proposed by Caplow ef al. (1968) [37] and Danckwerts et al. (1979) [68] as an acid-base
reaction. In the first step, amines act as a nucleophile (Lewis’s base) adding to the carbonyl
group of the CO, to form a zwitterion molecule, referred to as 1,3-zwitterion, where 1 and 3
indicate the positive and negative centers, respectively (equation 2.10). This nucleophilic “at-
tack” involves the initial formation of a C-N bond to form carbamic acid in absence of adjacent
amine groups, via intramolecular proton transfer, as illustrated in Figure 2.6 b) and equation
2.12.

3 For the sake of context, while Lewatit VP OC contains merely primary amines, the literature approached in this
chapter will only refer to primary and secondary amines, as they have similar mechanisms. Adsorption of tertiary
amines, consequently, will not be discussed.
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RNH, + CO, 2 RNH; C00~ (2.10)
RNH3 COO~ + RNH, 2 [RNHCOO~][RNH7] 211)

RNH, + CO, 2 RNHCOOH (212)

The carbamic acid may be converted into a more stable carbamate salt via intermolecular
proton transfer [69] if another amine is close enough or in the presence of pathways for proton
migration, acting as a Bronsted base [52] (see Figure 2.6 a) and equation 2.11). The latter mech-
anism requires two amine groups per adsorbed CO, molecule (2:1 stoichiometry).
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Zwitterion Carbamate acid

Figure 2.6 - CO, adsorption on primary/secondary amines via (a) the carbamate mechanism and by (b) the for-
mation of carbamic acid. Based on the original publication of M. Hahn, M. Steib, A. Jentys, et al. [70]. Copyright ©
2015, American Chemical Society.

Both the internal proton transfer to form the carbamic acid and the subsequent acid-base
reaction to form the carbamate product would be expected to form fast. Therefore, the rate-
determining step in the formation of ammonium carbamate is considered to be the nucleo-
philic addition of the amine nitrogen and CO, carbon [71]. This mechanism is applicable to
sterically hindered amines as well, which are defined structurally as primary amines where
the amino group is attached to a tertiary carbon atom, or secondary amines where the amino
group is attached to a secondary or a tertiary carbon atom [28].

There is no experimental evidence of the existence of the zwitterion, not even in aqueous
solutions [72]. A possible explanation is that the energetics of zwitterion formation are unfa-
vorable, such that its concentration falls below the detection limit of spectroscopic techniques.
As an alternative to the 1,3-zwitterion, other studies have pointed out that the nucleophilic
attack of CO, could be assisted or catalyzed through hydrogen bonding by other species such
as amine [73], water [30], or hydroxyl groups (OH) [72].
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On a thermodynamic point of view, the energy barrier to the deprotonation step is high
due to the transition state, which consists of a four-membered ring where the proton is inter-
mediate between the amine nitrogen and the carbamate oxygen [72]. The second amine pro-
vides stabilization through hydrogen bonding, to both products and reaction intermediates,
thus lowering the energy barriers [74]. Carbamic acids are not thermodynamically stable as
they hydrogen bond to convert to ammonium carbamate, or dimerize, in form of paired car-
bamic acid (see Figure 2.7) [74]. An analysis of the C=0 infrared frequency by Bacsik et al. [57]
on silica modified by n-propylamine identified the presence of hydrogen-bonded carbamic
acid and carbamate ions in dry conditions, which are formed rapidly. In a more recent study
[64], it was suggested that both the ion pair ammonium carbamate and the neutral pair amine-
carbamic acid are present in aminated silicas that have come into contact with CO.,.

b)
OH------ 0
a) S H A
R BN A
/C\\*o NH; / O-----OH
TH ‘ HN NH

Figure 2.7 - Visual scheme of both species that CO2 adsorbs in the absence of water on amine-functionalized
sorbents, being a) Ammonijum carbamate and b) Paired carbamic acid. Based on the original publication of Young
et al. [40].

According to Yu ef al. [75], CO, adsorbs on primary amine as ammonium carbamate and
secondary amine as carbamic acid. Another report [76] also observed this phenomenon based
on situ infrared (IR) spectroscopy for different CO, capture conditions, including direct-air
(0.04 vol%), where CO, adsorbs on the primary amine site as strongly adsorbed species in the
form of ammonium carbamate, and the secondary amine site as weakly adsorbed species in
the form of carbamic acid. However, the same study did not exclude the formation of different
species on one amine-functionalized sorbent.

Moreover, reports have claimed that the resultant species are strongly influenced by (1)
amine coverage (2) moisture and (3) amine steric hindrance [67]. Another article from Didas et
al. [31], focused on the association between amine coverage and CO, mechanisms under dry
and humid conditions. The authors used primary sorbents (APS) grafted to SBA-15 silica with
three different levels of amine density. It appeared that “SBA-APS-low” formed ammonium
carbamate ion pairs, hydrogen-bound carbamic acid and bound carbamate under dry CO,
conditions, while “SBA-APS-high” only forms ammonium carbamate pairs in both dry and
humid conditions. Others [57], [58], [67] observed similar results, i.e., more ion pairs formed
on samples with high amine densities (silica/ APMES) as opposed to those with low coverage
(silica/ APMDES).

When focusing on the sorbent of this study, Lewatit VP OC 1065, it is expected for its
primary benzyl amines to interact with CO, to form either carbamic acid or a carbamate ion
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[54]. Alesi et al. [54] mentioned that it is not possible to determine if the dominant captured
species are carbamic acid or carbamate ion form. While more recently, a molecular modeling
[30] on the same material showed that the amine groups could react with each other despite
being fixated on the surface. It also pointed out that, under dry conditions, the most likely
reaction mechanism corresponds to formation of carbamic acid, with an H-bridge to the re-
maining second amine. In this case, as there is neither a solvent (H,O) nor a strong electrostatic
field present, the authors stated that no stable ammonium carbamate could be established.

Theoretically, the formation of carbamic acid can indeed increase amine efficiency in
CO, adsorption due to its stoichiometry of 1 mol of CO, to 1 mol of amine [32]. However,
carbamic acid is said to be unstable, as mentioned before, without converting to carbamate or
in its paired form. In addition, Didas et al. [73] observed that the activation barrier for the
formation of carbamic acid using two amine molecules per CO, (ca. 16 kcal.mol™) was much
lower than the for the one-to-one reaction (ca. 40-50 kcal.mol™?). The intense reduction sug-
gests that an additional amine molecule might be required to catalyze the reaction, giving it a
stoichiometry of 2:1.

2.3.2 Water Adsorption

Understanding water adsorption performance is as relevant for this study as CO, since there
is no way to avoid moisture in direct air conditions. A good understanding of some physical
mechanisms is required, including the monolayer and multilayer formation, as well as capil-
lary condensation.

Water behaves differently than CO,, namely, by physisorption. In the first layer of water,
all the adsorbed molecules are in contact with the surface, while subsequent layers have less
interaction with the sorbent. As relative pressure rises, the thickness of adsorbed layers grad-
ually increases, and multilayer adsorption occurs (layers 2-9). The molecules of the multi-
layers display energy levels somewhere between those of the monolayer and the liquid state
[44]. Therefore, the energy of adsorption of the second layer is similar to the latent heat of
vaporization of the adsorbate [77]. When relative pressure reaches initial capillary condensa-
tion pressure, water starts condensing inside the pores until they are filled [35], [43].

Once desorption takes place, hysteresis is observed as it is typically associated with ca-
pillary condensation. The phenomenon shows a different, higher curvature in equilibrium ca-
pacity when compared with adsorption. This is due to the altered angle of the adsorbate evap-
oration from the liquid meniscus. Figure 2.8 was picked as a representation of this phenomena,
resultant from water adsorption experiments performed with Lewatit at T=8 °C alongside a

wide range of humidity (RH=7-93%) [43].
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Figure 2.8 - Hysteresis behavior in Lewatit at T= 8°C, shown by the adsorption equilibrium capacity of water as a
function of RH (%), forwards and backwards [28].

