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Abstract

The escalating problem of end-of-life tires (ELTSs) represents a significant challenge on
environmental, economic, and health fronts globally. The issue is reconceptualized within the
framework of a circular economy, advocating for a shift from a traditional linear waste
management approach to a circular one. A preliminary market analysis sheds light on the
current dynamics of waste tire accumulation, such as the economic impacts, environmental
hazards, and the policies governing ELTs management, with a focus on the European Union's
regulations. This emphasizes the necessity for recycling strategies, demonstrating the potential
of ELTSs not just as a waste problem, but as a valuable resource. In view of this, conversion of
ELTs into activated carbons (ACs) is a promising sustainable solution. ACs are highlighted for
their multifaceted applications, especially adsorption, which could be potentially useful for gas
cleaning and addressing the CO2 emissions challenge in small-scale units. The production of
ACs can be effectively achieved through pyrolysis, which transforms precursor materials into
carbon-rich char. The subsequent activation step, particularly alkali activation, is widely
applied to further enhance textural properties. The research aims to explore how the alkali
activation process can be finely tuned to optimize the performance of ACs in practical
applications.

At the heart of the thesis is a characterization of rCB/ACs. This analysis is pivotal to
understanding the inherent properties of the materials, such as their textural, chemical, and
morphological properties, which are critical factors influencing their performance in sorption
processes. Moreover, a significant portion of the thesis is dedicated to investigating the
activation mechanisms of rCB using potassium-containing agents (KOH, KCI, K2COsg,
CH3COOK, and K>C»0g4). This process is crucial for enhancing the textural properties of the
ACs, such as increasing their surface area and developing an optimal pore structure conducive.
Through systematic experimental set-up, the research seeks to optimize the activation
conditions and evaluate the factors influencing the development textural properties, including
the physical state of KOH during the activation process, and the influence of changing KOH to
NaOH to explain the distinct effects of the type of selected alkali ions. Finally, the research
investigates the CO. adsorption mechanisms of rCB-derived ACs, along with assessing their
CO; adsorption capacity and selectivity, as potential application. Moreover, the study examines
the regeneration potential of these ACs over multiple adsorption-desorption cycles.

Firstly, KOH and air, combined with heat treatment ranging from 500 to 900 °C, were
used to activate materials for CO> capture, as research basic line (Paper I). The materials
underwent characterization through methods such as FT-IR, SEM-EDS, ultimate and proximate
analysis, FT-IR, Raman spectroscopy, TGA, and N2/CO. adsorption isotherms. Further
investigation, based on the textural and SEM-EDS analysis of the rCB/ACs indicated that KOH
was the most effective among the potassium salts tested (Paper Il). It was revealed that the
optimal KOH activation conditions were a temperature of 800 °C, 7 °C/min heating rate, and
ration of KOH/rCB 1:5, and activation time of 4 hour (Paper I1). Finally, at 0 °C and 25 °C, the
best adsorption capacities of rCB/ACs (Paper 1) were recorded at 30.90 cm3/g and 20.53 cm®/g
at 1 bar, respectively. After 10 regeneration cycles, the material maintained its performance,
emphasizing its durability. The selectivity for CO2 over N2 was equal to values of 350.91 in a
CO2/Nz binary mix and 59.70 in a 15% CO2/85% N, mixture.

Keywords: End-of-life tires valorization; Activated carbons, Circular economy; Porosity
optimization; Potassium salts, CO> capture, Climate neutrality.
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1. Introduction

1.1 Recovered carbon black (rCB) from end-of-life waste tires (ELTSs) as a
sustainable precursor for activated carbons (ACs) production

The increasing awareness of the environmental problems confronting our world has
resulted in an urge to understand and address three pivotal concerns: the substantial emission
of carbon dioxide into the atmosphere [1], the shortage of water by heavy metals along with
organic pollutants [2], and waste accumulation [3]. In view of this, adsorption processes that
would allow the CO. capture as well as water purification are emerging. Furthermore,
adsorption processes represent an effective, easy to implement and economically and
environmentally viable alternative [4,5]. Among the existing adsorbents, activated carbons
(ACs) are distinguished as the most extensively studied, highly efficient, and appealing option,
alongside zeolites [6]. The prominence of ACs is attributed to several key advantages: low
desorption temperature, straightforward regeneration, rapid sorption Kinetics, exceptional
thermal and chemical stability, and, especially, the possibility to utilize wastes as their
precursors, which contributes to affordability [7, 8].

