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ABSTRAKT

PiedloZena diplomova prace je zaméfena na piipravu a charakterizaci aminy funkcionalizované pevné
adsorbenty pro zachyt CO», v€etné moznosti piimého zachytu z atmosféry. V teoretické ¢asti je
diskutovan vliv CO; na klimatickou zménu a uveden koncept ptimého zachytu CO: ze vzduchu.
Pozornost je vénovana obecnym principim designu adsorbentti CO: a jejich ptehledu, s diirazem na
aminy funkcionalizované pevné adsorbenty a jejich specifickou interakci s CO.. V navazujici
experimentalni casti je vybrany komer¢ni substrat na béazi kalcium silikatu funkcionalizovan
vybranymi aminy. Kromé impregnace substratu rozvétvenymi polyethyleniminy o rizné molekulové
hmotnosti metodou smykovych sil generovanych pii vysokorychlostnim michani byla pfipravena
série vzorkll graftovanim vybranych aminosilanti klasickou mokrou cestou. Adsorpce/desorpce CO»
pfipravenych vzorki byla testovana metodou termogravimetrie v podminkach simulujicich vysokou

koncentraci CO; (10 %), tak i pfimy zachyt ze vzduchu (400 ppm).

Klicova slova: zachyt CO.; pfimy zachyt ze vzduchu; pevné adsorbenty; polyetyleniminy;

impregnace; termogravimetrie

ABSTRACT

This master thesis deals with preparation, characterization, and evaluation of amine functionalized
solid adsorbents for CO removal, including direct air capture. The theoretical part discusses the role
of COz in climate change and introduce the concept of direct air capture. Great attention is paid to
adsorbents design rules and principles. Overview of up-to date solid adsorbents is given with
emphasis of amine based solid adsorbents, including amine — CO; interactions. The experimental part
focused on functionalization of commercial calcium silicate support material using various amines
and techniques. Set of samples was prepared by impregnation support material with branched
polyethyleneimines of various molecular weight via high-speed shear mixing, while another set was
obtained by aminosilanes grafting following classic wet route. Performance of prepared solid
adsorbents for CO> removal was evaluated by using thermogravimetry in a simulated flue gas

atmosphere (10 % CO.) as well as direct air capture simulated conditions (400 ppm CO5).

Keywords: CO2 removal; direct air capture; solid adsorbents, polyethyleneimines; impregnation;

thermogravimetry
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PREFACE

Nowadays, the research on Carbon Dioxide Removal (CDR) has gained momentum reflecting
the growing concern about global warming. In contrast to concept of Carbon Capture, Storage and
Utilization (CCSU), which focused on reduction CO; entering atmosphere from point emissions
sources, its permanent storage underground and/or conversion to valuable industrial products such as
chemicals and fuels, concept of CDR aimed to remove COx> that is already in atmosphere. While
emission reduction, including CCSU is key to meet obligations declared in Paris Agreement, CDR
technologies can help to counterbalance emissions from diffused small source which cannot be simply
abated by other means. Within the CDR family of technologies, so called “direct air capture” (DAC)
is a leading innovative technology for stabilizing the CO> concentration in the atmosphere and

provides an important tool for carbon management in net zero pathways.[1]

In the hearth of both concepts is the process of CO: capture, therefore, research and
development of high-performance CO; adsorbent become a new research hotspot in the field of
material science. While liquid based CO; adsorbents, such as aqueous alkaline or amine solutions

offer many pros, high energy input required for regeneration is hard to overcome.

In 2001 Satyapal et al demonstrated excellent performance and long-term stability of solid
amine beads, known as HSC+, for application in aerospace vehicles and triggered a research interest
in amine based solid adsorbents. The material system developed by Hamilton Sundstrand Space
Systems International (HSSSI) consists of a polyethyleneimine (PEI) bonded to a high-surface-area
polymethyl methacrylate solid support followed by second liquid phase coating with poly(ethylene
glycol) (PEG) to enhance CO, adsorption/desorption rates and stability.[2] A privileged status of
amine functionalized solid adsorbents can be ascribed to the almost ideal amine — CO> binding
energy, which offer best trade-off between high selectivity and regeneration cost among current state

of the art solid based CO; adsorbents.
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1. INCREASE OF CO; EMISSION AND CLIMATE CHANGE

1.1 COz Emission and Its Contribution to Global Warming

Increasing COz levels in our atmosphere are a significant concern as they are the primary driver of
climate change, leading to global warming. The burning of fossil fuels, deforestation, and various
industrial processes have rapidly increased the concentration of carbon dioxide, trapping more heat
in the Earth's atmosphere. This enhanced greenhouse effect results in climate anomalies, melting ice
caps, rising sea levels, and extreme weather events. Addressing this increase is critical for the stability

of global climates and the preservation of ecosystems worldwide.[3]
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Figure 1 Worldwide emissions of carbon dioxide due to the burning of energy sources and industrial
activities from the year 1900 to 2022. [4]

The graph illustrates a significant and continuous rise in global CO; emissions from energy
combustion and industrial processes over the past century, particularly from the mid-20th century
onwards. This trend reflects the expansion of industrial activity, the increased use of fossil fuels, and
the impact of economic growth on the environment. Despite fluctuations, the overall trajectory
indicates a pressing environmental concern, with emissions reaching an all-time high by 2022,

underscoring the urgent need for effective climate change mitigation strategies.[3]
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Natural gas
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Figure 2 Variation in worldwide carbon dioxide emissions from different fuels, compared to the
baseline of 2019, from the years 2015 to 2022. [3]

Fossil fuels are the primary energy source for most of the world's energy demands, with coal alone
accounting for about 40% of the world's total energy consumption, a figure that is rising over time.
The increased burning of these fuels has significantly raised CO, emissions, making anthropogenic

CO; the main greenhouse gas contributing to global climate change. [3] [5]

Power Industry Transport Buildings

Figure 3 Worldwide carbon dioxide emissions categorized by industry, 2019 to 2022. [3]

Despite a rise in renewables, power sector emissions saw the most significant increase in 2022, mainly
due to gas-to-coal switching, especially in Asian economies. Emissions from electricity and heat
generation rose by 1.8% to a record 14.6 Gt. [3] By embracing renewable energy sources such as solar
photovoltaic systems, wind turbines, and hydroelectric power for electricity generation, alongside the

adoption of electric vehicles for transportation, we can significantly reduce carbon dioxide emissions.
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1.2 The Importance of Reducing CO; Emissions

Reducing CO; emissions is crucial for addressing climate change and its impacts on the planet and
humanity. Countries worldwide are making commitments to achieve "net zero" emissions, a critical
step in combating climate change. Net zero means balancing any emissions made by
absorbing/adsorbing an equivalent amount from the atmosphere.[6] This effort aims to limit global

temperature increases to 1.5°C above pre-industrial levels, as per the Paris Agreement.

1°C Mean
0.8°C
0.6 °C

0.4°C

0.2°C

-0.2°C
-0.4°C
-0.6 °C

1850 1880 1900 1920 1940 1960 1980 2000 2023

Figure 4 Global average temperature variation. [4]

The impact of climate change is being felt globally, with each continent facing unique challenges.
Small islands are particularly vulnerable, experiencing a loss of biodiversity, food and water security
risks, economic disruptions, and increased displacement due to habitat degradation. In North
America, climate change is affecting mental health outcomes, ecosystem degradation, and water
resources, leading to risks in food security and well-being. Europe faces flooding risks, temperature-

related stress and mortality, ecosystem disruptions, water scarcity, and agricultural losses. [3], [6]
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and cascade in the near term

Key

Bi-directional
compounding

Uni-directional
compounding or domino

Contagion effect on
multiple risks

More frequent and more intense
Extreme heat and drought

© 5

Reduced household Reduced soil moisture Food prices
income and health increase

I
Ae S =

Reduced labour Food yield Reduced

capacity and quality losses food security
Decreased Increased malnutrition

uality of life (particularly maternal malnutrition
quality and child undernutrition)

Figure 5 Extreme climate events harm smallholder farmers, reducing crop yields, food security,

income, and well-being. [3]

15

Asia's challenges include urban infrastructure damage from flooding, biodiversity loss, coral

bleaching, fishery resource decline, and threats to food and water security. Finally, Africa is grappling

with potential species extinction, risks to food security and health, marine ecosystem degradation,

economic challenges, and increased water and energy security risks due to drought and heat. These

diverse impacts underscore the global nature of climate change and the need for concerted efforts to

address these challenges.[3], [6]

Figure 6 Air pollution in New Delhi November 3, 2023 [7]
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Air pollution is a significant global health risk, leading to around 7 million (according to WHO) or
6.7 million (according to IHME) deaths annually. This includes deaths from both outdoor and indoor
pollution, stemming from man-made and natural sources. Especially PM2.5 (particulate matter 2.5
micrometers), is a key harmful component, penetrating deep into the lungs and bloodstream. Recent

studies suggest the health impacts of pollution are more severe than previously thought.[8]

Figure 7 Every year, numerous forests endure drought conditions. [9]

Extremely dry circumstances, such as drought, heat waves, and strong winds, increase the risk of
wildfires. A variety of dangerous air pollutants, including PM2.5, NO,, ozone, aromatic
hydrocarbons, and lead, are combined to form wildfire smoke. Apart from discharging harmful
substances into the environment, wildfires also have an impact on the climate by releasing copious

amounts of greenhouse gases, such as carbon dioxide, into the atmosphere. [10]

The fire season is beginning earlier and ending later due to climate change, which is causing greater
temperatures and drier conditions as well as increased urbanization of rural areas. The number of
acres burned, their duration, and their intensity are all increasing during wildfire events, which can

also interfere with communications, transportation, the provision of water, power, and gas.[10]
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1.3 Concept of Direct Air Capture in Mitigating Global Warming

The idea of directly capturing CO» from the atmosphere is not a new concept. The necessity to capture
CO; from the surrounding atmosphere emerged with the development of submarines, spaceships, and
stations. Carbon dioxide is a by-product of human metabolic processes, and in enclosed spaces, if not
actively removed, its concentration gradually rises. According to NASA research, cognitive abilities

begin to deteriorate when CO: concentration exceeds 0.5%.[11]

Historically, on spacecraft until the 1990s, support systems that maintained a stable atmosphere relied
on lithium hydroxide (LiOH). Despite the high adsorption capacity of alkaline hydroxides in general,
these systems were unsuitable for long-term missions due to the impracticality of regenerating these
adsorbents under the given conditions. Regeneration occurs at very high temperatures, making it
highly energy intensive. For instance, regeneration of NaHCO;, NaxCOs3, and NaOH requires
temperatures > 927°C, while CaO and Ca(OH); require temperatures > 400°C.[12] Therefore, solid-
state adsorbents based on amines deposited on a suitable substrate have emerged as viable alternatives

in these high-tech space applications.

While these adsorbents may have lower adsorption capacities compared to alkaline hydroxides, they
offer the advantage of easy regeneration, balancing the lower capacity.[2] The interaction of CO>
with amines is highly specific and occurs at the interface of physisorption and chemisorption, with
energy values typically falling within the range of 40-50 kJ/mol.[13] Aminated compounds exhibit
significant selectivity at normal temperatures and pressures, addressing a common issue with

physisorbents.

Additionally, they enable CO2 desorption, allowing for the regeneration of the adsorbent at reasonable
energy costs, unlike chemisorption. CO; desorption is typically achieved through a temperature cycle
(temperature swing). However, to further reduce energy requirements, alternative desorption methods
are also being investigated, such as vacuum swing [14], moisture swing [15], or electrochemical

swing. [16]

These solid-state adsorbents, based on amines deposited on substrates, which have proven themselves
in successful space applications, have regained the interest of the wider scientific community. This
renewed interest is due to factors such as climate change, the necessity to decarbonize the economy,
and the emergence of negative emission technologies. The technical feasibility and socio-economic
aspects of innovative Direct Air Capture (DAC) technology as a solution to combat global warming
were first presented by Klaus Lackner at the 24th Annual Technical Conference on Coal Utilization

and Fuel Systems held in Clearwater, Florida in 1999.[17]
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He demonstrated that capturing CO> directly from the surrounding atmosphere is technically feasible
and represents an innovative solution for offsetting CO» emissions from numerous small, scattered
sources such as cars, households, and small operations. This approach is particularly useful where it
is not economically viable to install filters and other CO; capture systems, as is typically done with
single point sources such as power plants, cement plants, and chemical plants. In the case of single
point sources, the concentration of CO; is high (10-15%), as well as the temperature at which CO»

capture takes place and when physisorbents (activated carbon, zeolites) are used.[18]

Approx
; caplure
T;::':::? Plant Type Solid DAC Liquid DAC Location capacity Apn:I.ircl:::on
(1CO2 per
16 Pilots \/ l:.(.::;: 2,000 Utilisation
Commercial Utilisation §
(Orea) \/ Iceland 4.000 Storage
Under
construction \/ Iceland 36.000 TBD
(Mammoth)
Pilot \/ Canada 350 Utilisation
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Figure 8 Leading Direct Air Capture companies around the world.