2.3.3 CO; Adsorption under Humid Conditions

The role of water in the CO, capture on solid amine sorbents has shown to be ambiguous over
its mechanisms at a molecular level. How H,O molecules control the amine efficiency of the
sorbent and which are the dominant species, is still under debate [78], [79]. In particular, dis-
tinguishing moisture-induced CO, species (e.g., bicarbonate) from carbamic acid or carba-
mates is considered a challenging assignment, mainly because the signals attributed to car-
bamic acid and carbamate species tend to dominate the FTIR and NMR spectra [78].

Although it has been observed that H,O adsorption is unaffected by the presence of ul-
tra-diluted CO, [80], a significant number of reports have proven experimentally that water
does improve CO, capture efficiency both in aqueous and solid amine sorbents. Studies re-
garding solid sorbents witnessed that this effect was especially pronounced for low CO, con-
centrations [80], [81]. The work by Gebald et al. [80] was one of them, whose binary CO,-H,O
studies were conducted on 3-Aminopropylmethyldiethoxysilane (APDES), a primary amine
sorbent. CO, capacities were calculated at Pco,= 40 Pa under the presence of water, which re-
sulted in an enhancement of 92% and 1191% for adsorption at 296 and 323 K, respectively. The
latter enhancement is particularly elevated, going from qq,= 0.11 molkg™ t0 qnumia= 1.42
mol.kg™. On a higher CO, concentration range, however, humidity only slightly enhances CO,
adsorption (e.g., at Pco,= 100 kPa and T=296 K, capacity went from qa,,= 2.26 mol. kg™ to qhumia=
2.54 mol.kg!'in presence of humidity). Indeed, the CO,-H,O interaction is quite promising for
future DAC technology, but analysis on a particle scale needs to be developed in-depth.

On the other hand, reduction on CO, capacity was detected in the presence of water, as
opposed to what is commonly described in literature. Liu et al. [82] reported a decrease from
2.765 to 2.579 mmol.g! under flue gas conditions (e.g. CO, concentrations of 10% at
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atmospheric pressure), which was attributed to possible blockage of the pores by accumula-
tion of excess H,O, or additional mass transfer resistance.

For primary and secondary amines, in aqueous adsorption systems, two types of reaction
might occur: between H,O — CO, — Amine, and H,O — Carbamate species — Amine.

CO, + H,0 + RNH, 2 HCO; + RNHS (2.13)

In the first reaction (equation 2.13), water acts as a nucleophile in contact with CO, to
form carbonic acid, which in turn reacts with an amine. Because amine solvent solutions have
a much higher pH than neutral water, they act as a more favorable Brensted base to enhance
the formation alkylammonium bicarbonate / carbonate products [69], [74], [83]. Carbonate spe-
cies have been reported as unlikely as conditions that favor its formation (pH > 11) are not
present [30], [84].

RNHCOO™ + H,0 2 HCO3 + RNH, (214)

The second reaction involves water molecules hydrolyzing the initially formed carba-
mate species, releasing a free amine to produce ammonium bicarbonate [72], as indicated in
equation 2.14. It should be mentioned that for each ammonium bicarbonate, the amine/CO,
ratio is 1:1, whereas for an ammonium carbonate, the amine /CO; ratio is 2:1 (only 0.5 mol of
CO,; captured per amine). Figure 2.9 shows the molecules of both ammonium bicarbonate and
water stabilized carbamic acid, as possible species that CO, adsorbs in the presence of water

on amine-functionalized sorbents.
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Figure 2.9 - Visual scheme of both species that CO, adsorbs in the presence of water on amine-functionalized
sorbents, being a) Ammonium bicarbonate and b) Water stabilized carbamic acid. Based on the original publication
of Young et al. [40].

The mechanisms that occur in aqueous systems may differ from the ones in grafted
amines. Solid sorbents have its amine functional groups surrounded by neighboring amine
and alkyl (C—H) groups instead of H,O molecules. Furthermore, both environments differ in
the number of H,O molecules that interact with amine functional groups, adsorbed interme-
diates, and adsorbed CO, [79]. Indeed, ammonium bicarbonate, a specie actively present in
aqueous amines, had not been unambiguously identified on grafted amine sorbents (primary
and secondary) until a recent study by Didas et al. [31] under wet conditions. The same report
that investigated the impact of amine coverage on adsorption detected the occurrence of bi-
carbonate on a grafted sorbent (e.g., SBA-APS low coverage), attributing it to the band formed
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in the range of 1350 — 1360 cm™ in the IR spectra. These findings support a zwitterionic mech-
anism transitioning slowly to bicarbonate in the presence of water, after rapid formation of
ammonium carbamate. Additionally, the authors proposed a difference in humid adsorption
behavior for supported amine adsorbents with varying degrees of amine loading, reinforcing
the same proposition given in dry conditions: different adsorption mechanisms occur within
different materials.

Although bicarbonate formation for this analysis was observed, other researchers did
not report its presence under humid conditions, neither computationally nor experimentally
(where the wet capacity would equal the double corresponding to the dry loading). The in-
crease in amine efficiency has rather been justified by one (or more) of the following occur-
rences: (1) more carbamate ion pairs, as a result from water-induced proton transfer from car-
bamic acid to neighboring amines. [13], [57], [78], [85]; (2) formation water stabilized carbamic
acid [30], [32]; (3) the release of additional hydrogen bonded amines [57].

In alternative to bicarbonate, Li et al. [72] found hydronium carbamate to form in larger
concentrations than bicarbonate on a (PEI)-impregnated sorbent, based on a spectroscopic
analysis. This phenomenon was justified by the weak energy of formation (~1 kJ.mol™) of bi-
carbonate when comparing to hydronium carbamate (—42 kJ.mol?). Hydronium carbamate
was first proposed by Caplow for interpreting kinetics of carbamate formation and dissocia-
tion [37], [79], but very little information is presented on this mechanism. It has been proposed
that a carbamate zwitterion stabilized by water is deprotonated, forming hydronium carba-
mate [15]. The reaction mechanism is as follows:

RNHCOO™ + H,0 2 H30* + RNCOO~ (2.15)

The effect on adsorption is very similar for both hydronium carbamate and bicarbonate

pathways, as each species only requires one amine group for CO, adsorption, as opposed to
two for ammonium carbamate. Another mechanism suggested by Yu and Chuang [86] that
carbamic acid can be interconverted to hydronium carbamate.
For experiments performed with Lewatit VP OC, the already referred molecular modelling by
Buijs and de Flart [30] perceived that the most probable reaction corresponds to the formation
of carbamic acid stabilized by water. The authors also claimed that water is directly involved
in the proton transfer from amine — H,O — amine — CO,, i.e., the reaction is catalyzed by wa-
ter. Quantum chemical calculations found the H,O molecule to be located between the two
benzyl amine groups, in contrast to previous studies [56], which could support the hypothesis
of water not being just a polar spectator but actively participating in the proton transfer. The
activation barriers under these conditions were found to be significantly lower (45 kJ.mol?)
when compared to as the amine catalyzed case (76 k].mol?), i.e., dry conditions.

The same proposal for water stabilized carbamic acid as the main mechanism in humid
conditions is supported by a more recent article by Young et al. [32], operating with the same
sorbent. It was observed that co-adsorption enhancement in the lower pressure region would
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be significantly superior, with values up to 2.5 times the adsorption capacity under dry con-
ditions. The apparent disparity in adsorption enhancement within the partial pressure range
led to the exclusion of ammonium bicarbonate or hydronium carbamate as possible species
under humid conditions. As stated, “the high enhancement factors observed at low partial
pressures would be expected to persist at higher partial pressures as each amine group that is
used for adsorbing one CO, molecule under dry conditions can now adsorb two”. Nonethe-
less, the study was not able to exclude the formation of other species (i.e., carbamate). The
experiments were performed under three different temperatures (25 °C, 50 °C and 70 °C), each
at 0%, 30%, 55% and 80% relative humidity (RH). The breakthroughs were conducted at a CO,
partial pressure range of 0,005 — 1 bar.