The primary source for ACs production nowadays is waste biomass, which possess a
moderate carbon content but is relatively low in inorganic compounds. However, the
availability of specific types of waste biomass is often limited by regional availability, as
biomass waste types and quantities vary geographically, depending on local agricultural or
forestry outputs. In recent years, with escalating waste generation, certain industrial wastes have
emerged as alternative carbon sources for ACs production. Additionally, as industries expand,
the amount of non-biodegradable waste increases, posing significant environmental and public
health threats. This surge emphasizes the urgent need for accelerated waste management
strategies. A notable example is end-of-life tires (ELTs) that constitute a crucial challenge due
to the rapid development of the automotive and transportation sectors, their chemical and
mechanical resistance, or limited infrastructure for their disposal and recycling. Direct
incineration is an efficient energy recovery method due to the high calorific value of waste tires,
which usually exceeds 35 MJ/m? [9]. However, incineration emits substantial amounts of gases
like carbon monoxide, dioxins, and furans [10]. Landfill, which is another prevalent method for
waste tire management, occupies vast land areas, resulting in groundwater and soil pollution.
The challenging degradation of discarded ELTs causes sustained impacts on future
environments and land use.

Since ELTs are not properly managed in many countries, especially those with transition
and emerging economies, they contribute roughly to 2% of the total waste produced around the
globe [11]. It is estimated that 1.85 billion tires were manufactured and discarded worldwide in
the year 2023, marking a year-on-year increase of 4.5% [12]. Among the different treatment
methods (reuse of whole tires, raw material recycling, and energy recovery), pyrolysis has the
potential to fulfil the requirements of the three tenets of solid waste management: reduce the
amount of waste, restore resources, and prevent contaminants [13]. Given that solid products,
particularly pyrolytic char, also known as pyrolytic carbon black (CBp), constitute about 35%



of pyrolysis outputs, their management is crucial for the economic viability and the commercial
development of the entire process. To acquire high-value elemental carbon, the pyrolytic char
must undergo further refinement to produce recovered carbon black (rCB). Moreover, there is
an increasing interest in rCB due to the rising need for environmentally friendly alternatives to
virgin carbon black (vCB), which is considered one of the top 50 industrial chemicals
worldwide [14]. Therefore, ELTs are a compelling alternative to vCB, which is produced by
heating hydrocarbon fuels and contributes to CO2 emissions. ELTs offer significant advantages,
including widespread availability, cost-effectiveness, and environmental benefits. By reducing
reliance on industrial products and promoting recycling, they represent an attractive option for
sustainable practices.

One of the significant potential applications of recovered carbon black (rCB) relates to
the synthesis of activated carbons. rCB can be subjected to activation process to increase its
surface area and porosity, aiming increase ACs adsorption capabilities. The produced ACs can
be utilized across a wide range of industrial applications, such as water purification, energy
storage, and, notably, the separation of flue gas streams. Considering this, the production of
ACs based on rCB offers a unique opportunity for sustainable waste management, promoting
the circular economy by transforming waste into a value-added product that can be further
utilized for potential CO capture (Figure 1).
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Figure 1. Conceptualized representation of rCB conversion from ELTs pyrolysis to ACs
production.