Direct Air Capture (DAC) technology is rapidly emerging as a critical solution in the fight against
climate change. Currently, there are 18 DAC plants worldwide, capturing a total of 8,000 tonnes of
CO; annually. Notably, a 1 million-tonnes/year DAC plant in Texas is set to become operational by
late 2024, while a 36,000 tCO/year facility is under construction in Iceland, representing a significant
increase in capacity. Interest and investment in DAC have surged, driven by the Bipartisan
Infrastructure Law and Inflation Reduction Act in the United States, which provide substantial
funding and tax credits for DAC development. The private sector has also committed substantial
resources, with investments from the Frontier Fund, Bill Gates' Breakthrough Catalyst Fund, and

Lowercarbon Capital.[19]
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DAC's importance in achieving net-zero targets is increasingly recognized, with significant policy
support and investments. Since 2020, nearly $4 billion in funding has been allocated for DAC
research and development and plans for nine new DAC facilities are in the pipeline. If realized, DAC
deployment could reach approximately 3 MtCO; by 2030, a substantial increase from current levels

but still a fraction of what is needed in the Net Zero Scenario.[6]
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Figure 9 Direct Air Capture global operating capacity, 2010-2021 [6]

DAC is crucial for removing CO» from the atmosphere and can provide a climate-neutral feedstock
for various products. In the Net Zero Scenario, DAC deployment accelerates, aiming for 980 MtCO>
capture by 2050, contributing to a net-zero emissions energy system. Scaling up DAC deployment
implies the addition of over 30 DAC plants capturing 1 Mt/year annually from 2020 to 2050,

contingent on cost competitiveness, access to low-carbon energy, and essential consumables.[6], [19]

According to International Energy Agency (IEA), in the Delayed Action Scenario, reducing the global
average temperature increase to below 1.5 °C would necessitate a significant ramp-up of CO, removal
from the atmosphere. This would be achieved through the deployment of bioenergy with carbon
capture and utilization or storage (BECCS) and direct air capture and storage (DACS), totaling over
5 billion metric tons of CO; removal annually in the latter half of this century. In the Delayed Action
Scenario, it is assumed that this requirement is divided between BECCS, contributing 2 billion metric

tons per year by 2100, and DACS, contributing 3.3 billion metric tons per year by 2100.[6]
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Figure 10 CO; capture by Direct Air Capture, planned projects and in the Net Zero Emissions by
2050 Scenario, 2020-2030 [6]

In conclusion, Direct Air Capture technology is gaining momentum and holds significant promise in
addressing climate change. By removing CO; directly from the atmosphere, Direct Air Capture offers
a powerful solution to reduce greenhouse gas emissions. With increased support from governments
and the private sector, Direct Air Capture is poised to make a substantial contribution to achieving
net-zero emissions targets. As we continue to advance this technology and scale up its deployment,

we move closer to a sustainable and carbon-neutral future.
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2. DIRECT AIR CO; CAPTURE

Despite low concentration, DAC has significant potential to remove substantial amounts of CO»
annually. This is achieved by bringing vast quantities of air into contact with sorbents, specifically
engineered to capture CO>. Two technology approaches are currently being used to capture CO; from

the air: solid and liquid DAC.[19]

An alternative to the strong base type of DAC commonly employs solid chemical compounds known
as amines. Figure 11 showcases the process of amine-based adsorbents capturing CO: directly from
the air under regular conditions. After reaching CO; saturation, these adsorbents undergo desorption
by being subjected to pressures between 20—400 mbar and temperatures of 80—130 °C. The cost of
CO; capture can be significantly reduced if these adsorbents are regenerated using waste heat or

renewable energy sources.[20], [21], [22]
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Figure 11 Adsorption and regeneration process of adsorbents. (Redrawn from [20])

2.1 Solid — Direct Air Capture (S- DAC)

- Air is drawn in through a fan located inside the collector. Once sucked in, it passes through
an amine-based adsorbent filter located inside the collector which traps the carbon dioxide
particles.

- When the filter is completely full of CO-, the collector closes, and the temperature rises to
about 80°C - 130°C.

- This causes the filter to release the CO2 so we can finally collect it. The CO: can then be safely

and permanently stored underground.[23]
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Figure 12 Solid Direct Air Capture process. (Climeworks [24])

2.2 Liquid - Direct Air Capture (L- DAC)

The process initiates with an air contactor, a sizable construction resembling industrial cooling
towers. A massive fan draws air into this structure, guiding it over thin plastic surfaces coated with a
potassium hydroxide solution. This harmless solution chemically binds with the CO> molecules,

extracting them from the air and imprisoning them within the liquid as carbonate salt.[25]
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Figure 13 Liquid Direct Air Capture process. (Carbon Engineering [25])

Next, the CO> within the carbonate solution undergoes a series of chemical procedures to heighten
its concentration, refine it, and compress it into a gas state, making it suitable for immediate use or
storage. This entails segregating the salt from the solution and transforming it into small pellets within

a structure known as a pellet reactor, which was adapted from water treatment technology. [25]
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During this chemical reaction, not only are calcium carbonate pellets precipitated, but also the initial
capture chemical for the air contactor is rejuvenated. Subsequently, these pellets are subjected to heat
in third step, a calciner, to liberate the CO; in its pure gaseous form. This stage also leaves behind
calcium oxide, which is mixed with water in the slaker to rehydrate it. It is then reintroduced into the

pellet reactor, thus commencing the cycle anew.[25]

2.3 Advantages and Challenges of Direct Air Capture

DAC, in comparison to capturing it from concentrated sources like power plants or cement factories
it requires more energy and costly because it's more challenging to extract CO: from the ambient air.
This is mainly because the CO»> in the air is much more diluted, requiring more energy and resources

to extract. [19]
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Figure 14 Challenges of Direct Air Capture Technology.

The ambient air has a CO; concentration that is 100 to 300 times less than the concentrated CO> found
in the flue gases of coal and gas power stations. As a result, DAC facilities need a significantly larger
area of CO2-capturing chemicals exposed to the air than the areas or volumes used in CCS for contact
with flue gases. This leads to DAC being roughly three times more energy-intensive per ton of CO»

removed from the atmosphere than CCS.[19]

The cost of DAC for large-scale applications (1 million tons of CO; per year) typically falls between
$125 to $335 per ton of CO», depending on various factors. Lower energy costs can bring these
estimates closer to the industry target of $100 per ton of CO;. If there's a carbon pricing scheme in

place, the cost of DAC capture could become even more competitive. [19]
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The US Department of Energy aims to bring DAC costs below $100 per ton of CO, in the coming
decade, making it an attractive option, especially when combined with tax credits and carbon credits.

[19]
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Figure 15 Advantages of Direct Air Capture Technology.

Capture costs below USD 200-250/tCO- could already be commercially attractive in the United States
where facilities are able to access the California LCFS credits (around USD 200/tCO3) together with
tax credits such as the 45Q (USD 50/tCO). As DAC technology continues to evolve and sees

widespread deployment, costs are expected to decrease further in the next five to ten years.[19]

Nevertheless, DAC offers unique benefits over conventional CCS that could be key for its large-scale
implementation. DAC plants can be located virtually anywhere, as long as they have access to low-
carbon energy and suitable CO; storage or transportation options. Unlike conventional CCS, which
typically needs to be near fossil fuel power plants or industrial sites, DAC facilities can be
independent of these locations and can even be situated offshore. This flexibility allows DAC to
potentially capture CO2 emissions from widespread sources like transportation, buildings, and land
use in forestry and agriculture. These sources account for about 35% of global anthropogenic CO»

emissions and are not addressed by conventional CCS. [26]
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3. ADSORBENTS FOR DIRECT AIR CO: CAPTURE

3.1 COz Adsorbents Benchmark

In practical application, CO» adsorbents must satisfy some key checkpoints to ensure efficiency. First
and foremost, the adsorbent should have a high adsorption capacity, ideally capturing at least 2 mmol
of CO; per gram of adsorbent. This high adsorption capacity is paramount for effective CO; capture.
Secondly, the adsorbent must be cyclable, capable of enduring at least 1000 cycles of adsorption and
desorption processes without significant degradation. Thirdly, selectivity is crucial. The adsorbent

must exhibit high CO; selectivity, ensuring efficient capture without capturing other gases. [20]

1 > 2 mmol of CO2 per gram of
adsorbent.

“YCLIC STABILI
2 > 1000 cycles

ADSORBENTS
BENCHMARK

3 > 100 (CO2/other gases)

4 > 150 °C, boiling water

SORBENT COST

Figure 16 Some of significant checkpoints for an effective CO, adsorbent.

Furthermore, the adsorbent should possess good stability properties to maintain its performance over
multiple cycles. Cost-effectiveness is another crucial factor. The cost of the sorbent should be
economical, ideally under $10 per kilogram. Lastly, a good kinetic performance is essential. The
adsorbent should have a kinetic performance of over 1 mmol (g x min)™!. Additionally, low pressure
drops, and practical sorbent regeneration should be considered to ensure efficient Direct Air

Capture.[12], [20]
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3.2 Adsorbents Design Principles

In addition to surface chemistry, the specific surface area and porosity of an adsorbent play crucial
roles in CO; adsorption. It is intuitive to expect that a microporous adsorbent with a high specific
surface area would perform the best. However, the small pore size of such adsorbent’s limits CO>
diffusion. Therefore, the textural properties of the adsorbent must be carefully tailored to balance
these opposing requirements. Similarly, the chemistry of the adsorbent is crucial in designing high
performing adsorbents. By optimizing both the textural properties and chemistry of the adsorbent, it

is possible to achieve enhanced CO» adsorption performance. [27]
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Figure 17 Porosity and chemistry have to be considered together in optimizing a sorbent choice.
(Redrawn from [27])

This delicate balance between surface area, porosity, and chemical composition is key to the
development of efficient CO; adsorbents for various applications, including carbon capture and

storage.
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3.3 Adsorbents Classification

Carbon dioxide separation and capture technologies are broadly categorized into five main types:
membrane, absorption, adsorption, cryogenic distillation, and chemical looping. Among these, carbon
dioxide absorption is a widely used method where CO; is dissolved in a medium through physical or
chemical interactions. Adsorption, on the other hand, involves capturing CO> using a physical or
chemical adsorbent. Cryogenic separation operates under high pressure and extremely low

temperatures, leveraging the different boiling points of gases for separation.[28]

Physical Chemical
Adsorbents Adsorbents
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Double salts
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polymerzation
| |
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functionalization

Figure 18 Classification of adsorbents materials.

For physical adsorbents, attributes like the size of the adsorbent, surface area, and the architecture of
the pores are crucial for determining how effectively they can adsorb gases. The most efficient
physical adsorbents typically have a large surface area and pore diameters smaller than 0.7
nanometers.[29] Moreover, the ideal enthalpy of sorption should align with the requirements for both

adsorption and desorption to optimize carbon dioxide capture.