The work held by Yu et al. [13] did not detect either the presence of bicarbonate, given
the absence of the HCO; bond lays in the sorbent characterization. The peak observed was
rather attributed to the NCOO- group, pointing towards carbamate formation, indicating that
water co-adsorption does not alter the mechanism for dry CO,adsorption. Here, Lewatit was
exposed to humid lab air (22 °C, 40 — 50% RH) for varying times, ranging from 17 min to 2.5
day. For the equilibrium experiments, illustrated in Figure 2.10, the water and CO, capacity
were measured for wet air with a relative humidity (RH) of 10% — 80% at 15 — 40 °C. The
representation of co-adsorption of H,O results shows an increasing trend throughout relative
humidity.
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Figure 2.10 — Experimental results from Qiu et al. [13] performed with Lewatit VP OC. The ratio of CO; adsorption

capacity at wet condition over dry condition as a function of RH (%) in the feed gas at five different temperatures
(Pcoz = 40 Pa)

For the kinetics, the rate constant of CO, adsorption (K,q) in humid air was found to be
lower when compared with the one determined in dry air. This might be due to the water
adsorption leading to an additional barrier for the mass transfer of CO, or for the heat evolved
during the initial phase when the sorbent is loaded with water [13].
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2.4 Co-Adsorption Models

The models presented below were considered in two studies dedicated to the co-adsorption
analysis of CO, and water in solid amine sorbents [32], [45]. Both the Mechanistic co-adsorp-
tion model and the Weighted Average Dual Site T6th (WADST) model were suggested by
Young et al. [32], with the same sorbent as the one applied in this work, alongside the empirical
co-adsorption model Stampi-Bombelli adapted from the work by Stampi et al. [45].

2.4.1 Toth Transformed Equation

The equation used to describe the b parameter in the Téth equilibrium model was re-arranged
in the work of Young et al. [32], which is applicable to the Mechanistic and WADST Model.
The original equation causes the relationship between AH, [J.mol"] and b [Pa] to be depend-
ent on the arbitrarily assigned Ty, [°C]. For this reason, the authors changed the equation to
remove this dependence. In order to have a consistent comparison of fits between Young et al.
and this work’s, the adjustment was applied.

_AHads) (2.16)

b = b, exp( RT,

2.4.2 Model Mechanistic

The following equilibrium isotherm is intended to approach three effects that were considered
relevant in the CO,-water adsorption behavior: (1) Amine efficiency may be limited by hydro-
gen-bonded water structures blocking CO, access to amine sites at high water loadings; (2)
The presence of water can increase the stoichiometric ratio due to ammonium bicarbonate for-
mation; (3) The presence of water changes the heats of adsorption of adsorbed CO, species
hence the affinity. Based on these properties, the authors propose a mechanistic adjustment of
isotherm behavior, as described in equations 2.17-2.21. First, a generic equation of CO, loading

including terms for the amine efficiency under actual, ¢ [—], and dry, ¢4,y [—] conditions:

¢
dcoz2 = _¢d f(©coz2, T, AHgye) (2.17)
ry

Here f is the temperature and partial pressure-dependent isotherm equation, and AHg,,.
[J.mol ] is the average heat of adsorption calculated in equation 2.17.

— n
fblocked = fblocked,max(l —e€ (kqnz0) ) (2.18)

Where f10ckeamax [—], k [-], and n [—] are parameters to be fitted.
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The model seeks to describe effect (1) with the following equation 2.18. Here, the fraction
of the blocked sites by hydrogen-bonded water structures, fyiockeq [—], is deducted from the
theoretical maximum available sites, ¢,,q, [—], to calculate the fraction of available amine sites

for adsorption, 4) available [_]

Pavaitabie = Pmax — foiocked (2.19)

The maximum possible amine efficiency, ¢ m.x[—] is assumed to be 1.

The effect (2), which corresponds to the increase of the stoichiometric ratio due to the
formation of ammonium bicarbonate, is described by a Maxwell-Boltzmann distribution, as
depicted in Equation 2.20. In a chemical context, this distribution is used to show how, with
increase of temperature, a higher proportion of molecular collisions have the required energy

for a reaction to occur, such as is described by the Arrhenius Law.

A
¢ = ¢dry + ((pavailable - d)dry)e qH20 (2-20)

The value A [mol.kg"] refers to the critical water loading value. Both parameters A and ¢ 4y
must be fitted. Lastly, Equation 2.21 attempts to calculate the heat of adsorption, based on
effect (3). This is done by measuring a weighted average between the dry and wet states, where
AHgyy [J.mol'] and AH,,e. [J.mol ] are the heats of adsorption, respectively. AHg,., was deter-

mined from experimental CO, isotherms, whilst 4H,,.is fitted to co-adsorption data. The
A
value of e 920 corresponds to the fraction of sites that form adsorbed species with water.

A A
AHgye = (1 — e'qHzo> AHgyy + € 920 AH 0 (221)

2.4.3 Model Weighted-average dual-site Toth (WADST)

This approach assumes that there are two types of sites. One with an available water molecule
and one without an available water molecule. Furthermore, the same approach as with the
mechanistic model will be used to describe the probability that a site has an available water
molecule via an Arrhenius style equation described by the same critical water loading param-

eter A.
o bary (TP
dco2 = (1 —e qHzo) s,ary dry( )Pco2 y
(1 + (bary (T)Pppy)tary ™y Ttary(T)
+ e_q:ZO CIS,WEthBt(T)PCOZ 017)

1
(1 4 (by et (T)Pgpz)twet(M) /twer(T)
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Here the dry site in the isotherm is simply defined by the Téth model shown from 2.2-2.5.
Meanwhile, the wet site is again defined by the same equations and fit, alongside 4, to co-
adsorption experiments, with the dry site already fixed from pure-component isotherms.

2.4.4 Model Stampi-Bombelli

This model was incorporated from the work of Stampi et al., to describe co-adsorption on an
amine-functionalized cellulose material by applying an adjustment to the pure Téth model.

q(T,qu20) = q(T) (m) (2.18)

b(T, quz20) = b(T)(1 + Bqnz0) (2.19)

The variables y [—] and 8 [—] do not have any specific physical meaning but are simply the
parameters that describe co-adsorption and should be fit to wet experiments. The authors of

this study also suggest that both y [—] and B [—] should be greater than zero [45].

Figure 2.12 depicts the enhancement factor (q./qqry) of co-adsorption experiments per-
formed by Young et al. [32], while figure 2.13 shows the data fitting for their two co-adsorption
models (Mechanistic and WADST), and for the model from Stampi-Bombelli et al. [45], at T=
25 °C and relative humidity (RH) of 30% and 55%. The parameters found in this fitting process
are presented in the Appendix C.3. A few observations can be made: first, no model provides
a perfect fit throughout the whole pressure range. While focusing on the lower pressure re-
gion, which is the most relevant for our study, very few data points are displayed. The lack of
experimental data is not only restricting but can also induce inaccurate fittings for each equi-
librium model. Another remark is towards the influence of humidity and partial pressure on
adsorption capacity. In picture 2.12 it appears that capacity enhancement follows a decreasing
trend along the partial pressure range, to the point when at Pco,= 1 bar, both capacity values
at 30% and 55% relative humidity are almost equivalent to dry conditions. Moreover, the effect
of relative humidity does not seem to cause adsorption enhancement in isothermal conditions.
For the temperature of 25°C, for example, data points at 30% humidity have superior enhance-
ments when comparing to the 55% relative humidity values.
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Figure 2.11 - Enhancement factor of co-adsorption experiments by Young et al. [32] plotted against pressure for a
range of temperatures and humidity. The enhancement factor is defined as amount of CO, adsorbed divided by
the amount of CO, that would be adsorbed under dry conditions at the same temperature and pressure.
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Figure 2.12 - Experimental co-adsorption CO, isotherms (markers) at T= 25 °C and relative humidity (RH) of 30%
and 55%, from left to right respectively. All plots were fitted to an empirical literature co-adsorption model from
Stampi-Bombelli et al. and the two models from Young et al. [32], comprehended in a pressure range of 0 — 1 bar.

28



3

METHODOLOGY

To test the mathematical equilibrium models found in previous studies, experiments were
performed to obtain the data required to construct adsorption isotherms. The CO, capacity
was measured for wet air with relative humidity (RH) of 0% - 90% at temperatures 5 — 35 °C,
and partial pressures of 40, 200, and 1000 Pa. The dry capacities were measured twice as a
reference value to the following measurements under humid conditions. These measurements
were featured with previous experimental work done by former bachelor student Marc de
Vries [87], who studied as well the effect of water in CO, adsorption, in collaboration with the
SPT group. The planning of this study's experimental work is described below in Table 3.1.