1.2 Recent trends in global CO; emissions: the energy—climate challenge

Today, one of the most challenging and urgent environmental issues facing the world is
the reduction of CO> concentration in the atmosphere, which is widely reported to be the main
anthropogenic greenhouse gas that leads to global warming and climate changes. In 2022, the
average annual COz level in the atmosphere was approximately 50% higher than in the 1760s
and reached its highest recorded value in history at 417.06 ppm [15, 16]. Unfortunately, the
rapid development of the world's economic, and accelerating industrialization, with a soaring
world population, will definitely cause a gradual growth of CO2 emissions and will affect global
warming to reach 1.5 °C in the next 30 years at the current state. According to the
Intergovernmental Panel on Climate Change (IPCC) latest report from 2022, to prevent this



scenario, climate change mitigation efforts should be executed immediately. IPCC estimation
indicates that the peak of greenhouse gas (GHG) emissions must take place in 2025 at the latest,
so by 2030 a 43% reduction of it will possibly be achieved [17]. In view of the above, there is
extensive demand for effective CO- capture technologies across both large industrial facilities,
which are major sources of CO2 emissions, and smaller-scale units. Effective CO> capture is
essential for smaller units to minimize their environmental impact, while larger facilities require
technologies capable of purifying the flue gas stream to separate pure CO. and meet stringent
regulatory standards. Consequently, this widespread need has catalyzed the development and
implementation of various technologies aimed at achieving net-zero emissions.

One of the technologies that is predicted to play a crucial part in the evolution toward
the use of low-carbon energy, is carbon capture, utilization, and storage (CCUS) [18]. The
schematic methodology to reduce the capturable and uncapturable CO2 emissions by CCUS is
presented in Figure 2. Over the past decade, significant research has focused on utilizing
adsorption as an effective technique for CO> capture within the CCUS value chain. Adsorption
is recognized for its considerable efficiency at low temperatures and high pressures, its ability
to produce a highly pure end product, and the feasibility of full automatization of the process
[19]. Among the promising CO: capture materials are activated carbons. ACs are notable for
their effectiveness in gas separation and purification, providing necessary buffering capabilities
that are essential for both capturing and cleaning CO>. Innovatively linking this to sustainable
waste management, rCB from the pyrolysis of ELTs serves as an excellent source of ACs. The
rCB may undergo processing and be applied in CCUS systems to achieve efficient CO>
adsorption. This practice directly contributes to the valorization of ELTs by reintroducing
valuable materials into the industrial lifecycle and facilitating further storage or utilization of
CO..
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Figure 2. Generic operation methodology of CCUS technology.

1.3 Aim and scope of thesis

The focus of the present thesis is summarized in Figure 3. There are three main focal
points, each covering different but related elements vital to advancing the understanding and
application of rCB/ACs in environmental and technological fields as follows:



e Characterization of rCB/ACs: The thesis focuses on the importance of understanding
the inherent characteristics of rCB/ACs such as their textural, chemical, and
morphological properties. These properties are pivotal in determining the effectiveness
in sorption applications. Material analysis is crucial for unraveling the influence of
activation procedure on the conversion of rCB into activated carbons. Paper | sets the
stage for understanding the potential of these materials in environmental remediation
and industrial processes, providing a detailed baseline against which the performance
of rCB/ACs can be measured.

e Exploration of rCB/ACs activation mechanisms: A substantial part of the research is
dedicated to exploring the activation mechanisms of rCB using potassium-containing
agents. This investigation is key to enhancing the textural properties of the ACs. Paper
Il presents a thorough investigation of the effect of potassium-containing salts on the
surface area and pore structure of rCB/ACs. Special attention is given to optimizing
activation conditions, understanding the influence of the physical state of activating
agents (notably KOH), and distinguishing the roles of potassium and sodium ions in
shaping the textural characteristics of the rCB/ACs. Through systematic
experimentation and analysis, the research elucidates the mechanisms behind activation,
paving the way for more efficient and targeted use of rCB in adsorption technologies.

e CO:2 capture performance of rCB/ACs: The final focus of this thesis assesses rCB-
derived ACs for CO> adsorption as a potential application. Paper | studies rCB/ACs
adsorption capacity, selectivity, and the CO2 sorption mechanisms at play. Additionally,
it evaluates the rCB/ACs regeneration potential over multiple cycles, which is crucial
for their sustainability and effectiveness in long-term applications.

Activation
mechanisms
(Paper II)

CO: capture
performance

Characterization
(Paper I)

Figure 3. Overview of the appended paper and their main contribution to the investigation.