Chemical adsorbents, in contrast, are often metallic elements available in forms such as salts or
oxides, for example, magnesium oxide and calcium oxide, or as alkali-metal and hydrotalcite
compounds like lithium silicate and lithium zirconate. These materials react with acidic gases like

carbon dioxide to form strong chemical bonds, resulting in metal carbonates. [28], [29], [30]
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3.4 Physical Adsorbents

Common materials used as physical adsorbents like zeolites, activated carbon, metal-organic
frameworks (MOFs), and covalent organic frameworks (COFs) are pivotal. These materials are
chosen due to their high surface area, which is desirable for adsorption processes. The mechanism of
action in physical adsorbents relies on physical interactions between the sorbent material and the
substance being adsorbed. These interactions are often governed by van der Waals or ion quadrupole

forces, which bind the molecules to the surface of the sorbent. [29], [30]

3.4.1 Zeolites

Zeolites are silicate-based materials with a crystalline structure, high surface area, and adjustable pore
design. The alumina content and pore diameter greatly affect their adsorption capabilities. Zeolites
with larger pore diameters, such as zeolite 13X, demonstrate enhanced adsorption abilities compared
to other types. Despite their effectiveness in carbon dioxide adsorption, challenges include reduced
efficiency at higher temperatures, low selectivity, and decreased performance in humid

conditions.[30]

3.4.2 Activated Carbon

Activated carbon is characterized by its carbon-rich composition and well-organized porosity, making
it suitable for diverse applications ranging from wastewater treatment to air pollution control. It stands
out for its hydrophobic nature, large surface area, and stability, making it a favored choice for carbon
dioxide capture. However, challenges include its low selectivity for specific gas separations,

prompting research into its modification for improved performance.[30]

3.4.3 Metal — Organic Frameworks (MOFs)

MOF consist of metal ions/clusters and organic ligands, known for their remarkably high surface area
and pore size. They exhibit unique adsorption kinetics and can be regenerated at low temperatures.
While they show great potential in carbon dioxide capture, challenges include high production costs

and instability under humid conditions also, complicated synthesis process. [20]

3.4.4 Covalent — Organic Frameworks (COFs)

COFs made of crystalline, highly porous polymers linked by covalent bonds, are noted for their
stability and tunable pore sizes. They have gained attention in carbon dioxide adsorption due to their
high surface area and adaptability. Challenges in COFs include the cost and complexity of synthesis

methods, which are areas of ongoing research.

All these adsorbents, as they generally demand less energy for regeneration due to non-chemical bond

formation with the adsorbate. Their operation at lower temperatures and the high reversibility of the
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adsorption and desorption cycles accentuates their energy-saving benefits. However, the necessity for
strong vacuum conditions or gentle heating during regeneration brings an inevitable energy penalty.
Weak interactions may need more frequent regeneration than chemical adsorbents, which bond

stronger with molecules.[28], [29], [301, [31], [32], [33]

3.5 Chemical Adsorbents

Chemical adsorption, a subset of adsorption processes, involves a chemical reaction occurring on a

surface to capture substances like CO,. Various metals and compounds have been explored for this

purpose.

3.5.1 Metal Oxides

Examples include calcium oxide (CaO) and magnesium oxide (MgO). They are involved in a
reversible reaction with CO2, where one mole of metal compound reacts with one mole of COx. In
practical applications, metal oxides like CaO are transformed into metal carbonates (e.g., CaCO3)
through a cyclic process involving temperature variations, which helps in regenerating the sorbent

and producing a concentrated CO; stream suitable for storage. [20]

Lean CO, stream Rich CO, storage

CO, Capture CO, Capture

(Carbonator) - (Carbonator) Spent sorbent

Rich CO, stream Fresh sorbent

Figure 19 Capturing CO; via calcination and carbonation with a calcium oxide (CaO) sorbent.

3.5.2 Metal Salts
These range from alkali metal compounds like lithium silicate and lithium zirconate to alkaline earth
metal compounds. Although lithium-based salts show promising CO; adsorption performance, their

high production cost limits their widespread use.

3.5.3 Hydrotalcites and Double Salts
These materials have layered structures and are noted for their easy regeneration due to low energy

requirements. However, their stability is yet to be thoroughly examined.
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Also, lithium zirconate (Li2ZrO3) has been identified as an effective high-temperature CO; absorbent.
Its reaction with CO; is reversible within a specific temperature range, and this reversibility can be
controlled simply by adjusting the temperature. The addition of eutectic carbonates (like a mix of

Li,CO3 and K»>CO3) can further enhance the CO absorption efficiency.

Another material is lithium silicate (Li4Si04), which has been found to have a greater CO; adsorption
capacity than lithium zirconate. Lithium silicate undergoes a reaction with CO2 below 720 °C and
releases CO2 above this temperature. Its large capacity, quick absorption rate, stability, and
effectiveness across various temperatures and CO> concentrations make it a strong candidate for
commercial CO; adsorbent development. However, its energy-intensive due to high

temperatures.[33]

3.5.4 Amine Based Solid Sorbents.

Amine-based adsorbents have recently attracted attention for their proficiency in Direct Air Capture
(DAC) due to their high CO2 adsorption capacities, especially at ultra-dilute concentrations and in
humid conditions. However, the effectiveness of these adsorbents is significantly influenced by their
synthesis method and the governing process parameters. There are four primary methods for
synthesizing these adsorbents. [34] Physical Impregnation (class I), Chemical grafting (class II), In

situ polymerization (class III), Double functionalization (class IV).
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Figure 20 Schematic representation of classification of amine based solid adsorbents. Redrawn from
[20]
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3.5.4.1 Amine Impregnated Sorbents (Class I)

Physical Impregnation (Class I Adsorbents) method involves dispersing amines like TEPA or PEI
(polyethyleneimine) in a solvent,[35], [36] followed by mixing with a porous support. This method
is favored for its simplicity and its ability to house substantial amounts of amine. However, challenges
such as amine degradation and evaporation. Despite these challenges, there have been successful
attempts in using low-volatile, high-molecular-weight amines to address these issues. One effective

approach involves the impregnation of PEI molecules of varying molecular weights into sorbents.

For instance, impregnating PEI molecules with an average molecular weight (Mw) between 400 and
25000 Da into sorbents maximizes the effective content of amine in the adsorbent. Notably, the
literature reported that adsorbents with branched PEI (Mw of 800 Da) achieved the highest CO>
adsorption capacity.[20], [37], [38], [39], [40]

Notably, temperature and pressure influence CO» adsorption capacities. For instance, when assessing
the performance of certain adsorbents under varying temperatures and pressures, specific trends have
emerged that shed light on the mechanisms behind CO» adsorption in amine-based adsorbents. As the
temperature rises, for instance, there's a change in the dynamics of CO; penetration, when the
temperature rises, the films produced by the crosslink between CO> and PEI (formation of ammonium
carbamate ion pairs) become less dominating over CO: penetration, resulting in increased

capacity.[20], [41]

3.5.4.2 Amine Grafted Sorbents (Class II)

Amine grafted adsorbents are lauded for their high stability and easy regeneration during CO»
adsorption—desorption cycles, even in humid conditions, compared to those obtained by the physical
impregnation method. Class Il materials are made up of amino silanes covalently bound to the surface
of the porous support. The covalent binding of the amino silane to the support lends these materials
significant thermal stability, although they tend to have a relatively low concentration of amine.
Furthermore, Class II materials have been predominantly utilized in basic research to explore how
different types of amines (primary, secondary, tertiary) affect CO capture efficiency and resistance
to oxidation. Also, one must acknowledge their limitation in CO> uptake capacity. This arises due to
surface saturation with amino silane species. [20], [30] This reaction predominantly occurs between
amino silane species and the hydroxyl group found on the support surface. It generally commences
with the mixing of the chosen porous solid support in a solvent, with anhydrous toluene being a
common choice. This is then combined with amino silane, followed by a phase of stirring and
refluxing. After the reaction is complete, the solution is filtered and washed to remove any remaining

unreacted amine molecules from the sorbent.[20]
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3.5.4.3 In Situ Polymerization (Class III)

Class III materials are synthesized through a specialized process of in situ polymerization, where
amino polymers are covalently bonded inside the porous support, utilizing amine-rich monomers such
as aziridine. This method grants these materials superior thermal stability due to the robust covalent
linkages between the support and the polymer. However, the rapid polymerization of aziridine, while
beneficial for securing the amino polymers firmly onto the support, poses challenges in controlling
the polymer's final structure, making these materials more complex to produce on a laboratory scale.
Moreover, the polymer can obstruct the pores of the support, leading to diffusion issues that slow
down the adsorption and desorption processes. The hazardous properties of aziridine further diminish
the attractiveness of this method for lab-based research, due to the difficulties in managing the swift

and potentially unsafe polymerization process. [20], [42]
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Figure 21 Representation of double functionalization. (Redrawn from [43])

3.5.4.4 Double Functionalization (Class IV)

Class IV adsorbents embody a hybrid methodology, blending the advantages of both grafting and
impregnation techniques through a "double-functionalized method." This innovative process involves
the synthesis of amine-based sorbents that, after initial grafting, are further enriched by impregnation
with amino silanes, potentially increasing their adsorption capacity by introducing additional amine
species. These materials merge the traits of Class 1 and Class 2 materials, featuring both chemically
grafted molecular amino silanes and physically embedded amino polymers. This combination has
been shown to enhance stability over Class 1 materials, thanks to the hydrogen bonding between the
amines on the amino polymer and those covalently bonded to the surface. Despite these
improvements, Class IV adsorbents may still face diffusion issues due to pore blockage.[18], [20],

[43], [44], [45], [46], [47], [48]
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4. CO: INTERACTION WITH AMINE

Since the 1930s, solutions of primary and secondary amines in water have been utilized for capturing
CO; from natural gas and hydrogen under high partial pressures. These solutions, however, are
limited by their significant heat capacities and losses due to evaporation, making the regeneration
process costly and energy demanding. To mitigate these energy costs, employing amines and

polyamines on solid supports has been introduced.

Solid adsorbents based on amines, which are a combination of amines with a porous solid support,
show enhanced performance in capturing CO>. This improvement is attributed to the synergistic effect

of CO: chemisorption by the amines and physisorption by the solid support.
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Figure 22 Interaction of PEI with CO». (Redrawn from [40])

The reaction of CO; with PEI is depicted in Figure 22. The polymer's repeating unit in Figure 22
offers a simplified model representation, illustrating the three different types of amines present in
PEI. The primary and secondary amino groups in PEI react with CO> to form carbamates. These
carbamates can further react to form bicarbonates in the presence of water. Under dry conditions, two

amino groups are required for every CO2 molecule to be captured.

Conversely, under humid conditions, theoretically, only one amino group is needed to capture a
molecule of CO,. Consequently, the CO, adsorption capacity of PEI is expected to be higher under
humid conditions. Additionally, the presence of water significantly stabilizes the adsorbents based on

PEI and grafted amines by inhibiting the formation of urea species.[40]

In situ IR spectroscopy has shown that under dry conditions, CO> adsorbs on primary amine sites as

strongly bound ammonium carbamate and on secondary amine sites as weakly bound carbamic acid.
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Additionally, a secondary amine may also weakly adsorb ammonium carbamate. Under moist
conditions, amines react with CO; to produce bicarbonate, as demonstrated by equations (1) and (2)

for the reaction of secondary amines with CO> under both conditions.[49]

2R,R,NH + CO, = R,R,NH* + R,R,NCOO~ (dry conditions) (1)

R,R,NH + CO, + H,0 = R{R,NH* + HCO3 (wet conditions) 2

For primary amines (R2 = hydrogen atom), the carbamate reaction [Eq. (1)] and the carbonation
reaction [Eq. (2)] may compete. However, in some amines, the carbamate reaction is suppressed due
to steric hindrance. Tertiary amines (R1R2R3N) cannot undergo carbamation since the COO™ group

needs to replace a hydrogen atom.[50]

Pinto et al. studied CO> sorption by amine-modified materials under dry conditions using solid-state
NMR spectroscopy. The study noted that when a large amount of CO; is incorporated and only a
small amount of R-NH> is available, a fraction of carbamic acid could remain unreacted, leading to

its presence during CO, sorption.

The reaction mechanisms for CO2 adsorption on amine-based adsorbents are categorized as follows
(outlined in eqn (3)—(8)):

The Zwitterion mechanism (type I):
CO; reacts with amine to form a zwitterion (eqn (3)), which is then deprotonated by a free base (such

as amine, OH—, or H»>O) to yield carbamate (dry conditions) or bicarbonate (wet conditions). [20]

€O, + RNH, = RNH;F CO0~ (E, = ~40 — 50 kcal mol™?) (3)

RNH;COO~ + RNH, = RNHCOO™ + RNHS (E; = ~13.2 kcal mol™) (dry conditions) (4)

CO, + RNH, + H,0 = RNHf + HCO3 (E, = ~21 kcal mol™) (wet conditions)  (5)

The single-step mechanism (type II):
Amine reacts with CO» and a base simultaneously, bypassing the formation of a stable zwitterion.