Table 3.1 - Description of the whole set of experimental data.

= - > 1>5C 25°C 352C This work
40 Pa
M 7
200 Pa arc [87]
1000 Pa Both experiments

3.1 Experimental Apparatus

The setup used for experimental work can be visually described by the photo and scheme
below (see Figure 3.1 and 3.2) and focuses on measuring CO, adsorption capacities in condi-
tions of direct air capture. It consists of a packed bed reactor, two connected bubble columns
referred to as humidifiers, four BROOKS mass flow controllers (MFCs) SLA 5850 series, and a
LI-840 gas analyzer (detection range: 0 — 2% CO,). The gas inlet composition is manipulated
by mixing a high purity (grade 5.0) N, and CO, streams with a N, pre-saturated flow, resultant
from the humidifier.
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Figure 3.1 — Photo of the experimental setup, including: (1) two humidifiers, (2) a fixed bed adsorption column,
and (3) a water bath, as well as the coverage in aluminum foil.

In order to run adsorption experiments over long periods, a water bath JULABO
F32/F25 was used to regulate the temperature due to its stability. For the desorption, which
was carried out at 90 °C, the application of an electrical heating Eurotherm 2132 (600W) was
considered a far faster option. This is due to the additional time required to cool down the
water bath back form desorption to adsorption conditions. Though electrical heating repre-
sents higher variability, the risk is outweighed by the small amount of time it takes for the
sorbent to regenerate.

An electric tracing at approximately 65 °C was located between the humidifier and the
reactor to heat up to temperatures just above the dew point and prevent possible condensa-
tion. Layers of cotton and aluminum foil were also applied around the adsorption column,
humidifier, and revolving tubes when simulating conditions at 5 °C to isolate the setup from
the laboratory's ambient temperature.

Temperature monitorization is measured with K-type thermocouples in the axial center
of the bed and the inlet and outlet of the reactor. Pressure and humidity sensors were also
applied at the reactor entrance and exit.
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Figure 3.2 - Schematic representation of the adsorption-desorption process setup. The instruments used in the con-
trol of the operation’s conditions are represented too, such as: MFC (mass flow controllers), HT (humidity trans-
mitter), PT (pressure transmitter), TC (temperature controller). TI (temperature indicator) and TT (temperature
transmitter).

3.2 Procedure

The first step of the procedure is to desorb the column to certify that the adsorbent is free from
adsorbed molecules. For this, one flushes pure nitrogen from the MFC-4 and sets the electric
heater to 90°C for about an hour. The concentration of 10 ppm was defined as a threshold of
what we consider as enough to assume nearly all CO, has desorbed. Once that concentration
is reached, the electric heater is turned off. We proceed to cool down while running the water
bath until the temperature inside the reactor stabilizes. Then, after verifying all the valves and
MEC settings, N, is fed from MFC-1 through the humidifier and mixed with pure N, and CO.,.
The gas phase flows through the adsorption column, a fixed bed reactor containing 3.7 g of
the solid sorbent inside.

The output data is given by the analyzer that measures the concentration of CO, and
both ingoing and outgoing temperature, pressure, relative humidity, and bed temperature.
Because the analyzer has a limited capacity of 1 L.min?, part of the outlet flow deviates directly
to the vents, releasing it into the air. Data points are quantified per second, and the experiment
ends a bit after equilibrium is reached, which is described as a steadiness of the sorbent load-
ing. Once it is over, all data is saved, and desorption retakes place.
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3.2.1 Breakthrough Method

The experiment is run for a time long enough to reach equilibrium. Each CO, concentration in
ppm is plotted per second to obtain the breakthrough curve. Once it is determined where the
plateau was reached, the inlet concentration is achieved by calculating the mean of the last
~3600 data points. The adsorption capacity value is extremely sensitive to this approach, so a
meticulous analysis of variations throughout the curve and picking up when equilibrium oc-
curs is critical. Figure 3.3 below represents the resulting breakthrough curves (Pco, = 42.5 Pa)
at different temperatures after almost 4 hours, and Figure 3.4 illustrates the inlet and outlet
concentrations at the same concentration at T= 15°C under dry conditions.
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Figure 3.3 - Example of Breakthrough curves at Pco,= 42.5 Pa, in a temperature range 15-35°C.
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Figure 3.4 — CO, concentrations of the inlet and outlet flow, at Pcop = 42.5 Pa, T=15°C, and 0% RH.
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The conversion to sorbent uptake starts by multiplying each inlet and outlet point with
the gas molar concentration in mol.m?, M;,s, whose value is obtained through the Ideal Gas

Law. Then, all data points are multiplied by the total flow rate (m®s?), F,, so that the amount
of CO; in and out is known (n;, and n,,, respectively).

CppmMgast (3.1)
le6
Using the equation 3.2 below, one can measure how many moles of CO, are adsorbed with a

n=

subtraction of the outlet and inlet concentration. As the last step, the number of moles is di-
vided by the sorbent mass to get the sorbent loading (mol.kg), shown in equation 3.3.

— i i

=N — Nout (3.2)

i
Naas

1 t=i ] (3.3)
a® = [ ks at
0

Besides the sorbent capacity, the purpose of these experimental procedures is to obtain
the relative humidity (RH) inside the adsorption bed so that it is possible to establish a rela-
tionship between CO, uptake and moisture. The humidity sensor in the inlet measures the
saturated nitrogen from the humidifier. Since CO, and dry N, are added to the gas composi-
tion, and the temperature inside the bed differs from the inlet, this sensor cannot indicate di-
rectly the relative humidity inside the adsorption bed.

A few calculations were done for this matter, beginning with Arden Buck's formula, rep-
resented in equation 3.4. It correlates saturated vapor pressure with temperature [88], from
which we obtain both bed and inlet saturated pressure, based on the temperature output.

PSat = 0.61121 ex (18'678 _ LT ) (3.4)
l ' P\ 2345 " 25714+T,

Afterward, the partial water vapor pressure from the inlet, Pi‘;'{, is calculated based on

the definition of relative humidity, exemplified below. The resulting water vapor pressure is

divided by the total pressure measured, leading to the mole fraction of water in the inlet gas,

X' Both values of RH;;, and P are given by the output data.

pw _ RHnPi (3.5)
in 100
PV (36)
mn
Xin =5~
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The MFC settings were determined using the volume flow values (m®.s?) at 100% of its con-
figuration for every experiment. All gas flows (CO,, dry N, and humidified N,) are considered.
The correspondent mixing ratio for each experiment is then determined.

(1) .
mixing ratio = —— M (3.7)
Qhumid + (Z)dry

Where ¢ is the volume flow.

Following the previous results, it just takes multiplying the mixing ratio with X}} to ac-

quire the mole fraction of water present inside the adsorption column, X W, and, subsequently,

wet

the partial vapor pressure of the bed Py (Equation 3.8 and 3.9). The expression 3.10 repre-
sents the final equation that leads to the actual RH value (%).

XYW, =X (mixing ratio) (3.8)
Pyoa = Xpeq P (39)
PW
RH = l:fi 100 (3.10)
Pbed

As an example of the data obtained from the setup, Figure 3.5 a) and b) represents the
bed reactor’s relative humidity and temperature, respectively, varying through ~ t = 13.9h at
Pco,=40 Pa, T =15 °C and the maximum relative humidity of 90 %.
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Figure 3.5 — Sample of experimental data from a breakthrough experiment, where the upper picture represents
values of the bed temperature (°C), and the bottom refers to relative humidity (%) at Pcoo =40 Pa. Both are result of
the same experiment, at 15°C and ~90% relative humidity. Note that the relative humidity of the bed rector was
calculated through the equations presented in this chapter.
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4

RESULTS AND DISCUSSION

This chapter provides the results of 84 breakthrough experiments that were performed at dif-
ferent values of partial pressure, temperature and relative humidity, as discussed in Chapter
3. The three adsorption models referred in Chapter 2 will be fitted to the experimental data
and an empirical model is introduced based on trends of experimental equilibrium capacities.