2. Overview of the field
2.1 End-of-life tires management to value-added ACs

The management of the increasing ELTs flows presents a complex challenge in modern
society that necessitates the cooperation of many parties, including tire makers, buyers,
collectors, recyclers, and authorities [20]. This challenge is magnified by the shift towards
electric vehicles (EVs) which, due to their heavier weight and torque, contribute to accelerated
tire wear. EVs are expected to exacerbate the volume of ELTs due to their higher tire wear rate
compared to traditional fossil fuel-powered vehicles, necessitating advancements in recycling
technologies and strategies. Specifically in the USA, which already produces approximately
315 million ELTs per year, this number could increase by 12% to a total of 352 million annually
by 2030, due to the widespread adoption of EVs [21]. Nowadays, waste tire management
involves established process chains that dictate how ELTs are converted into various end
products, reflecting the complexity of their handling (Figure 4). The approach to managing
ELTs varies significantly, with options that cover recycling (40-50%), energy recovery (30-
40%), reuse (10-20%), and landfilling (5-10%) [22, 23]. The shares vary largely depending on
local regulations, economic factors, and technological advancements.

( Process chains of
end-of-life tires management

[ | | 1

% Energy recovery L § ) Reuse 4. Landfilling

é Recycling

! . !
1 1 1
1 l 1
prei—n ELTs collection R ELTs collection | 1 i
| 1 t=-~-1 Inspection and sorting F —=1 Lastresort handling
I | | |
| | | |
F== { ELTs shredding ] :— - = ‘[ ELTs shredding ] ! |
| | | ol :
| ' o ) L
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b ‘[ Material separation ] :‘ - ‘[ Material separation ] |
! l
1 : -- { Direct reuse ]
1
1
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| Advanced techniques | tire-derived fuel
|
! i
- [
:_ __ Cleaning and frio—iim -[ Combustion }
| treatment !
1
|
|
IL S End-product t-=- ‘[ Energy utilization J
manufacturing

Figure 4. Overview of the existing end-of-life-tires management process chains.

Among these strategies, recycling stands out as a key method, where ELTs are
processed to produce new materials. A noteworthy direction within this recycling effort
involves converting recycled tires into ACs, considering a high market value and wide
applicability in environmental applications [24]. The production of ACs from ELTs not only
diverts waste from landfills but also capitalizes on the carbon-rich material to create a high-
demand resource. The effectiveness of ACs derived from ELTs largely depends on the purity
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of the CBp. A higher purity enhances adsorption characteristics, thereby improving the ability
of ACs to remove contaminants and pollutants [25]. To improve the quality of the final product,
it is crucial to enhance the entire process chain. This involves using specific types and brand of
ELTs, optimizing pyrolysis processes, and implementing political regulations and market
incentives, as shown in Figure 5. At every level of the process chain, optimizing pyrolysis is
critical for increasing the conversion efficiency of ELTs and reducing energy consumption,
while also effectively controlling the proportion of specific phases such as liquid oil, gas, and
especially CBp in the production of ACs [26]. Additionally, further purification of CBp is
essential as it enhances the quality of the recycled material, enabling its use in higher-value AC
transformations. By removing impurities and refining the end products, the purification process
ensures that rCB meets industry standards and reduces reliance on virgin resources from ELTSs.

Opﬁm{zatiun
of pyrolysis
process

End-of-life tire
type

s
CBp purification

Figure 5. Graphical representation of the process chain for managing end-of-life-tires that
leads to value-added activated carbons.

2.1.1. Influence of ELT type

One of the primary pathways for managing ELTs is pyrolysis, which is selected for its
efficiency in breaking down the complex materials in tires for recycling. ELTSs are categorized
into three main types: light vehicle tires (LVT), such as bicycle tires; medium vehicle tires
(MVT), which include car tires; and heavy vehicle tires (HVT), typically used on trucks. The
exact composition of the materials in the tires can differ, but generally, they consist of rubber,
carbon black, metals, textiles, and various additives like silica or vulcanization agents [27].
Consonantly, the yield and quality of CBp produced through pyrolysis are significantly affected
by the tire type and brand. This variation is due to the different components used in tire
manufacturing, which influence the pyrolysis behavior and how they impact the rubber
degradation process during pyrolysis [28].