Here, water molecules serve as proton acceptors instead of amines.[20]

CO, + RNH, B = RNHCOO™ + --- BH* (6)
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The carbamic acid mechanism (type I1I):
A two-step reaction where the amine first combines with CO; to create carbamic acid, which then

undergoes a proton transfer with another amine to form carbamate:

€O, + RNH, = RNHCOOH (7)

RNHCOOH + RNH, = RNHCOO~ + RNHS (8)

Among these, the zwitterion mechanism is frequently observed in studies addressing CO> capture by
amines, whether in solutions or on solid adsorbents, in both dry and humid conditions. Species such
as carbamic acid, alkylammonium carbamate, and/or bicarbonate are identified during CO>
adsorption over amine-based adsorbents, depending on the amine concentration and adsorption

conditions.[20]

Kortunov et al. reported the nucleophilic attack of amine (Lewis base) on CO- carbon leading to the
formation of zwitterion RHoN+-COO— (referred to as 1,3-zwitterion, with 1 and 3 denoting the
positive and negative centers, respectively). Depending on the conditions, 1,3-zwitterion may convert
to ammonium carbamate through intermolecular proton transfer with amine (Breonsted base) or to
carbamic acid through intramolecular hydrogen transfer. Notably, in anhydrous conditions, two
primary amines react with CO> to form ammonium carbamate. In the presence of water, water acts
as a nucleophile, reacting with CO; to create carbonic acid, which then forms carbonate/bicarbonate
upon reacting with an amine. Additionally, water can convert carbamate anion into carbonate or
bicarbonate, releasing the amine for further CO; reaction, leading to a maximum theoretical amine

efficiency (molar CO2/N ratio) of 0.5 in anhydrous conditions and 1.0 in hydrous conditions.

Primary and secondary amines can react with CO2 under both dry and humid conditions, while tertiary
amines only do so in the presence of moisture. The formation of carbamic acid or carbamate depends
on the amine loading, with alkylammonium carbamate being predominant at high amine loadings,
whereas carbamic acid or hydronium carbamate is more likely at lower amine loadings. In humid
conditions, water can also assist the nucleophilic attack of CO; with the amine to generate hydronium
carbamate, or it can act as a nucleophile that amines assist in producing ammonium bicarbonate at
expense of carbamate. For highly hindered amine or tertiary amines, water acts as a more competitive

Lewis base, leading to the formation of ammonium bicarbonate in comparison to carbamate.[20]
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5. GOALS OF EXPERIMENTAL PART

The experimental goals of this thesis focused on the modification of ZEOFREE support material

through chemical grafting and impregnation processes, aimed at enhancing their adsorption properties

for capturing CO; under flue (%10 CO») and dilute (400 ppm CO.) conditions.

5.1 Amine Grafting with ZEOFREE

Explored two different aminosilanes, APTMS (amino propyl trimethoxy silane) and
AEAPTMS 3-[2-(2-aminoethylamino) ethyl amino] propyl-trimethoxy silane, for grafting
onto ZEOFREE to enhance its CO> adsorption capabilities as well as thermal and cyclic
stability.

Assessed the influence of water by grafting under dry and wet conditions. Additionally,
undried ZEOFREE support was used to observe the effects of inherent water without

additional water.

5.2 Impregnation of PEI and/or PEG with ZEOFREE

These

Investigated the impregnation of PEI (polyethyleneimine) onto ZEOFREE to enhance its CO2

capture potential.

Examined the effect of the addition of PEG (polyethyleneglycol) on the impregnation process

and resulting adsorption properties and cyclic stability.

Implemented both dry and wet impregnation methods (where 'wet' means without additional
water; PEI2000 and PEI750000 already contain 50% inherent water) using PEIs of different
molecular weights (800, 25000, 2000, 750000).

experimental objectives aimed to advance the understanding of surface modification

techniques for adsorbent materials and to develop adsorbents with enhanced CO> adsorption

capabilities, as well as their cyclic stability, thermal stability, and textural properties suitable for flue

and dilute conditions.
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EXPERIMENTAL PART
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6. MATERIALS AND SYNTHESISES

6.1 Materials

ZEOFREE were obtained from Evonik, anhydrous toluene were obtained from PENTA, For amine-
grafting APTMS (amino propyl trimethoxy silane) (%97) and AEAPTMS 3-[2-(2-aminoethylamino)
ethyl amino] propyl-trimethoxy silane were obtained from Thermo Scientific. While for amine-
impregnation PEI branched (polyethyleneimine) (molecular weight 800 and 25000), PEI branched
(molecular weight 2000 and 750000) and PEG (polyethylene glycol) (molecular weight 20000) were
obtained from Sigma Aldrich.

Table 1 List of materials and chemicals used for the synthesizes.

Materials / Chemicals Used for Obtained from
ZEOFREE Support material. EVONIK
APTMS (amino propyl Amino silane, used for

trimethoxy silane) (%97) grafting method. THERMO SCIENTIFIC

AEAPTMS 3-[2-(2-

an.nnoethylamln.o) ethyl Amino gﬂane, used for THERMO SCIENTIFIC
amino| propyl-trimethoxy grafting method.
silane
Anhydrous toluene Solvent PENTA
PEI branched (Mw 800) Used for impregnation SIGMA ALDRICH
PEI branched . .
(Mw 25000) Used for impregnation SIGMA ALDRICH
PEI branched (Mw 2000) . .
50% water solution Used for impregnation SIGMA ALDRICH
PEI branched
(Mw 750000) Used for impregnation SIGMA ALDRICH

50% water solution

PEG (Mw 20000) Used for impregnation SIGMA ALDRICH
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Table 2 Materials and chemicals used for the synthesizes.

ZEOFREE (Precipitated Calcium Silicate)

APTMS (amino propyl trimethoxy silane)
(%97)

AEAPTMS 3-[2-(2-aminoethylamino) ethyl

amino] propyl-trimethoxy silane

PEI branched (polyethyleneimine) Mw
2000

PEI branched (polyethyleneimine) Mw
25000

PEI branched (polyethyleneimine) Mw
750000

39



TBU in Zlin, Faculty of technology 40

6.2 Grafting Method

ZEOFREE, a specialized synthetic calcium silicate, boasts an extraordinarily high absorption
capacity due to its precipitated nature. This product features highly porous particles. For this reason,
we selected ZEOFREE sorbent as the support material for the adsorption process, capturing CO»
directly from air at concentrations of 10% and 0.04%. In our first experiment, we systematically
worked to remove water from the ZEOFREE. The support material, weighing 20g, were subjected to
a controlled environment inside the MEMMERT V0400 oven. The drying conditions were set at a
temperature of 100°C and a pressure of 10 millibar. After a 24-hour duration, the material was
extracted and weighed, and it was observed that ZEOFREE was 18.9 g. We also kept some support
sorbent that had not gone through the drying process for sample ZEO-3, and ZEO-6. Therefore, for
ZEO-3 and ZEO-6 there was no additional water injected.

Secondly, adding water
(for wet grafting), stir, introduce
aminosilane, and heat at 85°C.

1

0.1 ml of pure water Adding 5 ml of
for wet grafting APTMS or AEAPTMS

¢
A

= Y I~

A N
-

o e

Labelling Drying the sample in the Adsorbents filtered,

oven 60 °C overnight washed multiple times B :
with toluene + - 7#‘3 /
1 g of ZEOFREE
100 ml of
Toluene

Firstly, mix toluene
with support, and stir
for 2h.

Figure 23 Synthesis of amine-grafting with ZEOFREE. (Created with BioRender.com)

Before each grafting experiment, the flask, filtration apparatus used for the experiments was
thoroughly cleaned for each sample. This entailed washing the flask and other necessary equipment

with a combination of HNQOs, water, and acetone.
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6.2.1 Dry Grafting

The initial step for this method involves combining 100 mL of anhydrous toluene with 1 g of
ZEOFREE in a flask. This mixture is stirred at room temperature for 2 hours. Depending on the
specific experiment, either 5 mL of APTMS (amino propyl trimethoxy silane) (%97) or 5 mL of
AEAPTMS 3-[2-(2-aminoethylamino) ethyl amino] propyl-trimethoxy silane is introduced. The
mixture is then subjected to a temperature of 85°C for a duration of 6 hours. Post-reaction, grafted
adsorbents material was filtered and washed multiple times with toluene, followed by drying in a

vacuum oven at 60°C overnight.

Table 3 Comparative table of grafting experiments performed using ZEOFREE support.

Support Initial . Amino Amino | Amino
. . Amount Initial . . .
Graftin | Materia of Mixing Mixin Amount silane silane silane
g type 1 and Toluene Time Tem g of water | Type and | Mixin Mixing
Amount " p- Amount | g Time | Temp.
1 gof
Dry Room SmL 6 o
ZEO-1 ZE?EFRE 100 mL | 2 hours temp. - APTES hours 85°C
Wet ZIIE(%F(;{E 100mL | 2h Room 1 p | Smb 6 85°C
ZEO-2 . m U temp. | ™ | APTES | hours
Undried | 1 gof R 5 sl 6 85°C
support | ZEOFRE | 100 mL | 2 hours ; - APTES hour
ZEO-3 B emp. ours
5mL 85°C
Dry I gof Room - 6
ZEOFRE | 100 mL | 2 hours - AEAPTM
ZEO-4 temp. hours
E S
1 gof SmL
R 6 85°C
Wet | JEOFRE | 100mL | 2hours | °™ | 01mL | AEAPTM
ZEO-5 - temp. S hours
Undried | 1 gof SmL
R 6 85°C
support | ZEOFRE | 100mL | 2hours | oom - AEAPTM |
ZEO-6 E emp. S ours

6.2.2 Wet Grafting

For wet grafting, the procedure starts similarly by combining 100 mL of anhydrous toluene with 1 g
of ZEOFREE support in a flask and stirring at room temperature for 2 hours. After the initial stirring,
0.1 mL of ultrapure water is added, and the mixture is stirred for an additional 3 hours. Depending on
the specific experiment, either 5 mL of APTMS or 5 mL of AEAPTMS is introduced. Post-reaction,
the grafted adsorbent material was filtered and washed multiple times with toluene, followed by

drying in a vacuum oven at 60°C overnight.
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6.3 Impregnation Method

6.3.1 Amine-Impregnated Adsorbents

Amine-functionalized adsorbents have been synthesized through a novel approach utilizing a high-
speed shear mixing impregnation technique. In this process, a precisely measured amount of PEI,
ZEOFREE, and/or Polyethylene glycol (PEG) are combined in a small cup. This mixture is then
placed into a speed mixer device. The device is set to operate at a specific speed (up to 3000 rpm)
and is allowed to spin for one minute. This method ensures a thorough and uniform distribution of
the components, leading to the effective synthesis of the amine-functionalized adsorbents. Following

high-speed shear mixing, the adsorbents were left to dry at 60°C throughout the night.

o r\v\m/\/N\/\N/\/H NH, \
/ i \
N < >
N NN N, e
E— — —>
Adding amine groups Adding 1 g of High-speed shear
(PEI and/or PEG) ZEOFREE mixing for 1-4 min
(up to 3000 rpm)
=]
— <
o Drying the sample in the
- oven at 60 °C overnight
Labelling

Figure 24 Synthesis of amine impregnating with ZEOFREE. (Created with BioRender.com)

6.3.2 Dry Impregnation

In the dry synthesis for amine-functionalized adsorbents, we developed several samples with distinct
compositions. The first sample combined 1 gram of PEI (800 molecular weight) with 1 gram of
ZEOFREE, undergoing two spins at 1000 and 3000 rpm, respectively, for effective homogenization.
The second sample, slightly modified, included 0.95 gram of PEI (800 molecular weight), 1 gram of
ZEOFREE, and 0.05 gram of PEG (20000 molecular weight), subjected to three spins at 1000, 2000,
and 3000 rpm. This process included a manual mixing step after the second spin to ensure even

distribution of components.
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The third sample shifted focus to a higher molecular weight, PEI (25000), mixed with 1 gram of
ZEOFREE, and followed a two-spin process at 1000 and 2000 rpm for homogenization. Lastly, the
fourth sample mirrored the second but used PEI (25000 molecular weight), incorporating three
spinning cycles at 1000, 2000, and 3000 rpm to achieve a uniformly functionalized material. This
approach demonstrates the adsorbents' properties by adjusting the molecular weight of PEI and the

inclusion of PEG.

Table 4 Comparative table of dry impregnation synthesis.

Dry Impregnation ZEOFREE PEI PEG
1 gram (800
LR ALE I gram molecular weight) :
PEIS00 ZEO PEG | gram 0.95 gram (800 0.05 gram (20000

molecular weight) molecular weight)

PEI25000 ZEO 1 gram 1 g (2000 i
— molecular weight)

0.95 gram (25000 0.05 gram (20000

PEI25000_ZEO_PEG I gram molecular weight) | molecular weight)

6.3.3 Wet Impregnation
In the wet synthesis approach for amine-functionalized adsorbents, the unique aspect was the inherent
moisture content of PEI, given its 50% water composition. Therefore, there was no need to add water

additionally.