4.1 Sorbent Stability

In order to validate the method proposed in the experimental chapter, collective breakthrough
experiments were performed for the same conditions and compared with each other, in con-
junction with the past work of De Vries. When comparing the data from both experiments at
Pco, = 40 Pa and temperatures of 15°C, 25°C and 35°C, under dry conditions, the adsorption
capacities displayed substantial decreases. The two sets of data are measured around 1-year
apart, as presented in Table 4.1 for Pco,= 40 Pa at 15°C, 25°C and 35°C.

Table 4.1 - Experimental data comparison between Marc [87] and this work for Pco,= 40 Pa at 15°C, 25°C and 35°C.

40 Pa
15°C 25°C 35°C
qcoz, Mare [kg.mol ] 1.18 0.96 0.68
qco2, me [kg.mol ] 0.89 0.76 0.56
Difference [%] 24.6 20.8 17.6

The second data set was executed in August of 2021, when the possibility of sorbent
degradation came into existence. The set of data points at 15°C and 25 °C at 40 Pa from Marc
were already incorporated in this study’s work, as well as whole set of data for T= 35°C. Each
temperature and partial pressure group of data were repeated under dry conditions, to com-
pare this work’s values with the ones obtained before.

The reduction in sorbent loading might be attributed to a few factors such as human-
induced error through inconsistent measurements, the setup’s environment conditions, i.e.,
calibration of the mass flow controllers, or sorbent degradation. The human induced error was
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first validated by simulating multiple experiments under the same conditions, in order to ver-
ify any variability in this work. In Figure 4.1, two separate experiments for Pco, =40 Pa at T=25
°C and 0% relative humidity (RH) are presented as a function of sorbent loading through time.
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Figure 4.1 - Data confirmation for T=25 °C and Pco,= 40 Pa. These experiments were performed consecutively, on
the 26% and 27" of August 2021. Each adsorption capacity corresponds to 0.77 kg.mol™ (blue) and 0.74 kg.mol™
(yellow).

Although there is some variability within the experiments, it still does not meet the ~20%
reduction from Marc’s data points. Thus, the second step was to verify if there was an occur-
rence of sorbent degradation, despite previous studies with Lewatit claiming its endurance
and thermal stability. In order to confirm it, TGA was applied as an alternative to the break-
through method. Thermo-gravimetric analysis (TGA) is used to determine sorbent capacity by
measuring the mass increase by passing a gas stream of a non-adsorbing gas like N,, contain-
ing a known amount CO,. Once desorption takes place and temperature increases, the sorbent
will release CO, and the sample mass decreases again. The capacity can then be determined
by both the adsorption step as well as the desorption step in the TGA [57].

A TGA measurement was performed at 40°C and 15% CO, under dry conditions. The
resulting capacity was 1.59 mol.kg™. Alternatively, the known isotherm value for these condi-
tions is equivalent to 2.39 mol.kg?, which means a 34% reduction. However, the “fresh”
sorbent used in this study does not have the same quality as sorbent used to measure the lit-
erature isotherm value, which is approximately 17% less [89]. That means that the degradation
within experiments seems to suggest a reduction around 20%.

Figure 4.2 illustrates the plotting of experimental adsorption capacities throughout air’s
relative humidity. At first sight, one can tell that the original data from Marc de Vries [44] at
15 °C and 35 °C (dashed lines) are laying very closely to the capacities corresponding to lower
temperatures, 5 °C and 25 °C, respectively. Bearing in mind that his values are superior to the
ones measured in this work, the actual position of these lines should be lower. After applying
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a 20% degradation factor to his values (straight lines), a more even spacing is perceptible be-
tween each temperature’s data, which appears more realistic.
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Figure 4.2 - Experiments from this work and Marc's at Pcoz = 40 Pa, being Marc's data 15°C and 35°C. From upper
to bottom: a) experimental data with no reduction factor; b) Experimental data with a 20% reduction factor.

While the capacity difference was calculated merely for dry conditions, it is inevitable
the possibility of inaccuracy when applying that same percentage to humid experimental val-
ues, which can have a lower or higher degradation level. Regardless of its validity, the same
“correction” factor was introduced to the remaining data incorporated from Marc’s experi-
ments (see Table 3.1 in Chapter 3), as time was too limited to cover the whole range of relative
humidity.

4.2 Experimental Trends

The whole set of experiments of the current work is shown in Figure 4.3, as a function of ad-
sorption capacity against relative humidity. The three plots are divided into different CO, par-
tial pressure sets: 40 Pa, 200 Pa and 1000 Pa.
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Figure 4.3 - Results of CO; adsorption equilibrium data at different temperatures and partial pressures, through-
out relative humidity, using the breakthrough method. From left to right: a) 40 Pa; b) 200 Pa; ¢) 1000 Pa.

It was found that the total adsorption-desorption cycle time decreases with increased
column temperature and feed rates. Longer adsorption periods at lower temperatures were
needed to attain equilibrium compared to higher temperatures. The lowest temperatures were
also found to have the highest adsorption capacity, as expected from the exothermic nature of
the adsorption process. The lower the temperature of the gas is, the lower will be the kinetic
energy of gas and hence particles will move slower. The particles moving with less speed have
increased attractive forces between them, so the lower temperature favors physical adsorption.
Nevertheless, not all data displays a consistent linear trend with temperature. In fact, at higher
CO, feed rates (Pco,=1000 Pa), the temperature trends displayed similar capacities, particularly
at the higher range of relative humidity (RH). From observation of the overall data, the 35°C,
25°C and 15°C are the sets with least irregularities in adsorption trends. It is possible that this
is due to the ambient temperature of the setup, while the 5°C set had bigger temperature var-
iabilities, despite the addition of cotton isolating layers.

While considering the effect of different CO, partial pressures, CO, adsorption capacity

was found to be increased with the CO, concentration present in the gas stream. At Pco,= 40
Pa, the maximum loading corresponds to 1.82 kg.mol", while at Pco,=1000 Pa, the highest ca-
pacity is 2.25 kg.mol™.
The maximum amount of CO, adsorbed/kg of the adsorbent of the whole experimental set
was 2.25 kg.mol? (Pcop= 1000 Pa, T=5°C, RH=84.97%), which is inferior to the maximum value
reported in literature. Bearing in mind that these values are lower (approximately 20%) than
the standard ones, the maximum value would reach ~2.7 mol.kg?, which is significantly closer
to the highest literature value, i.e., 2.95 mol. kg™ (see section 2.2.1).

Lastly, sorbent loading behavior in presence of water vapor is seen to be improved, par-
ticularly in the lower partial pressure experiments. As it is both challenging and imprecise to
compare the influence of humidity throughout the whole experimental results, based solely in
observation of the plots depicted in Figure 4.3, another representation form is presented in this
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chapter. Figure 4.4 displays the calculated capacity enhancement, in the form of equilibrium
capacity divided by the respective experimental dry value (q/qay), plotted against relative
humidity. Through these calculations, it is possible to quantify how much difference the hu-
midity brings to equilibrium capacity.
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Figure 4.4 - Plots of the enhancement factor of co-adsorption experiments against relative humidity, at different
temperatures and partial pressures. From left to right: a) 40 Pa; b) 200 Pa; c) 1000 Pa.

It is confirmed that capacity is enhanced largely in lower partial pressure ranges. At
Pcor= 40 Pa and T= 35°C, the capacity adsorption nearly doubled in presence of high moisture
content (qay= 0.60 kg.mol?, qhumia= 1.07 kg.mol?, RH=90%). On the other hand, at the highest
partial pressure set of experiments (Pco,= 1000 Pa), humidity seems to have a reduced impact
on the adsorption capacity. Indeed, the lowest enhancement corresponds to Pco,= 1000 Pa and
T= 5°C, whose variance is nearly none. Gebald et al. [78] also observed this phenomenon, as
described in section 2.3.3, while some even witnessed a decrease in capacity in presence of
elevated concentrations of CO, and water in the gas stream [80].

Young et al. [32] and Buijs and De Flart [30] have also observed this phenomena, raising
the hypothesis that carbamic acid formation is the main adsorption mechanism on Lewatit VP
OC 1065, as mentioned before in section 2.3.3. The reason for this is due to the inconsistent
capacity enhancement throughout the whole CO, partial pressure range, as opposed to the 2:1
stoichiometric ratio described by ammonium bicarbonate (or hydronium carbamate) for-
mation.