For instance, Singh et al. [29] reported that when LVT, MVT, and HVT are subjected
to identical pyrolysis conditions at 700 °C, the resulting CBp yields differ. The ash content for
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LVT, MVT, and HVT was 7.4, 15.32, and 5.67 wt.%, respectively. In the case of carbon content
across LVT, MVT, and HVT showed minimal variation, ranging from 84.2 wt.% in LVT to
89.5 wt.% in HVT. The pyrolysis of MVTs resulted in a CBp yield of about 43 wt.%, whereas
LVTs and HVTs yielded lower values of 38.0 wt.% and 43.0 wt.%. High ash content in ELT
types has been positively correlated with an increased share of CBp in the pyrolysis products,
that observation was proven by other studies [30]. On the other hand, the CBp yields obtained
from six various brands of ELTs are very similar [31], which were reported to be 37.5 (Debica
brand), 38.1 (Dunlop brand), 37.1 (Goodyear brand), 38.0 (Courier brand), 41.7 (Michelin
brand), and 38.3 wt.% (Continental brand). The ash contents for these six brands were equaled
2.66, 4.81, 4.98, 3.39, 2.39, and 6.23 wt.%, respectively. Moreover, there was also emphasis on
the variability of the CBp share obtained from different parts of ELTs, stemming from the
diverse components used in their manufacturing, including tire tread and sidewalls [32].

In view of this, the above characteristics of ELTs will also influence the production and
characteristics of the CBp. To optimize the quality of the ACs, it is crucial to sort and categorize
the ELTs feedstock by type, brand, and tire structure before undergoing pyrolysis. This pre-
treatment ensures a more uniform and high-quality end product.

2.1.2. Optimization of pyrolysis process

Another crucial aspect of ELTs management involves understanding the key operational
parameters that influence the efficiency and outcome of the pyrolysis. Pyrolysis is a
thermochemical process conducted by heating ELTs to a specific temperature in an oxygen-
free environment, which prevents combustion. This process facilitates the breakdown of large
molecular chains into smaller ones, resulting in three types of products, as mentioned earlier
[33]. The primary parameters that control the pyrolysis include temperature, pressure, residence
time, particle size, and heating rate. These factors crucially affect the composition, fractions,
and product types from pyrolysis. For AC production, optimizing these conditions is vital to
maximize the yield and enhance the properties of CBp.

Temperature significantly affects the pyrolysis time and yield of pyrolytic products,
with an optimal range typically between 400 and 1000 °C [34, 35]. Aiming at AC
manufacturing, 500 °C is ideal for maximizing CBp output (~41 wt.%), expanding its pores and
increasing specific surface area, while avoiding incomplete thermal decomposition [28]. At this
temperature, complete devolatilization of rubber is ensured while simultaneously minimizing
secondary reactions. Below 500 °C, the pores within the tire char fail to expand, leading to
incomplete pyrolysis of the ELTs. Consequently, this process results in a high yield (~86 wt.%)
of CBp; however, its quality is compromised by the adhesion of pyrolysis volatiles to the
surface [36]. On the other hand, higher temperatures (>500 °C) lead to sintering of CBp, its
pore blockage, poor surface properties, and decreased yield (<41 wt.%) [37].

The residence duration influences secondary reactions among pyrolysis volatiles on the
surface and inside the pores of CBp, as well as the extent of pyrolysis of the ELTs. To optimize
the process and enhance volatile removal, the residence time in the pyrolysis reactor should be
extended. However, it's important to note that longer periods can decrease the yield and carbon
content of pyrolytic char compared to shorter durations [38]. As reported, 1 hour of pyrolysis



has the greatest impact on CBp yield (~38 wt.%), implying the decomposition of rubber in
ELTs. Shorter durations result in higher yields of poor-quality CBp [38, 39]. In the literature, 2
hours is considered optimal for obtaining CBp yield, as effectively remove heteroatoms from
the tire particles [40]. Extending pyrolysis beyond the optimal time (over 3 hours) can lead to
a lower yield and no improvement in the carbon content of CBp, as the adsorption of more
energy results in the complete cracking of the tire rubber. What is more, the residence time is
directly related to particle size (optimal 5 mm), with larger particles requiring a longer residence
time as it takes more time for heat to reach the core [41].