The first sample utilized 2 grams of PEI (2000 molecular weight) and 1 gram of ZEOFREE support,
subjected to three spinning cycles at 1000, 1500, and 2000 rpm, ensuring thorough mixing and
homogenization. For the second sample, the composition was slightly adjusted to include 1.95 grams
of PEI (2000 molecular weight), 1 gram of ZEOFREE, and an addition of 0.05 gram of PEG (20000
molecular weight). This sample underwent a more intensive mixing process with four spins at speeds

of 1000, 2000, 1500, and finally, 3000 rpm.
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The third sample utilized 2 grams of PEI (750000 molecular weight), combined with 1 gram of
ZEOFREE. It was spun twice, both times at 2000 rpm, to achieve effective functionalization. The
final sample mirrored the second in terms of process but utilized PEI with a molecular weight of
750000 (1.95 grams), 1 gram of ZEOFREE, and the standard 0.05 gram of PEG (20000 molecular
weight). This sample was spun four times at 1000, 1500, 2000, and 3000 rpm to ensure uniformity

and effective adsorbent preparation.

Table 5 Comparative table of wet impregnation synthesis.

Wet Impregnation ZEOFREE PEI PEG

PEI2000_ZEO 1 gram 2 s (B0 i
= molecular weight)

1.95 gram (2000 0.05 gram (20000

PEI2000_ZEO_PEG I gram molecular weight) molecular weight)
PEI750000_ZEO 1 gram 2 i (S i
- molecular weight)
PEI750000_ ZEO PEG | gram 1.95 gram (750000 0.05 gram (20000

molecular weight) molecular weight)

This wet synthesis method capitalized on the water content within PEI to facilitate the adsorbent's
functionalization, demonstrating the adsorbents' properties by adjusting the molecular weight of PEI

and the inclusion of PEG.
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6.4 Characterizations of Adsorbents

6.4.1 Scanning Electron Microscopy Measurements

Scanning Electron Microscopy (SEM) is crucial for analyzing the surface patterns of adsorbents at
various levels. By providing a close-up view of the adsorbent's structure, SEM enables researchers to
understand its morphology, topography, and composition, essential for optimizing its performance in

CO; capture.
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Figure 25 Scanning Electron Microscope (FEI, Nova NanoSEM 450)

The surface topographies of the adsorbents were recorded by scanning electron microscopy (SEM)
using FEI Nova NanoSEM 450 at an accelerating voltage of 10 kV. Figure 31 and 32 illustrates SEM
images for ZEO and PEI series. ZEO series including ZEOFREE pristine support material at 20 pm
and 2 pm scales with magnifications of 5000x and 50000x, respectively, therewithal, for PEI series

at 20 um and 3 pum scales with magnifications of 5000x and 30000x, respectively.

6.4.2 Thermal Stability Measurements

TGA is a crucial technique for understanding the thermal stability, decomposition behavior, water
evaporation, amine evaporation of adsorbents. By subjecting the adsorbent to a controlled
temperature ramp in an inert atmosphere, TGA allows us to observe weight changes as a function of
temperature. TGA enables adsorption-desorption experiments, providing insights into the adsorbent's

behavior under different temperature conditions.
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The thermal stabilities and organic content of the adsorbents were evaluated using thermogravimetric
analysis (TGA) with a TGA Q500 Thermogravimetric Analyzer. The analysis was conducted from
30°C to 800°C at a rate of 10°C/min under a 50 mL/min N; flow in a platinum crucible. TA
Instruments Universal Analysis 2000 software recorded weight loss versus temperature data and
derivative weight. The results were analyzed in the software, peaks and weight losses were calculated

based on the graphs conducted from the software.

Figure 26 Thermo-gravimetric analyzer (TGA Q500 Thermogravimetric Analyzer) (left) and
SETARAM Scientific & Industrial Equipment (SETSYS Evolution) TGA (right)

6.4.3 Specific Surface Area Evaluation

Brunauer-Emmett-Teller (BET) analysis is essential for determining the specific surface area of
adsorbents, which is crucial for understanding their CO> capture efficiency. BET analysis utilizes
nitrogen gas adsorption to measure the surface area of the adsorbent material. By providing precise
information about the surface area, BET analysis helps optimize the adsorbent's performance and

efficiency in COz capture applications.

The surface area of the support material ZEOFREE, and synthesized adsorbents were determined
through nitrogen-adsorption/desorption isothermal measurements at 77 K with Brunauer—Emmett—
Teller (BET) using BELSORP-mini II Analyzer. All samples including support material ZEOFREE
were degassed under vacuum for 4 hours at 80 °C. N adsorption—desorption isotherms were
collected at — 196 °C, surface area and pore volume were calculated from the isotherm data using the

Brunauer—-Emmett—Teller.
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6.4.4 Fourier Transform Infrared Spectroscopy (FTIR) Measurements

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful technique for analyzing the chemical
composition and surface functional groups of adsorbents. By examining the adsorbent's infrared
absorption spectrum, FTIR provides valuable insights into the types of chemical bonds present on the
surface. With FTIR, we can determine whether CO> is bonded to the adsorbents, identify grafting
agents on the surface, and analyze various functional groups, providing crucial information for

optimizing the adsorbent's performance in CO> capture applications.

The chemical groups of the adsorbents were determined by Fourier transform infrared spectroscopy
(FTIR) using an infrared spectrometer NICOLET 6700 FT-IR, Thermo Scientific in the range of
wavenumber from 4000 to 400 cm™?! during 64 scans, with 4 cm™? resolution. The materials were

mounted directly in the sample holder and data was collected after scanning the background.

Figure 27 Brunauer-Emmett-Teller (BET) BELSORP-mini II Analyzer (left) and Fourier Transform
Infrared Spectroscopy (FTIR) NICOLET 6700 FT-IR, Thermo Scientific (right)

6.4.5 Elemental Analysis Measurement
Elemental analyzers are essential tools, designed to accurately determine the composition of various
materials by measuring elements like carbon, hydrogen, nitrogen, and sulfur. The contents of carbon
(C), hydrogen (H), nitrogen (N), and Sulphur (S) in the adsorbents also including amino silanes, PEI,
PEG, and pristine support ZEOFREE were measured by Elemental Analyzer using Flash 2000
CHNS/O+MAS200R, Thermo Scientific.

The samples, weighing approx. 2-3 mg, were placed into an aluminum cup and weighed three times
on an analytical balance. After weighing, the crucible was packed to remove all air, weighed again,
and the value was recorded in the FLASH CHNS program. The sample was transferred to the

dispenser of the device, where a blank sample (blank — empty cup) was first inserted, two bypasses
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(selected standard 1-3 mg) - for internal calibration of the device and calibration standards (three
different amounts of a suitable standard), where they are represented in precisely defined quantities
of all analyzed elements. The samples were then inserted into the autosampler in the correct order, in
which they were also marked in the instrument software. FLASH and analysis and subsequent
evaluation of individual amounts (mass percentages) of each analyzed element in the sample took
place. Due to the large number of samples each sample was analyzed 3 times, the analysis was

performed in two parts, each time together with the selected methionine standard (Table 9).

Figure 28 Flash Analyzer CHNS / O + MAS200R, Thermo Scientific

For set of ZEO series, amine loading was quantified as the millimoles of nitrogen (N) per gram of the
adsorbent, determined through elemental analysis. Similarly, amine efficiency was evaluated as the

millimoles of CO; adsorbed per millimole of nitrogen.

6.4.6 Adsorption Desorption Measurements in 10% CO> Environment

The CO; adsorption and desorption cycles for all adsorbents, including pristine ZEOFREE support,
were conducted using a TGA Q500 Thermogravimetric Analyzer. The procedure began with a
nitrogen equilibration step to ensure system stability. Samples were initially equilibrated under a
nitrogen atmosphere at 30°C for 10 minutes. The temperature was then raised to 90°C at a rate of
10°C/min, followed by a 30-minute isothermal hold to stabilize the sample environment.
Subsequently, the temperature was decreased to 30°C at the same rate, with an additional 30-minute
isothermal period to prepare for the first adsorption cycle. Upon completion of the nitrogen step, the
system's atmosphere was switched to 10 % of CO; with a flow rate of 14 mL/min. The samples were
maintained isothermally at 30°C for 20 minutes to enable the first adsorption of CO». This step marks
the transition from nitrogen to CO> atmosphere, capturing the initial adsorption behavior of the

samples.
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Following the first adsorption phase, the gas flow was reverted to nitrogen at a rate of 10 mL/min,
and the temperature was once again raised to 90°C at a rate of 10°C/min. Another isothermal hold at
90°C for 30 minutes ensured the thorough desorption of CO> from the samples. The temperature was
then decreased back to 30°C at the same rate, with a subsequent 30-minute isothermal period to

prepare for the next adsorption cycle.
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Figure 29 Representation of adsorption desorption cycles by temperature profile in 10% CO;
environment.

This sequence—comprising temperature ramping, isothermal holds under nitrogen, and CO:
exposure for adsorption, followed by nitrogen purging for desorption—was repeated for a total of 20
cycles. This rigorous procedure aimed to assess the adsorption-desorption repeatability and stability

of the adsorbents under 10% of CO; conditions.

Each adsorption and desorption step were carefully timed and temperature-controlled to ensure
accurate data collection and reproducibility. Figure 29 illustrates the temperature profile and gas
switching timeline, providing a visual representation of the experimental conditions and the cyclic

nature of the adsorption-desorption process.
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6.4.7 Adsorption Desorption Measurements in 400 ppm CO2 Environment

The CO; adsorption desorption cycles in a 400 ppm CO; environment were conducted for all
adsorbents and pristine ZEOFREE, using a SETARAM Scientific & Industrial Equipment (SETSYS
Evolution) TGA.

The procedure began with a preliminary nitrogen step to ensure system equilibrium. Initially, the
samples were equilibrated under a nitrogen atmosphere at 30°C for 90 minutes. The temperature was
then gradually raised to 90°C at a rate of 10°C/min, followed by a 60-minute isothermal hold to
stabilize the sample environment. Subsequently, the temperature was lowered back to 30°C at the

same rate, with an additional 60-minute isothermal period to prepare for the single adsorption cycle.
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Figure 30 Representation of adsorption desorption cycle by temperature profile in 400 ppm CO;
environment.

Upon completion of the nitrogen step, the system's atmosphere was switched to 400 ppm CO». The
samples were maintained isothermally at 30°C for 180 minutes for the PEI series and 120 minutes
for the ZEO series to facilitate CO> adsorption. After the single adsorption phase, the gas flow was
switched back to nitrogen, and the temperature was once again raised to 90°C at a rate of 10°C/min.
A 60-minute isothermal hold at 90°C ensured thorough desorption of CO> from the samples. The
temperature was then lowered back to 30°C at the same rate, followed by another 60-minute

isothermal period to complete the cycle.
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7. RESULTS AND DISCUSSION

7.1 Surface Morphology Analysis (SEM) of Adsorbents
- ] ; "f 3 T

Figure 31 SEM images of ZEOFREE and ZEO series. a) and b) ZEOFREE c) ZEO-1 d) ZEO-2 ¢)
ZEO-3 f) ZEO-4 g) ZEO-5 and h) ZEO-6.

51
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Figure 31 SEM images offer a comparative study of ZEO support before and after silane grafting.
The ungrafted ZEOFREE (Image a and b) displays a collection of particles with relatively smooth

surfaces and homogenous morphology, providing a baseline for evaluating the effects of grafting.

Upon grafting with APTMS (Images c, d, ¢) and AEAPTMS (Images f, g, h), the ZEO particles retain
their distinct shapes but show subtle textural changes. The magnified insets reveal a fine, granular
coating on the particles, suggesting the presence of the grafting agent. This fine layer likely represents
the initial stage of surface modification, where the APTMS or AEAPTMS molecules adhere to and
slightly alter the original smoothness of the ZEO surface.

Based on the SEM images presented in Figure 32, it is evident that the morphology of the PEI-based
adsorbents varies depending on the molecular weight of the PEI used in their synthesis. Samples
PEI800 ZEO, PEI800_PEG ZEO, PEI2000 ZEO, and PEI2000 PEG_ZEO exhibit bulkier particles
with a more aggregated appearance. Conversely, PEI25000 ZEO, PEI25000 PEG ZEO,
PEI750000 ZEO, and PEI750000 PEG ZEO display smaller particles without noticeable

agglomeration, resulting in a powderier appearance.