As opposed to the temperature behavior observed in the previous figure, here the en-
hancement is seemingly boosted by higher temperatures. Temperatures within the range of
35°C and 25°C have the highest differences from its dry capacity, while temperatures between
15°C and 5°C show little enhancement (q/qay < 1.5). The temperature trends warrant some
discussion. The two pairs of temperatures alternate between each other, making the trends not
very clear. This might be due to the high complexity associated with adsorption mechanisms.
Furthermore, the possibility of experimental mistakes linked to the dry values cannot be
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dismissed, which could have an impact on the humid values, and subsequently, capacity en-
hancement.

To summarize, the conditions intrinsic to ambient air (Pco, = 40 Pa and presence of mois-
ture) seem to serve advantageously CO, sequestration. It's within that range that the presence
of water has the highest enhancement and the highest adsorption capacities. Temperature
wise, the lowest temperatures are the ones with higher adsorption loadings but are the least
affected by the presence of water. Higher temperatures, on the other hand, can nearly double
its capacity in its presence. Looking into it from a real-DAC setting perspective, the presence
of water in air only proves to be beneficial to a certain extent. For example, if the adsorption
process is operated at low temperatures, the enhancement in presence of high levels of humid-
ity is almost none, while still being affected by the energy penalty associated.

4.3 Equilibrium Models

There are two types of data analysis, graphical and numerical. Graphical measures allow the
reader to view the entire data set at once, as they can easily display a wide range of relations
between the model and the data. Numerical measures, on the other hand, are more narrowly
focused on a particular aspect of the data and tend to compress that information into a single
number [90]. Therefore, both types of analysis are going to be presented to discuss the perfor-
mance of each fit.

To validate each equilibrium model based in literature, in the context of this work, pa-
rameter fitting was calculated using the fminsearch function provided by MATLAB®, in com-
bination with multiple starting points. The function is designed to find a minimum of a scalar
function of several variables, starting at an initial estimate. Through some trials of initial val-
ues for each parameter, the Sum of Square Errors (SSR) was calculated for each fitting, which
would correspond to the lowest value resultant from fminsearch. This statistic measures the
total deviation of the response values from the fit to the response values. A value closer to 0
indicates that the model has a smaller random error component, and that the fit will be more
useful for prediction [90]. Afterwards, the squared difference between the observed dependent
variable and the mean of experimental data was calculated (SST) to obtain the R-squared of
each equilibrium model. The SSR assesses how well the model represents the fitted data, while
SST measures the variability in the data used in the regression model [91]. R? is the square of
the correlation between the response values and the predicted response values. For the same
data set, higher R-squared values represent smaller differences (variance) between the ob-
served data and the fitted values [92]. Both SSR, SST and R? are represented in Equation 4.1.

_SSR_ X0 —y)*

R? = =
SST X —¥)?

4.1)
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The R? however, does not explain the relationship between the dependent and the inde-
pendent variables. It also does not inform about the quality of the regression model, as resid-
ual plots are not assessed. To compare the fitting between all models, a visual analysis of all

tittings is going to be implemented.

4.3.1 CO; Adsorption under Dry Conditions

The plot from the fitting of the Téth equilibrium model is represented in Figure 4.5, next to the
correspondent experimental data. As expected, the Téth model shows a good fit to the data
with a high coefficient of determination (R? > 0.99), described in Table 4.2. The disparity plot,
presented in Figure 4.6, enforces the premise that experimental data follows the same trends
fitted by the equilibrium model. Nonetheless, the accuracy of the parameters calculated for
this model is still limited by the reduced sample size, which in turn allows an easier fitting.
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Figure 4.5 - Temperature dependent isotherm model and experimental data.
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Figure 4.6 - Parity plot of the temperature dependent T6th model, with both experimental and fitted values of dry
adsorption conditions.
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Table 4.2 - Fitting parameters of the temperature dependent Téth isotherm model.

To6th Model
qso [mol.kg™] 2.761
x [-] 0

T, [K] 298.15
b, [Pa] 3.297E-06
AHg s [J.mol ] 2.615E+04

to [-] 0.342

al-] -0.793

SSR 0.006

R? 0.998

From all parameters from the Téth equilibrium model, gy is the one with the most co-
herent physical meaning, referring to the maximum equilibrium loading. The value obtained
from the Té6th fit, gecor won=2.761 mol.kg?, is close to the one fitted previously for CO, adsorp-
tion over Lewatit, e co»= 3.4 mol.kg™ [27], [36], and the maximum experimental capacity from
this work, 2.25 kg.mol? (or qe, co» = 2.70 mol.kg™* at the sorbent’s full capacity). It is also con-
cordant with the maximum capacity measured experimentally with Lewatit, 2.95 mol.kg™[53].
Here, the reference temperature (T,) was assumed to be 298.15 K, considering that the experi-
ments were operated in ambient conditions. The heterogeneity parameter at reference temper-
ature, t,,was found to be extremely close to previous fitted values, from Veneman and Bos (see
Appendix C.1). While comparing values from this work to others, the highest difference cor-
responds to the equilibrium parameter, b,, which is significantly smaller. The same parameter
was observed to be highly sensitive to initial estimates in MATLAB.

4.3.2 CO, Adsorption under Humid Conditions

The parameters resultant from the fitting process are presented in Table 4.3. Figure 4.7 shows
the fit of the experimental data, alongside the two co-adsorption models from Young et al. [32],
and the model from Stampi-Bombelli et al. [45], and an empirical model based on the experi-
mental values, which will be later presented in this chapter. The fitting of the three models in
Figure 4.7 is at a fixed temperature of 25°C, with three different CO, partial pressures, against
humidity. The remaining temperatures are presented in Appendix D.1, as well as the disparity
plots of each equilibrium model and the respective fitted parameters found in literature.
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Table 4.3 — Fitted parameters of the co-adsorption models Mechanistic, WADST and Stampi-Bombelli.

Mechanistic Model
A [mol.kg] 1.733
G4y [ 0.429
fotocked [-] 0.605
k[-] 0.097
n[-] 27.577
AH, 4 [J.mol] 3,247E+04
SSR 0.403
R? 0.964
WADST Model
Gsower [mol.kg™] 4.591
Xowet [‘] 0.031
by wer [Pa’] 1.239E-05
AH 446 et [J.mol™] 5.113E+04
tower [-] 0.136
A wet [-] -1.502E-04
A [mol.kg] 1.723
SSR 0.360
R? 0.968
Stampi-Bombelli Model
B [-] 0.814
y[-] -0,006
SSR 0.338
R? 0.969
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Figure 4.7 — Representation of the three models found in literature, plus a proposed empirical model based on the
experimental values. The three plots are at the same temperature of 25°C, being a) 40 Pa, b) 200 Pa, and c) 1000 Pa.

The parameter ¢, [] in the Mechanistic model was fitted as 0.429, as opposed to the

value of 1 fitted by the author Young et al. [32]. From this study’s outlook, the stoichiometry
under dry conditions corresponds to approximately half of the value under wet conditions.
The latter phenomenon can be described by both ammonium bicarbonate and hydronium car-
bamate reaction, suggesting its formation in CO, adsorption in presence of water.

The author also implied that the critical water loading parameter, 4, has a similar value for
both Mechanistic and WADST model. The same occurrence is found in this work, which cor-
responds to 1.733 mol.kg™ and 1.723 kg.mol", respectively. This might imply that both models
predict the same probability of a CO, adsorption site having a water molecule available given
the same loading of water. The fitting presented in the WADST model for qw corresponds to
4.591 mol.kg, which turns to be significantly smaller than the fitted values of Young et al. [32]
(qw = 9.035 mol.kg?), and the maximum CO, capacity under humid conditions, reported ex-
perimentally by Garcia Martinez [43] (qw=18.5 mol.kg?, RH=93%, T=21.7°C).