The heating rate is a key variable in ELTs pyrolysis as it significantly affects the rate of
heat transfer, the actual effective temperature, and the thermal degradation of materials.
Generally, to enhance the CBp yield, low heating rates ranging from 0.1 °C/min to 10 °C/min
are beneficial [42], as they tend to increase resistance to mass or heat transfer within the ELT
particles, promoting more uniform heat distribution and controlled release of volatiles [43].
When the pyrolysis temperature is below 550 °C, with around 500 °C being optimal, the char
yield increases with higher heating rates [28]. Additionally, the BET surface area of the product
tire char improves as the tire pyrolysis heating rate rises from 1 to 5 °C/min; however, further
escalation has a negative effect [38]. Hence, a moderate heating rate of 5 °C/min is preferred to
minimize the breakdown of ELTs and the formation of small molecular gases, thus preserving
CBp yield and characteristic [44].

Concerning the pressure, vacuum pyrolysis may reduce energy requirements and
suppress volatile carbonization [45, but its disadvantages include a low yield of tire char and a
high content of heavy oil compounds in the liquid products. In contrast, pressurized pyrolysis
of ELTs increases the yields of CBp and oil while reducing the gas yield. It was reported that
the production of CBp can increase by 10.40% when the pressure in the pyrolysis system is
adjusted from ambient to 2.0 MPa, with the process conducted at a temperature of 600 °C.
However, CBp from pressurized pyrolysis, which melts and cross-links, has a smaller specific
surface area compared to tire char produced at ambient pressure [28].

2.1.3. Pyrolytic carbon black (CBp) purification

The final step in the ELT waste treatment is the purification. A typical tire consists
principally of three kinds of materials: rubber mixtures, metal, and textiles. Each material
possesses unique properties that, when combined appropriately, impart the necessary strength
and flexibility to the tire. Generally, the different types of ELTs are manufactured using a mix
of carbon black (20-28%), natural rubber (22-30%), synthetic rubber (15-23%), steel (13-25%),
and various additives such as fabric, fillers, accelerators, and antiozonants (10-14%) [46].

When ELTs are subjected to pyrolysis, the resulting CBp retains many of these additives,
including sulfur, calcium, zinc, aluminum (1-3%) and a representative quantity of inorganics
(10-15%), in addition to CB (80-90%), as presented in Figure 6. Hence, implementing a
purification stage is critical to refining the elemental carbon content (>90%) in CBp and
obtaining highly pure rCB, thereby maximizing the AC yield following the activation process
(discussed in section 2.6). This step ensures the removal of unwanted contaminants, enhancing
the quality of the final AC product.
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Figure 6. Schematic of the recycling stream for end-of-life-tires and pyrolytic carbon black
purification to recovered carbon black, illustrating the transformation in material composition.

2.2 Activated carbons - general characteristics

The texture of ACs reflects their crystalline composition, whereas the basic structural
unit is a crystallite that exhibits a graphite-like arrangement [47]. The alignment of carbon
atoms within these crystallites is similar to that in graphite, where the graphitic layers (with
interlayer distances of 0.3354 nm) consist of hexagonal rings and the alternate carbon atoms
align vertically across adjacent layers [48]. Unlike graphite, ACs feature enlarged interlayer
spacings, alongside noticeable variations in layer orientation [49]. Crystallites of ACs are also
compact, multi-layered entities. The synthesis conditions of ACs, particularly the thermal
treatment's duration and temperature, results in different shape and crystallite size and structure,
consequently affecting the porosity [50], which is crucial for their adsorption efficiency. The
disordered alignment of microcrystallites, coupled with their robust interconnections results in
a porous framework.