This trend suggests that adsorbents synthesized with lower molecular weight PEI tend to have bulkier,
more rounded, and more aggregated particles, whereas those synthesized with higher molecular
weight PEIs display smaller, more dispersed particles without noticeable lump formations. Therefore,
it can be concluded that the molecular weight of PEI influences the morphology of the resulting

adsorbents.



TBU in Zlin, Faculty of technology

53

Figure 32 SEM images of PEI series. a) PEIS00 ZEO b) PEIS00_PEG ZEO ¢) PEI25000 ZEO d)
PEI25000 PEG_ZEO e¢) PEI2000_ZEO f) PEI12000 PEG ZEO g) PEI750000 ZEO and h)
PEI750000 PEG ZEO
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7.2 Thermal Stability and Organic Content Determination of Amine-Grafted Adsorbents

Figure 33 presents an in-depth analysis of the thermal stability for both pristine ZEOFREE and
ZEOFREE support grafted with amino silanes. The associated Table 6 complements this analysis by
quantifying the water loss and detailing the overall weight loss alongside the estimated loss in organic
content. This loss in organic content is discerned by deducting the total weight loss of pristine

ZEOFREE—water loss excluded—ifrom that of the total weight loss of the grafted adsorbents.
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Figure 33 Thermal stability curves of ZEO series including ZEOFREE support.

The thermal stability graph indicating notable weight loss primarily during water evaporation, amine
evaporation and at the decomposition stage. This was anticipated since ZEO-1 and ZEO-4 were
synthesized under dry conditions, thus registering the lowest water content. In contrast, adsorbents
synthesized in wet conditions (ZEO-2, ZEO-5) and adsorbents synthesized with undried support
(ZEO-3, ZEO-6) manifested the expected higher water content levels.

ZEOFREE, serving as the support material, exhibits stable thermal properties up to temperatures

between 157-200°C, where it undergoes an 8.98% weight loss due to water evaporation.
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Subsequently, the material maintains relative stability, albeit with a slight ongoing weight loss, until
reaching 766.41°C. At this point, it experiences an additional 4.93% weight loss, indicating the

material decomposition.

Table 6 Corresponding table detailing water loss and overall weight loss as well as estimated
organic content.

Sample name Water content (%) Organ(i;)c)ontent Tolt:sls‘?:;:;ght
ZEOFREE 8.98 N/A 13.64
ZEO -1 8.93 11.53 20.46
ZEO -2 9.33 13.12 22.45
ZEO -3 9.02 13.40 22.42
ZEO -4 7.85 15.03 22.88
ZEO -5 9.11 17.72 26.83
ZEO -6 9.06 16.72 25.78

ZEO-1, ZEO-2, ZEO-3 samples demonstrate significant weight loss between 485-495°C, which can
be attributed to the amine evaporation of the APTMS grafting agent. ZEO-4, ZEO-5, ZEO-6, exhibit
significant weight loss at slightly lower temperatures 385-395°C, indicating an earlier amine
evaporation stage for the AEAPTMS grafting agent compared to APTMS. ZEO-5 and ZEO-6 show
the highest organic content, suggesting a more effective grafting process of AEAPTMS, which has a
larger molecular structure due to the additional aminoethyl group. Additionally, after water and amine
evaporation, decomposition of ZEOFREE support in the adsorbents are observed at temperatures

around 775-778 °C.
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7.3 Thermal Stability and Organic Content Determination of Amine-Impregnated Adsorbents
Figures 34 and 35 illustrate thermal behavior of the adsorbents, ZEOFREE, and the difference
between adsorbents modified with PEI and those modified with PEI including the addition of PEG.

The thermal gravimetric (TG) curve of the ZEOFREE support material showed a total weight loss of
13.64% from 30°C to 800°C, significantly lower than that of the PEI based amine-modified

adsorbents. These results further confirm the successful loading of amine.
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Figure 34 Thermal stability of PEI-based adsorbents without addition of PEG including ZEOFREE.

In Figures 34 and 35, the weight loss is observed in two stages, spanning from 30°C to 800°C. The
first stage involves the desorption of adsorbate, including absorbed water, CO>, and other compounds,
occurring between 30°C and 150°C. This slow adsorbent activity in ambient air leads to a reversible

loss of adsorption capacity, which can be mitigated by proper storage and degassing before use.

The second stage involves PEI evaporation and decomposition, occurring at temperatures between

200°C and 500°C. At this stage, the weight loss corresponds closely to the PEI loading.
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For instance, theoretically PEI loading was 50% wt. for PEIS800 ZEO, PEI25000 ZEO,
PEI2000 ZEO, PEI750000 ZEO while it was 47.5% wt. for PEIS00 PEG ZEO,
PEI25000 PEG ZEO, PEI2000 PEG ZEO and PEI750000 PEG ZEO. This 47.5% amine loading
was because of additional 2.5% wt. of PEG loading.
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Figure 35 Thermal stability of PEI-based adsorbents with addition of PEG including ZEOFREE.

Adsorbents synthesized with lower molecular weight of PEI showed higher amine loading. The little
rest of the loading might have been lost during synthesis, particularly in cases where PEI mixing with
the support was required for better/manual homogenization. The adsorbents with the lowest actual
amine loading appeared to be PEI750000 ZEO with 45.7% wt. while the highest actual amine loading
appeared to be PEI800 PEG_ZEO with 47.07% wt.

Addition of PEG resulted in approximately 2% less total weight loss in TGA curves and calculations
as well as adsorbents synthesized with addition of PEG showed higher amine loading across all

samples.

Furthermore, the PEI loaded onto shallow and deep pores evaporates and decomposes at different
temperatures. This leads to irreversible loss of adsorption capacity, necessitating that the temperature

during CO; capture applications be limited to below 200°C.
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Table 7 Actual amine loading and total weight loss of PEI series.

Organic content (actual
Adsorbents Total weight loss (%)
amine loading) (%)

PEIS00 ZEO 47.34 60.98
PEIS00 PEG_ZEO 47.07 60.71
PEI25000_ZEO 46.11 59.75
PEI25000 PEG_ZEO 43.77 57.41
PEI2000_ZEO 46.38 60.02
PEI2000 PEG_ZEO 44.95 58.59
PEI750000_ZEO 45.76 59.40
PEI750000 PEG_ZEO 45.32 58.96

7.4 Surface Area and Porosity Determination (BET) of Adsorbents

The surface area, total pore volume, and pore diameter of ZEOFREE were found to be 168 m?/g, 1.34
cm’/g, and 31.85 nm, respectively. After grafting with APTMS, a reduction in surface area and total

pore volume was observed, accompanied by an increase in pore diameter.

Wet grafting synthesis of the adsorbents further decreased the surface area and total pore volume
while increasing the pore diameter. Upon inoculation with AEAPTMS, a more significant decrease
in surface area and total pore volume was observed compared to APTMS grafting. Similarly, the pore

diameter increased more prominently after inoculation with AEAPTMS.

Textural properties of PEI-based adsorbents dramatically decreased upon inclusion different
molecular weight of PEI. Adsorbents prepared using high molecular weight PEI exhibited a higher

surface area compared to those prepared with low molecular weight PEI.

For instance, the addition of PEG increased the surface area of PEI800 ZEO from 12.84 m?%/g to
19.93 m?/g, with a corresponding increase in pore diameter from 52.90 nm to 59.51 nm. Conversely,
the addition of PEG reduced the surface area of PEI750000 ZEO from 21.94 m?/g to 17.85 m?/g
PEI750000 PEG ZEO. Also, adsorbents synthesized with low molecular weight PEIs generally
exhibited higher pore diameters compared to those synthesized with high molecular weight PEIs

which leads to increase in CO; adsorption capacity.



TBU in Zlin, Faculty of technology 59

Table 8 Surface area, pore diameter and total pore volume of all samples including ZEOFREE

support.
Adsorbents Surface a;ea Pore diameter, Total pore volume
(BET), m"/g nm (p/pPo = 0,990) cm3/g

ZEOFREE 168.80 31.853 1.3442
ZEO-1 108.38 40.655 1.1015
ZEO-2 93.823 40.637 0.9532
ZEO-3 94.011 40.838 0.9598
ZEO-4 101.95 43.073 1.0979
ZEO-5 83.829 50.085 1.0496
ZEO-6 90.041 50.886 1.1455
PEI800_ZEO 12.843 52.906 0.1699
PEI8S00_PEG_ZEO 19.935 59.515 0.2966
PEI25000_ZEO 32.975 52.777 0.4351
PEI25000_PEG_ZEO 33.648 50.907 0.4282
PEI2000_ZEO 14.360 57.290 0.2057
PEI2000_ PEG_ZEO 14.455 60.841 0.2199
PEI750000_ZEO 21.942 53.281 0.2923

PEI750000_ PEG_ZEO 17.858 53.779 0.2401
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7.5 Chemical Characterization (FTIR) of Amine-Grafted Adsorbents

The ungrafted ZEOFREE spectrum serves as a baseline, highlighting the inherent functional groups
or bonding within the material itself. The peaks at 1076 cm™1, and 970 ¢cm™?, across all grafted
samples, indicative of Si-O-Si asymmetric stretching and Si-OH bending, respectively. The peak

1

around 1477 cm™", potentially associated with N-H bending vibrations, signifies the presence of

aminopropyl and aminoethylamino groups.
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Figure 36 FTIR spectra of ZEO series including ZEOFREE support.

A comparative analysis of the peak intensities from ZEO-1 to ZEO-6 against the ungrafted ZEOFREE
spectrum reveals a progressive increase, indicating an incremental amount of grafting. Notably, the
intensity of these peaks is higher in ZEO-4 to ZEO-6 than in ZEO-1 to ZEO-3, implying a higher
degree of grafting or more effective attachment of the silane molecules, possibly due to the different
chemical structure of the aminosilane which is AEAPTMS used in ZEO-4 to ZEO-6, which may lead

to stronger interactions or more efficient bonding with the ZEOFREE support.
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7.6 Chemical Characterization (FTIR) of Amine-Impregnated Adsorbents

The peaks observed at 3364 and 3288 ¢cm™! in PEIS00 and PEI25000 are attributed to N-H and N-H»
stretching vibrations, respectively. Similar peaks are also observed in PEI2000 and PEI750000, but
they appear as broad absorption bands, indicating O-H stretching vibrations due to inherent water.
The peak at 1453 cm™! is attributed to C-H deformations, while the peaks at 2950 and 2823 cm'! are
attributed to C-Ha stretching vibrations. Additionally, the peak at 1477 cm™ is attributed to N-H

vibrations.
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Figure 37 FTIR spectra of PEI series and pristine PEIs as well as PEG and ZEOFREE support.

After the surface modification of ZEOFREE with different molecular weights of PEI as well as PEI
containing inherent water, a series of new bands appeared. This indicates that the ZEOFREE sorbent
has been impregnated with PEI. The peaks observed in the pristine PEIs also appear in the adsorbents.
It is evident that PEI2000_ZEO, PEI2000 PEG_ZEO, PEI750000 ZEO, and PEI750000 PEG ZEO
adsorbents contain OH, N-H, and CH groups, which can contribute to better cyclic stability. Since
the peaks in PEI800 ZEO, PEIS0O0 PEG ZEO, PEI2000 ZEO, and PEI2000 PEG ZEO are more
pronounced, it is expected that their adsorption capacity will be higher based on the amine-CO»

interaction.
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7.7 Elemental Analysis of Adsorbents

Table 9 shows the analyzed values of nitrogen, carbon, hydrogen, and sulfur in mass % (m/m). Each
sample was analyzed 3 times. For this, values show average results of samples. The LOD (limit of
detection) is below 0.5% for FLASH analysis; amounts below 0.05% are evaluated by the method as

undetectable.

All samples show no sulfur, indicating that the sulfur element in these samples is either absent or
below the detection limit. For other elements, there's a variation across samples, APTMS, with its
functional amine group, demonstrated a notable nitrogen presence, aligning with its expected
chemical composition. In contrast, AEAPTMS displayed a higher nitrogen content due to its
additional aminoethyl group. Also, ZEO-4 shows the highest nitrogen content and ZEO-5 shows the
highest carbon and hydrogen content among the ZEOFREE based sorbents.