A significant matter to be denoted is that no model provides a perfect fit, and there is at
least one case for each model where a relatively poor fit is found, reinforcing the high com-
plexity associated to co-adsorption mechanisms. From a graphical analysis, the WADST model
seems to have the closest fit, particularly at Pco,= 40 Pa. Looking at the numerical evaluation
of the fit, the Stampi-Bombelli model shows both the lowest SSR and the highest R-squared,
which is relatively close the fit applied to the WADST model.

The three models, overall, fit better in the lower pressure range, and for DAC conditions
(i.e., Pcor = 40 Pa) and at temperatures of 15 °C and 25 °C. The temperature conditions might
be due to the experimental data itself. Since these two sets of temperatures were the ones that
had a more consistent behavior, it might justify why the fitting was closer to the data trends.
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4.3.3 Empirical Model

The models presented by literature did not display a reliable fit to the experimental data,
within the complete range of conditions. Precisely for this reason, an equilibrium adsorption
model was developed to mathematically describe experimental trends from this work.

The foundation for the proposed model will be the Téth isotherm, as it has been ob-
served that it describes well CO, adsorption under dry conditions. The next step is to identify
which type of behavior the CO, capacity enhancement follows in the presence of water. The
exact parameters are not the focus, the type of function is. Most plots presented in Figure 4.4
illustrate a linear trend throughout the relative humidity array, while other trends decrease in
capacity enhancement at higher values of humidity, which could be better described by a 2
degree polynomial function. However, the resultant slopes did not show a clear trend, which
caused this type of function to be dismissed. Subsequently, the linear function (y = mx + b)
was chosen to represent the humidity enhancement, being the y-intercept b=1, and the de-

pendable variable x correspondent to relative humidity (RH). The equation is defined in 4.2
and 4.3.

Qnhumid _ [a(T, P(;OZ)RH] +1 (4.2)
qdry
Qnumid = Gary * {{a(T, PCOZ)RH] + 1} 4.3)

To describe the effect of temperature and partial pressure, a = f(T, Pcoy), the first step
was to plot the slopes of the different capacity enhancements against temperature, as shown
in Figure 4.8. The resultant trends demonstrate that high partial pressures (i.e., 200 and 1000
Pa) decrease its slope at higher values of temperature, which has also been observed in exper-
imental results. Nonetheless, for the sake of practicality, a linear function was applied too, to

portray the behavior of a versus temperature. For future reference, the behavior of capacity
enhancement (q/qa.y) is better described by a polynomial function than by a linear function.
Here, a(T, Pcoz) is described by equation 4.4, where the dependent variable is temperature [K].

Both slope and y-intercept, ¢ [-] and d [-] respectively, are partial pressure dependent variables
that require fitting.

a(T,Peo,) = (cT) +d (44)
Figure 4.8 displays that the slopes of q/qa:y at Pco,= 200 Pa do not follow the same be-
havior throughout temperature as the remaining trendlines, considering that capacity value

at T= 5°C is considerably high when comparing with other partial pressures. The fitting for ¢

[-land d [-] is calculated through plotting the slope and y-intercept from each linear function,
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against partial pressure (see Figure 4.9). The best fit for both resulted in logarithmic function,
as expressed by Equation 4.5 and 4.6.
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Figure 4.8 - Plot of the different slopes of capacity enhancements [-] against temperature [K].
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Figure 4.9 - Plots of the different slopes [-] and y-intercepts [-], from left to right, against partial pressure [Pa].

c=eln(Pe,) + f (4.5)

d=gln(P,)+h (4.6)

The empirical model is represented beforehand in Figure 4.7 (red dashed lines), along
with the other equilibrium models from literature, against relative humidity (RH). Because it
is designed as a linear function, it does not follow the curve that results from a stagnation in
capacity enhancement at high levels of relative humidity, as it is observed in experimental
data. Furthermore, a disparity plot is presented in Figure 4.10 below, describing the capacity
gap between experimental values and the ones obtained through this model for the same con-
ditions, with the blue and green dashed lines being a 10% deviation. It is easily noticeable that
many values from the Empirical model are located beyond the range. This translates into great
disparity between the two sets of data and, consequently, poor model conceptualization and
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fitting. A further observation is that the model has a higher accuracy within a lower partial
pressure range, which comes in conformity with the fitting of the other three equilibrium mod-
els found in literature. The results are presented in Table 4.2, in which both SSR and R? values
analytically validate previous statements, i.e., R><0.9 and the SSR value is the highest from all

the co-adsorption models, which corresponds to a poor fitting.
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Figure 4.10 - Disparity plot between the empirical model and experimental adsorption capacities

Table 4.4 - Fitted parameters of the co-adsorption empirical model.

Empirical Model
el-] -4.095e-03
- 3.507e-02
gl 1.024
h[-] -8.876
SSR 0.801
R? 0.657
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5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Adsorption experiments were executed under broad ranges of humidity, temperature and
concentrations of CO,, in order to analyze how each parameter influences CO, capture directly
from ambient air (DAC), on a supported amine sorbent. For this, all sets of data were analyzed
to verify the existence of any trend. The same values were then applied to models already
developed from a mechanistic understanding and compared within each fit.

The measurements were performed by application of the breakthrough method on a pi-
lot scale setup, with a fixed bed adsorption column, in the facilities of the Sustainable Process
Technology (SPT) department. These were featured with previous experimental work done
by a student from the SPT group, Marc de Vries, who covered too the effect of water in CO,
adsorption. After performing 84 breakthrough experiments and comparing both sets of data,
it was concluded that the sorbent material might had suffered ~20% degradation, due the de-
crease in capacity under similar conditions. In response to that possibility, a correction factor
was applied into previous values.

The maximum amount of CO, adsorbed /kg of the adsorbent of the whole experimental
set was 2.25 kg.mol™ (Pco,= 1000 Pa, T=5°C, RH= 84.97%), and ~2.7 mol.kg! after the correction
factor, which is significantly close to other values found in literature. At Pcoy= 40 Pa and T=
35°C, the capacity adsorption nearly doubled in presence of high moisture content (qay= 0.60
kg.mol", Quumie= 1.07 kg.mol?, RH=90%). At the highest partial pressure set of experiments
(Pcor=1000 Pa), on the other hand, humidity seems to have a reduced impact on the adsorption
capacity. Overall, the CO, equilibrium loading increases with relative humidity (RH) in all
data sets. It was also observed that the lowest temperatures are the ones with higher adsorp-
tion loadings but are the least enhanced in presence of moisture.

In general, the conditions intrinsic to ambient air (Pco, = 40 Pa and presence of moisture)
seem to serve favorably CO, capture. However, due to the high complexity of co-adsorption
mechanisms and the application of a degradation factor, some results displayed some incon-
sistency in its trends.

The CO, adsorption data from this work, when compared with the existent equilibrium
models, showed both good and poor agreements depending on the conditions. The Té6th iso-
therm model describes well the experimental results throughout the whole temperature (T)
and partial pressure (Pco,) range, whose fitted values come in accordance with its physical
implication and with values found in literature. For DAC conditions, experimental trends
were well characterized, which follows literature remarks. In summary, the WADST and
Stampi-Bombelli model were the co-adsorption models that represented closest fits, from
graphical and numerical analysis. On the other hand, the empirical model that was also
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proposed based on the observation of experimental trends showed poor fitting, which might
be due to the choice of a linear function to represent the capacity enhancement.

Another remark is that the experimental data has sources of potential error. Firstly, the
use of the degradation factor might have compromised the data, as it is not making use of the
sorbent’s full capacity potential, nor considering the degradation under the presence of water.
Secondly, this work is trying to elucidate the effect of three parameters (temperature, pressure,
and humidity) at once, and there is a possibility for measurement error in all these. Consider-
ing this, it should not be expected that the models are be able to fit the experimental values.

Nevertheless, the results obtained in this study constitute an important addition of data

to the studies on direct air capture, as they are yet in an early stage. The research gaps for the
study of CO, - H,O interaction, in these conditions, constitute an obstacle to be overcome in
order to understand its mechanisms, and subsequently, implement a more efficient system of
CO, capture from ambient air.

5.2 Future work

As there are great uncertainties regarding the obtained values, the first and main recommen-
dation would be to further investigate the degradation at humid conditions and to perform
additional validation experiments for the “older” data.