Crystallite growth in ACs occurs through the gradual shifting of entire layer-planes or
groups of them, a process evident from the earliest stages of carbonization at low temperatures.
During this process, carbons differentiate into two distinct and well-defined classes:
graphitizing and non-graphitizing carbons [51]. In graphitizing carbons, a pre-existing
orientation facilitates the rearrangement of layer-planes, allowing this process to occur in small
steps and promoting crystallite growth. The structure of these carbons is more compact, and
there is a strong tendency for neighboring crystallites to align in nearly parallel orientations.
Conversely, in non-graphitizing carbons, crystallite growth is hindered by strong cross-linking
uniting the crystallites. This interaction leads to a random orientation of crystallites in a rigid,
finely porous mass [52]. Figure 7 illustrates the typical layered structure of crystalline graphite
found in both graphitizing and non-graphitizing carbons.
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Figure 7. Schematic illustration of (A) graphitizing carbons and (B) non-graphitizing
carbon structure.

2.3 Activated carbons classification

Activated carbons differ based on their production, physical attributes, and surface
characteristics. ACs may be classified into two main types depending on particle size: powdered
activated carbons (PACs) and granular activated carbons (GACs) [53]. PACs typically has a
particle size under 0.1 mm (usually ranging from 0.015 to 0.025 mm) [54]. This small size
presents challenges in fixed bed adsorption applications and during the regeneration process.
In contrast, GACs exhibit larger particle size of 0.6 to 4 mm, which is more suited for
continuous applications in both liquid and gas phases, offering advantages such as lower
pressure drop and easier regeneration, allowing for repeated use [55].

Additionally, ACs can be categorized based on the source of the precursor, pore

structure, surface chemistry, and the method of activation. These categories are explained as
follows:

e The “precursor” refers to the initial raw material from which ACs are produced. A wide
variety of waste biomass or industrial by-products can serve as precursors, including,
but not limited to, materials like wood, olive pits, coconut shells, peat, fly ash, and coal.

e “Pore structure” is about the size and arrangement of the pores within the ACs. Based
on this, ACs can be classified as microporous, mesoporous, or macroporous, each type
having different implications for the material's effectiveness in various applications.

e Theterm “surface chemistry” relates to the chemical groups present on the AC's surface.
Modifying the surface with functional groups such as -OH (hydroxyl), -NH2 (amino),
-COOH (carboxyl), and others can significantly enhance the material's adsorption
properties, tailoring it for specific uses.

e Lastly, the “activation method” denotes the technique employed to convert the
precursor into activated carbon. This can be achieved through physical activation or
chemical activation, each method affecting the final characteristics and efficiency of
the ACs.
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2.4 Textural properties of ACs

Important definitions for understanding the correct adsorption characteristics and
related textural properties of solid materials include the roles of the individuals involved in the
process: the adsorbent, a solid that adsorbs gas molecules from the gas phase, and the adsorbate,
a gas that is ultimately adsorbed onto the surface of the adsorbent. The adsorption capacity of
a porous materials is often evaluated based on their specific surface area and pore size. This
capacity reflects the quantity of adsorbate molecules that can be adsorbed per unit mass of the
adsorbent at equilibrium.

Adsorption phenomenon occurs on surfaces, meaning carbons with larger surface areas
are likely to adsorb more substrate [56]. Further, the adsorption process is enhanced by the
presence of pores, which enable the transport of adsorbate molecules from the solid's surface to
its interior, facilitating their accumulation. The surface of the solid materials can be classified
into two categories based on its pores: internal, defined as the area comprising all the
prominence, surface of all cracks, pores and cavities, which are deeper than they are wide; and
external, which primarily includes the surface of all cracks, pores, and cavities that are wider
than they are deep [57]. The total surface of porous materials involves mainly of the inner
surface, and as a result, materials with smaller, deeper pores typically exhibit higher levels of
adsorption.