Among the different molecular weights of pristine PEIs tested, PEI with 25000 molecular weight
exhibited the highest nitrogen (N) and carbon (C) content, with percentages of 30.07% and 62.24%
respectively. On the other hand, PEI 800 displayed the highest hydrogen (H) content at 9.92%.

We also examined the effect of adding polyethylene glycol (PEG) to the PEI-based adsorbents. While
the addition of PEG showed little variability in the N, H, and C values of other adsorbents, a
significant increase in nitrogen content was observed when comparing PEIS00 ZEO and
PEI800 PEG_ZEO. Specifically, the addition of PEG increased the nitrogen content from 15.10% to
23.79%.

Additionally, PEIS00_ PEG ZEO adsorbent exhibited the highest nitrogen and hydrogen content at
23.79% and 6.82% respectively. On the other hand, PEI25000 PEG ZEO displayed the highest

carbon content at 29.20%.
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Table 9 Determination of C, H, N, (S) content in Diatoms (DE) and ZEOFREE based sorbents and samples
using the FLASH method. Values given in weight percent % (m/m), methionine (C 5 H 11 NO 2 S) standard

used.
Sa:r‘l%les N C H S
Chemicals (%) (%) (%) (%)
Methionine 9,39 40,25 7,42 21,5
APTMS 9,25 22,03 4,65 -
AEAPTMS 36,44 4,52 7,46 -
ZEOFREE 3,39 0,87 0,84 -
ZEO-1 5,09 7,87 1,68 -
ZEO-2 5,26 9,59 1,53 -
ZEO-3 7,36 9,44 1,7 -
ZEO-4 18,92 7,86 1,34 -
ZEO-5 5,03 10,4 2,36 -
ZEO-6 11,91 8,94 1,16 -
PEG 20000 7,06 52,02 11,96 -
PEI 800 28,55 52,28 9,92 -
PEI 25000 30,07 62,14 7,56 -
PEI 2000 18,27 28,75 6,48 -
PEI 750000 20,81 31,87 7,34 -
PEI800 ZEO 15,10 24,10 5,78 -
PEIS00_PEG_ZEO 23,79 25,52 6,82 -
PEI125000_ZEO 14,63 28,04 3,94 -
PEI25000 PEG_ZEO 15,49 29,20 3,40 -
PEI2000_ ZEO 15,28 26,40 3,16 -
PEI2000 PEG_ZEO 14,13 25,30 3,22 -
PEI750000_ZEO 14,28 27,70 4,54 -
PEI750000 PEG_ZEO 14,28 25,98 3,53 -
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7.8 CO; Adsorption Capacity and Cyclic Stability of Amine-Grafted Adsorbents in 10% CO:
Environment

The adsorption time under 10% CO; conditions was consistently set to be 20 minutes across various
samples, as illustrated in Figure 29. However, it was observed that upon closing the CO; valve to
initiate the completion of the adsorption cycle, a residual amount of CO> remained present within the
piping and on the balance. This residual CO; was found to be adsorbed by the adsorbent within
approximately 4 minutes for all samples. Consequently, while the targeted adsorption time was
achieved within the specified 20-minute duration, the overall adsorption process for all samples
extended to 24 minutes. Consequently, capacity calculated based on adsorption peaks of the

adsorbents, as depicted in Figure 38, it was imperative to consider this residual CO> effect.
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Figure 38 Adsorption-desorption measurements of pristine ZEOFREE support.

Moving on to the investigation of ZEOFREE substrate without any modifications, showcased in
Figures 38 and 39, it's evident that even in its pristine state, ZEOFREE possessed a noteworthy
adsorption capacity of 0.16 mmol/g. This inherent capacity can be attributed to ZEOFREE's

exceptional porosity and high surface area, which can facilitate efficient adsorption.
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Figure 38 presents the adsorption cycles along with the corresponding weight losses, with the final
weight loss of ZEOFREE recorded at 1.15%. Notably, during the adsorption process, certain cycles,
particularly between the 10th and 15th cycles, exhibited unexpected weight gains. These anomalies
were likely induced by variations in temperature and gas switches within the system. Interestingly,
such deviations were predominantly observed in the pristine ZEOFREE and ZEO-4 samples, while

other samples did not exhibit any significant unexpected weight gain.
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Figure 39 Cyclic stability and CO, adsorption capacity of ZEOFREE support over 20 cycles.

Long-term stability is paramount to ensure effective CO; capture over numerous successive
adsorption-desorption cycles, without compromising performance. In pursuit of such stability, the
performance of various materials, denoted as ZEO-1 to ZEO-6, was meticulously assessed, as
depicted in Figure 41. These materials underwent rigorous testing involving 20 consecutive
adsorption-desorption cycles. Upon the completion of these cycles, it was observed that ZEO-1, ZEO-
2, and ZEO-3 exhibited final mass losses of 1.8 wt.%, 2.1 wt.%, and 2.32 wt.%, respectively. In
contrast, ZEO-4, ZEO-5, and ZEO-6 displayed slightly lower final mass losses of 1.55 wt.%, 1.43
wt.%, and 1.77 wt.%, respectively.
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Notably, ZEO-5 demonstrated the least amine loss, indicating its superior cyclic stability within the
ZEO series. Moreover, ZEO-5 exhibited the highest CO> adsorption capacity of 0.60 mmol/g, as
indicated in Table 10. It was observed that ZEO samples grafted with AEAPTMS displayed reduced

amine loss during cyclic operations.
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Figure 40 Comparative CO; uptake of the ZEO series under 10% CO, conditions.

Figure 42 provides insights into the adsorption capacity of each adsorbent across multiple cycles. It's
evident that ZEO-4 to ZEO-6 consistently displayed higher CO, adsorption capacities compared to
ZEO-1 to ZEO-3. This enhancement can be attributed to the presence of the grafting agent
AEAPTMS, which introduces additional aminoethyl groups onto the adsorbent surface.

Across all examples, there was a notable decrease in capacity observed while passing from the first
cycle to the second cycle, a trend observed in the PEI series as well, except for PEI2000_ZEO. To
further investigate this rapid decrease, the materials underwent a one-time nitrogen cycle at 90 °C for
30 minutes before initiating the first adsorption cycle. Interestingly, when this period was extended
to 1 hour for PEI2000 ZEO, the dramatic decrease in capacity observed in the initial step was not

observed, suggesting a potential avenue for improving the stability of these materials.
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Figure 41 Adsorption-desorption measurements of ZEO series.
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Figure 42 Cyclic stability and CO; adsorption capacity of ZEO series.
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Table 10 CO; capture capacity of amine-functionalized ZEO series adsorbents synthesized by
chemical grafting.

Amine Amine
. CO; .
. CO; loading . efficiency
Amine Temp adsorption
Adsorbent o conc. (mmol of N . (mmol of CO;
type °0) o capacity
(%) per g of the (mmol/g) per mmol of
adsorbent) g N)
ZEOFREE - 30 10 - 0.16 -
ZEO-1 APTMS 30 10 3.64 0.37 0.10
ZEO-2 APTMS 30 10 3.76 0.53 0.15
ZEO-3 APTMS 30 10 3.69 0.52 0.14
ZEO-4 AEAPTMS 30 10 23.29 0.46 0.020
ZEO-5 AEAPTMS 30 10 3.54 0.60 0.17
ZEO-6 AEAPTMS 30 10 12.08 0.54 0.044

The comparative study presented in Table 10 reveals insights into adsorbent performance concerning
amine loading, amine efficiency, and CO» adsorption capacity. Notably, adsorbents synthesized under
wet conditions demonstrate superior amine efficiency and CO» adsorption capacity compared to those
synthesized under dry conditions or undried support conditions. This trend suggests that the wet
synthesis method enhances the effectiveness of amine functionalization, leading to increased CO>

adsorption capacity.

ZEO-4 and ZEO-6 show higher amine loading while lower amine efficiency compared to others.
Elemental analysis reveals ZEO-4 has the highest nitrogen content at 18.92%, followed by ZEO-6 at
11.91%, while ZEO-5 exhibits 5.03% nitrogen and the highest carbon content at 10.4%, Table 9.
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7.9 CO; Adsorption Capacity and Cyclic Stability of Amine-Impregnated Adsorbents in 10%
CO:; Environment
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Figure 43 Adsorption-desorption measurements of PEIS00_ZEO and PEI800_PEG_ZEO.

The investigation reveals a relationship between PEI molecular weight and cyclic stability, evidenced
by a reduction in amine loss as molecular weight increases. Notably, PEIS00 ZEO exhibited the
highest final mass loss at 3.79%, followed by PEI2000 ZEO at 1.27%, PEI25000 ZEO at 0.99%,
and PEI750000 ZEO at 0.83%.

The introduction of PEG with a molecular weight of 20000 yielded improvements in cyclic stability
across several PEI adsorbents. Substantial decreases in final mass loss were observed, with
PEI800 PEG ZEO decreasing to 1.94%, PEI2000 PEG ZEO decreasing to 0.72%, and
PEI750000 PEG _ZEO decreasing to 0.78%. However, there was no discernible enhancement in
cyclic stability for PEI25000 PEG_ZEO.
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Figure 44 Adsorption-desorption measurements of PEI25000_ZEO and PEI25000 PEG_ZEO.
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Figure 45 Adsorption-desorption measurements of PEI2000_ZEO and PEI2000_PEG_ZEO.
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Figure 46 Adsorption-desorption measurements of PEI750000 ZEO and PEI750000 PEG ZEO.

Under humid conditions, theoretically, only one amino group is needed to capture a molecule of COs.

Consequently, the CO> adsorption capacity of PEI is expected to be higher under humid conditions.

In addition, the presence of water significantly stabilizes the adsorbents by inhibiting the formation

of urea species. [29]

This is supported by the observation that PEI formulations with inherent water exhibit greater cyclic
stability. For instance, PEI2000 ZEO and PEI2000 PEG_ZEO demonstrate better stability compared
to PEI800_ZEO and PEIS00 PEG ZEO. A similar trend is observed for PEI750000 ZEO, where
PEI750000 PEG_ZEO shows better stability (amine loss over cycles) compared to PEI25000 ZEO

and PEI25000 PEG_ZEO.
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Figure 47 Cyclic stability and CO; adsorption capacity of PEIS00_ZEO and PEIS00 PEG_ZEO.
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Figure 48 Cyclic stability and CO; adsorption capacity of PEI25000 ZEO, PEI25000 PEG_ZEO,
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Literature reports that adsorbents with branched PEI (molecular weight of 800) achieved the highest
CO; adsorption capacity.[20] This is supported by our findings, as PEI800 ZEO exhibited the highest
CO; adsorption capacity at 1.81 mmol/g under %10 CO; conditions. However, the addition of PEG
resulted in improved cyclic stability while slightly decreasing the adsorption capacity to 1.74 mmol/g
for PEI800_PEG ZEO.

Table 11 Amine loading, and CO, adsorption capacity of adsorbents using the TGA method. PEG molecular
weight: 20000, all molecular weight shows in the table is only for PEI‘s.

CO: adsorption

Adsorbents Wle\;lgoli::couflia)liE | T(eogg CO: (c(;)n)cent. Amin(eo/l:))ading ((;illl:l?(fli /tgy)
PEI800_ZEO 800 30 10 50 wt% 1.81
PEI8S00_PEG_ZEO 800 30 10 47.5 wt% 1.74
PEI25000_ZEO 25000 30 10 50 wt% 0.69
PEI25000_PEG_ZEO 25000 30 10 47.5 wt% 0.70
PEI2000_ZEO 2000 30 10 50 wt% 1.34
PEI2000_PEG_ZEO 2000 30 10 47.5 wt% 1.35
PEI750000_ZEO 750000 30 10 50 wt% 0.77
PEI750000_PEG_ZEO 750000 30 10 47.5 wt% 0.90

Furthermore, PEI2000 ZEO and PEI2000 PEG ZEO demonstrated higher capacity compared to the
remaining adsorbents, namely PEI25000 and PEI750000 molecular weight as well as with addition
of PEG synthesized adsorbents. The addition of PEG slightly increased the adsorption capacity of
PEI2000 PEG ZEO by 0.01 mmol/g compared to PEI2000 ZEO. Similarly, same amount of
increasement was observed for the PEI25000 PEG ZEO compared PEI25000 ZEO upon PEG
addition. However, the addition of PEG notably increased the adsorption capacity of
PEI750000 ZEO from 0.77 mmol/g to 0.90 mmol/g compared to PEI750000 PEG_ZEO.
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7.10 CO; Adsorption Capacity of Amine-Grafted Adsorbents in 400 ppm CO; Environment
The adsorption capacity of amine-based solid adsorbents is significantly influenced by changes in the
COg; partial pressure within the target gas. Belmabkhout et al. demonstrated that the equilibrium CO>
adsorption capacity of a triamine-functionalized pore-expanded MCM-41 (TRI-PEMCM-41)
decreased from 2.05 mmol/g to 1.20 mmol/g as the CO» concentration decreased from 5% to 1000
ppm.[51] In a more recent study by the same group, it was found that the adsorption capacity of
triamine-functionalized MCM-41 varied with CO concentration, yielding capacities of 2.18, 1.60,

and 0.98 mmol/g at CO» concentrations of 10%, 1%, and 400 ppm respectively.[52], [53]
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Figure 49 CO; adsorption capacity of ZEO series including ZEOFREE support under 400 ppm CO,
conditions.