It is also strongly suggested to reinforce temperature and relative humidity stability
throughout adsorption experiments. Results showed that room-temperature displayed better
conformity with each other, as opposed to the ones correspondent to 5°C. This could be
reached through a stricter control of the room’s ventilation and/or implementing a stronger
thermal isolation material around the setup.

Additional analytical technics are recommended as well to understand the adsorption
mechanisms and its species formed under the presence of water. For instance, through spec-
troscopy measurements such as NMR and FTIR, it is possible to study the resultant substances
at a molecular level. For Lewatit VP OC, in particular, more research under a wide range of
conditions (RH, T and Pcr,) is needed to confirm previous hypothesis that no ammonium bi-
carbonate is formed (see section 2.3.3.), and if such is established, set which ones are possibly
formed instead.

Conclusively, when developing an equilibrium model based on experimental trends, an
alternative type of function for CO, capacity enhancement behavior is should be considered.
The polynomial-type seemed to describe closer this work’s results.
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‘ A
EQUILIBRIUM ISOTHERMS

A.1 Langmuir Isotherm

The Langmuir model (Equation A.1) is a simple, theoretical isotherm model that can describe
well systems with weakly adsorbed gases. Some of its assumptions include the adsorbent sur-
face being homogeneous and flat (considered ideal), the formation of a single layer, and no
interactions between adsorbed molecules [38]. This expression is adequate for a type I iso-
therm given that at low partial pressures, the fraction adsorbed varies linearly with partial
pressure, known as the first-order region or the Henry's law region [39]. However, the number
of available sites decreases as the pressure increases, and further adsorption becomes increas-
ingly limited. At some point, the amount adsorbed stagnates, and the isotherm reaches a plat-
eau, denominated as a zero-order region [38].

_ qsbPco2 (A.1)
1T TH 0Peor)

A.2 BET Isotherm

The Brunauer-Emmet-Teller (BET) model was created as an extension of the Langmuir iso-
therm (see equation A.2) to account for monolayer and multilayer formation. It assumes that
the interaction between adsorbate and adsorbent surface is much larger than that between
neighboring molecules [93]. The model is appropriate for porous materials and is frequently
applied to calculate the specific surface area of porous media [35].
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Where parameter C is the BET constant describing the adsorbent-adsorbate interaction inten-
sity [—]. Although parameter C is referred to as the difference of free energy between the
monolayer and multilayers, it does not provide a quantitative measure of enthalpy of adsorp-
tion. It merely indicates the magnitude of the adsorbent-adsorbate interaction energy [93].

62



B

LEWATIT VP OC 1065

B.1 Specifications

Lewatit is a commercial amine-functionalized Anion Exchange Resin (AER) meso-porous
adsorbent. Structurally, it is a benzylamine cross-linked polymer based on a polystyrene (PS)
and divinyl benzene (DVB) backbone. Its properties are shown in Table B.1.

Table B.1 - Physical and chemical properties of Lewatit VP OC 1065.

Parameter Unit Reference
Functional group - primary amine [51]
Matrix - crosslinked polystyrene [51]
Appearance - opaque beads [51]
Water retention wt. % [65, 70] [51]
BET Surface area m2.g! 50 [51]
Pore volume cm®.g? 0.27 [51]
Pore diameter nm 25 [51]
Stability °C [-20, 100] [51]
Maximum Storability years 2 [51]
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C

PARAMETERS FROM LITERATURE

The fitting procedure was based in the implementation of experimental data from single ad-
sorption and co-adsorption into theoretical model fits. Results from CO, and H,O adsorption
were described the T6th and GAB models, respectively, as shown in Table C.1 and C.2. Fitted
values found in literature are presented too. The co-adsorption behavior and experimental
values (i.e., CO, in presence of moisture) is fitted into three models: Mechanistic, WADST and
Stampi-Bombelli, as presented in Tables C.3, C.4 and C 4.

C.1 To6th Model

Table C.1 - Fitted parameters from literature for the T6th adsorption equilibrium model.

65

Toth Model
Parameter Veneman et al. [27] M.Bos [36] Units
9s0 3.40 3.40 mol.kg™
y 0 0 .
To 353.15 353.15 K1
b, 408.84 93.0 bar!
AH,,, 86.7 95.3 kJ.mol*
. 030 037 i
o 0.14 0.33 5
NSD 15.4 7.7 %
GAB Model



Table C.2 - Fitted parameters from literature for the GAB adsorption equilibrium model.

GAB Model
Parameter J. G. Martinez [43] Units

AH, 12.2 kJ.mol™
AH, 5.9 kJ.mol™
C, 1.72E-02 -

ky 7 14E-02 -

Gm 3.10 mol.kg!
NSD 15.8 %

C.3 Co-Adsorption Models

Table C.3 - Fitted parameters from literature for the Mechanistic co-adsorption equilibrium model

Mechanistic Model
Parameter Young et al. [32] Units
A 1.535 mol.kg™!
¢dry 1 -
fotocked 0.433 -
k 0.795 -
n 1.425 -
AH, 130155 J.mol™

Table C.4 - Fitted parameters from literature for the WADST co-adsorption equilibrium model.

WADST Model
Parameter Young et al. [32] Units
QSO,wet 9.035 mol.kg'l
Kowet 0 _
bowet 1.23E-18 Pa’
AHads,wet 203687 ].rnol‘l
Lo,wet 0.053 -
O wet 0.053 -
A 1.532 mol.kg™!

Table C.5 - Fitted parameters from literature for the Stampi-Bombelli co-adsorption equilibrium model.

Stampi-Bombelli Model
Parameter Stampi et al. [45] Young et al. [32] Units
B 28.907 5.612 -
14 0.006 -0.137 -
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‘ D
PLOTS FROM MODEL FITTING

D.1 Co-Adsorption Models

In this Appendix all the plots resultant from data fitting are presented for the three models
from literature (i.e., WADST model, Mechanistic model and Stampi-Bombelli Model), as well
as the empirical model proposed in this study. The adsorption capacity is plotted against rel-
ative humidity, with RH of 0% - 90% at temperatures 5 — 35 °C, and partial pressures of 40,
200, and 1000 Pa. As referred in Chapter 4, the application of the experimental values showed
both good and poor agreements depending on the conditions. Experimental trends were well
characterized for lower concentrations of CO, (~400 ppm), found in ambient air. These trends
are represented in Figures D.1, D.2 and D.3. As CO, concentrations increase, some disagree-
ments between the model fitting and experimental results are visible. Figures D.4, D.5 and D.5,
at Pcop,= 200 Pa, present better fittings at moderate temperatures (i.e., T=15°C and T=25°C) than
extremely low or high conditions, as discussed in Chapter 4.3.2. At Pco,=1000 Pa, for Figures
D.7, D.8 and D.9, no model is able of describing the obtained data.
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Figure D.1 - Fitting representation of the adsorption capacity plotted against relative humidity (RH), from the
three models found in literature and the proposed empirical model. The conditions are at 5°C and 40 Pa.
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Figure D.2 - Fitting representation of the adsorption capacity plotted against relative humidity (RH), from the
three models found in literature and the proposed empirical model. The conditions are at 15°C and 40 Pa.
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Figure D.3 - Fitting representation of the adsorption capacity plotted against relative humidity (RH), from the
three models found in literature and the proposed empirical model. The conditions are at 35°C and 40 Pa.
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Figure D .4 - Fitting representation of the adsorption capacity plotted against relative humidity (RH), from the
three models found in literature and the proposed empirical model. The conditions plots are at 5°C and 200 Pa.
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Figure D.5 - Fitting representation of the adsorption capacity plotted against relative humidity (RH), from the
three models found in literature and the proposed empirical model. The conditions plots are at 15°C and 200 Pa.
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Figure D.6 - Fitting representation of the adsorption capacity plotted against relative humidity (RH), from the
three models found in literature and the proposed empirical model. The conditions are at 35°C and 200 Pa.
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Figure D.7 - Fitting representation of the adsorption capacity plotted against relative humidity (RH), from the
three models found in literature and the proposed empirical model. The conditions are at 5°C and 1000 Pa.
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Figure D.8 - Fitting representation of the adsorption capacity plotted against relative humidity (RH), from the
three models found in literature and the proposed empirical model. The conditions are at 15°C and 1000 Pa.
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