With a substantial decrease in CO» concentration, from 10% to 0.04%, the observations of CO>
adsorption capacity of amine-based solid adsorbents prepared by chemical grafting shows a slight
decrease in CO> adsorption capacity under 400 ppm compared to 10% CO:. Even in the PEI series,
adsorbents synthesized with molecular weights of 25000 and 750000 show increased CO adsorption

capacity compared to 10% CO- conditions.

Figure 49 illustrates the CO2 adsorption cycle under 400 ppm CO; environment for the ZEO series,
including the ZEOFREE pristine support. For this series, the adsorption time was set at 2 hours (7200
sec). The ZEOFREE pristine support curve shows slow adsorption for 2 hours, with a slight increase

over time. There is no plateau of saturation observed. In contrast, ZEO-1 to ZEO-6 reach saturation
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between 4000-5000 seconds, after which they show slow adsorption, with a slight increase until the

end of the adsorption period.

Adsorbents synthesized under wet conditions or with undried support demonstrate better CO-
adsorption capacity under 400 ppm conditions compared to those synthesized under dry conditions.
Water content in the synthesis has a positive effect as mentioned before on CO, adsorption capacity
under both 400 ppm and 10% COx, resulting in better adsorption capacity as well as better cycle
stability under 10% CO; conditions.

7.11 CO: Adsorption Capacity of Amine-Impregnated Adsorbents in 400 ppm CO2
Environment

The PEI series exhibits various adsorption capacities under 400 ppm conditions, as well as different
saturation times. The PEI series was subjected to CO» adsorption for 3 hours (10800 sec) as well as
ZEOFREE support. It is observed that the molecular weight of PEI influences the CO> adsorption
capacity.

ZEOFREE exhibited a CO> absorption capacity of 0.27 mmol/g over both 2 and 3 hours.
PEI800_ZEO and PEISO0 PEG ZEO show the highest CO, adsorption capacity under 400 ppm

conditions, with capacities of 1.70 mmol/g and 1.68 mmol/g respectively. Both adsorbents reach

saturation around 10000 sec and continue to adsorb CO» slowly until the end of the adsorption time.

In Figure 51, the adsorption time for PEI800 ZEO was set for 6 hours. It is evident that once the
adsorbents reach 10000 sec, saturation occurs, and they continue to adsorb CO> slowly until the end

of the adsorption time, showing a CO adsorption capacity of 1.68 mmol/g.

PEI2000 ZEO and PEI2000 PEG ZEO exhibit similar CO; adsorption capacities under 400 ppm
conditions, with capacities of 1.24 mmol/g and 1.23 mmol/g respectively. Their adsorption capacities

saturate with CO; after 8000 seconds.

The addition of PEG only influences PEI750000 PEG_ZEO, which shows a higher CO; adsorption
capacity of 0.88 mmol/g compared to PEI750000 ZEO, which has a capacity of 0.80 mmol/g.

PEI25000 ZEO and PEI25000 PEG ZEO show the lowest CO: adsorption capacities at 0.73
mmol/g and 0.75 mmol/g respectively. They reach CO; saturation within 5000 seconds and continue
slow adsorption, while PEI750000 ZEO and PEI750000 PEG ZEO saturate around 7000 seconds

and continue slow adsorption.
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Figure 51 CO, adsorption capacity of PEIS00 ZEO adsorbent in 6 hours adsorption under 400 ppm
CO; conditions.
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Table 12 CO, adsorption capacity of all samples including ZEOFREE support under 400 ppm CO»

conditions.
CO, Amine Amine
Temp = concentr loading CO; adsorption efficiency
Adsorbents Amine type . ation (mmol of N capacity (mmol of CO,
(°O) (ppm) per g of the (mmol/g) per mmol of
adsorbent) N)

ZEOFREE - 30 400 - 0.27 -

ZEO-1 APTMS 30 400 3.64 0.27 0.07

ZEO-2 APTMS 30 400 3.76 0.44 0.11

ZEO-3 APTMS 30 400 3.69 0.44 0.12

ZEO-4 AEAPTMS 30 400 23.29 0.27 0.011

ZEO-5 AEAPTMS 30 400 3.54 0.40 0.11

ZEO-6 AEAPTMS 30 400 12.08 0.38 0.31
PEIS00_ZEO PEI 30 400 50 wt.% 1.70 -
PEI8S800_PEG_ZEO PEI+PEG 30 400 47.5 wt.% 1.68 -
PEI25000_ZEO PEI 30 400 50 wt.% 0.73 -
PEI25000_ PEG_ZEO PEI+PEG 30 400 47.5 wt.% 0.75 -
PEI2000_ZEO PEI 30 400 50 wt.% 1.24 -
PEI2000_PEG_ZEO PEI+PEG 30 400 47.5 wt.% 1.23 -
PEI750000_ZEO PEI 30 400 50 wt.% 0.80 -
PEI750000_ PEG_ZEO PEI+PEG 30 400 47.5 wt.% 0.88 -

Among the adsorbents, pristine ZEOFREE shows an increase in adsorption capacity compared to
10% CO> conditions, with its capacity rising from 0.16 mmol/g to 0.27 mmol/g. Adsorbents
synthesized with AEATPMS as the grafting agent show a greater decrease in CO2 adsorption capacity
under 400 ppm conditions compared to those synthesized with APTMS, but adsorbents synthesized
with AEATPMS show better CO; adsorption capacity under 10% CO: conditions. ZEO-5 shows the
highest decrease in CO» adsorption capacity under 400 ppm, decreasing from 0.60 mmol/g (%10
CO3) to 0.40 mmol/g.
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In the PEI series, the most significant decrease in adsorption capacity compared to 10% CO»
conditions is observed in PEI2000 PEG ZEO with a decrease of 0.12 mmol/g, followed by
PEI800_ZEO adsorbent with a decrease of 0.11 mmol/g, PEI2000 ZEO with a decrease of 0.10
mmol/g, and PEIS00 PEG ZEO with a decrease of 0.06 mmol/g. The remaining PEI-based
adsorbents show increases, with PEI25000 ZEO increasing by 0.04 mmol/g and PEI750000 ZEO
increasing by 0.03 mmol/g, while PEI25000 PEG ZEO increases by 0.05 mmol/g and

PEI750000 PEG ZEO increases by 0.02 mmol/g.

Table 13 CO, adsorption capacity amine-functionalized solid adsorbents synthesized by chemical grafting

Support

Hybrid
silica

SBA-15

SBA-15
pellet

SBA-15
Mesocellula
r silica

foam

Com silica
Fumed
silica
Mesocellula

r silica
foam

Y-Alumina

SBA-15

SBA-15

Zr-SBA-15

CA-SiO;

Amine
type

APTES

Z-1-
Lysine

APTM

APTM

APTM

APTM

PEI

PEI

PEI

PEI

PEI

PEI +
PEG

PEI

PEI

and impregnation processes presented from literature.

Tem

P-
Q)

30
25

25
25
25
25

25

25
25

25

25

35

CO;
concentratio

n (ppm)

400

400

395

395

400

400

400

400

400

400

400

400

395

Amine
loading
(mmol of N
per g of the
adsorbent)

4.5

5.18

2.70

10.5

50 wt.%

10.7

11.2

9.23

5.75

8.3

16.1

CO;
adsorption
capacity
(mmol/g)
e lelmi
CO, CO,

- 1.68
0.60 -
0.09 0.13
0.14 -
0.54 -
2.36 -
2.44 -
1.74 -
1.74 -
1.05 -
0.79 -
0.85 -
0.59 1.60

Amine
efficiency
(mmol of
CO; per
mmol of

N)

0.37

0.12

0.20

0.22

0.16

0.16

0.11

0.14

0.10

Metho

d

TGA

TGA

TGA

TGA

TGA

TGA

IR

TGA

TGA

TGA

TGA

TGA

TGA

Ref

(53]
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CONCLUSIONS

The research presented in this thesis investigated the effect of different surface modification methods
on the performance of ZEOFREE sorbents for CO; capture. Two different aminosilanes, APTMS and
AEAPTMS, were introduced to the ZEOFREE sorbent via chemical grafting, while various molecular
weights of polyethyleneimine (PEI) were impregnated onto the same sorbent to explore their impact

on COz adsorption capacity, thermal stability, cyclic stability, and textural properties.

The results of the ZEOFREE series revealed that the CO: adsorption capacity was primarily
influenced by the type of silane used for grafting. Specifically, adsorbents grafted with AEAPTMS
demonstrated higher CO» adsorption capacity under 10% CO> conditions compared to those grafted
with APTMS. This was attributed to the additional aminoethyl group and primary/secondary amine
present in AEAPTMS, leading to more amino silanes covalently bound to the support surface.
However, under 400 ppm CO: conditions, no significant differences in CO adsorption capacity were
observed between sorbents grafted with APTMS and AEAPTMS this is due to high decrease of CO>
partial pressure (400 ppm). Additionally, adsorbents synthesized with APTMS demonstrated higher
thermal stability compared to AEAPTMS, as evidenced by amine degradation and evaporation

occurring at higher temperatures.

In the PEI series, adsorbents synthesized with lower molecular weight of PEI demonstrated higher
CO; adsorption capacities under both 10% CO; and 400 ppm CO: conditions compared to those
synthesized with higher molecular weights. However, adsorbents synthesized with PEI 750000
molecular weight exhibited higher CO; adsorption capacity than those synthesized with PEI 25000
molecular weight under both 10% CO, and 400 ppm CO> conditions, attributed to the inherent water
content in PEI 750000. Furthermore, PEI with inherent water, namely PEI 2000 and PEI 750000,
showed improved cyclic stability compared to other PEIs without inherent water. Adsorbents
synthesized with lower molecular weight PEI exhibited lower surface area but higher total pore
volume, whereas those synthesized with PEI 750000 demonstrated reduced surface area and total

pore volume due to the effect of inherent water.

We concluded that addition of poly(ethylene glycol) (PEG) to adsorbent synthesized with PEI 800
resulted in a notable increase in textural properties. This addition also helped reduce amine loss over
multiple cycles for all samples except for adsorbents synthesized with PEI 25000 molecular weight.
Moreover, this improvement was most pronounced in adsorbents synthesized with PEI 800 molecular
weight. Therefore, the addition of hydroxy-rich poly(ethylene glycol) (PEG) has been shown to
improve the stability and textural properties of adsorbents synthesized with PEI 800 molecular

weight.
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It can be concluded that adsorbents synthesized via chemical grafting offer high stability and easy
regeneration during CO> adsorption—desorption cycles, even in humid conditions, compared to those
obtained through physical impregnation. The covalent binding of amino silane to the support provides
these materials with significant thermal stability, although they typically have a lower amine
concentration, limiting their CO; uptake capacity due to surface saturation with amino silane species.
In contrast, the physical impregnation method, while simpler and capable of accommodating
substantial amounts of amine for higher CO; adsorption capacity, is prone to issues such as amine

degradation and evaporation.

The most promising adsorbent synthesized via chemical grafting was ZEO-5, with a CO> adsorption
capacity of 0.60 mmol/g under 10% CO», and 0.40 mmol/g under 400 ppm CO> conditions, along
with superior cyclic stability. For sorbents synthesized with different molecular weights of PEI,
PEI800 PEG_ZEO exhibited the significant CO; adsorption capacity, with 1.74 mmol/g under 10%
CO; conditions and 1.68 mmol/g under 400 ppm CO: conditions. However, while PEIS00 ZEO
showed higher capacity, it exhibited poorer cyclic stability. With the addition of PEG,
PEI800 PEG ZEOFREE emerged as a promising adsorbent.
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