Another crucial parameter is material porosity that refers to the accessibility and pore
size. ACs offer a wide distribution of an extensive porous structure, with specific surface areas
ranging from 500 to about 3000 m?*/g [58]. Adsorption occurs solely within open pores that
communicate with the external surface (including blind and through pores), which is why it is
essential to define the proportion of empty spaces and open pores relative to the total volume
of the adsorbent. The classification of pores by their accessibility is presented in Figure 8 and
Table 1.

Figure 8. Schematic classification of pores according to the Union of Pure and Applied
Chemistry (IUPAC) by their accessibility to surroundings (a-closed pores; b, f-blind pores; c,
d-open pores; e-through pores; g-roughness).
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Table 1. Pore classification by the IUPAC by their accessibility [59].

Classification of pores Accessibility to surroundings
Closed pores No communicating with surroundings
Open pores Communicating with the external surface
Blind pores Open only at one end
Through pores Open at two ends

Considering the pore size, ACs generally possess a well-developed porous structure,
containing micropores (pores with diameters less than 2 nm), mesopores (pores with diameters
ranging from 2 to 50 nm), and macropores (pores with diameters greater than 50 nm). Typically,
the transport of adsorbate to the interior of the activated carbon is mediated by macropores and
mesopores, while micropores are primarily responsible for the adsorption process (Figure 9)
[60]. The IUPAC officially endorses this pore classification. Additionally, Brunauer et al. [61]
and Dubnin et al. [62] subsequently proposed dividing micropores into three regions:
submicropores, (pores with diameters less than 0.4 nm) ultramicropores (pore with diameters
less than 0.7 nm) and supermicropores (diameters ranging from 0.7 to 2 nm). This classification
is particularly relevant for ACs, which often have a significant proportion of ultramicropores.

Macropores

Activated carbiki Molecules of adsorbate

matrix

Mesopores

Micropores

Figure 9. Diagrammatic representation of the pore structure of activated carbons
(macropores, mesopores, and micropores) in the context of CO2 adsorption.

2.5 Precursors for ACs production

Activated carbons, versatile in their applications, are primarily produced from carbon-
rich materials also denoted as precursors. Ideally, ACs precursors should possess high carbon
and low ash contents, low volatile matter, and low degradation tendency to keep the
physiochemical characteristics (Figure 10) [63]. Traditionally, an array of coals, including
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brown, bituminous, anthracite, peat, and even wood, are favored in the large-scale
manufacturing contexts for their efficacy and availability [64]. Beyond these conventional
sources, there's a growing interest in harnessing agricultural by-products, residues from
forestry, or the food industry, expanding the resource base to include more sustainable options.
Additional precursors are synthetic polymers and combinations like cellulose with polystyrene,
discarded resins, or polyvinylidene chloride [50].

Utilizing coal and biomass as precursors for activated carbon production, while
prevalent, comes with distinct drawbacks. The use of coal, despite its widespread availability
and established processing techniques contribute to the overall carbon footprint [65]. On the
other hand, biomass, even though renewable in nature, presents challenges in consistency and
availability. The quality of activated carbon derived from biomass can therewith vary
significantly depending on the source material, which might affect the product's adsorptive
properties [66]. The range of use of these materials is evolving, which increases the need of
finding alternatives precursors that include waste flows from landfills, including ELTSs.

Agriculture resiudes Wood residues

Forest residues &4 Crops

Animal
by-products

Muncipial
wastes

Industrial wastes

Figure 10. Suitable materials for the production of activated carbons.
2.6 Activation

The precursor, or char material, has underdeveloped porosity (particularly in
microporosity) and a limited specific surface area, making it insufficient as an adsorbent for
several practical environmental applications. To enhance the adsorption characteristics, an
activation procedure, either physical or chemical, involving thermal treatment is used. This
treatment is designed to increase the adsorbate storage efficiency of material by either enlarging
existing pores or generating new ones at both the micro and meso scales. Specifically, chemical
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activation involves the use of chemical agents that react with the material to create new pore
structures, while physical activation relies on thermal processes, such as exposure to steam, air,
or CO., to modify the existing porosity without the use of chemicals.

2.6.1 Physical activation

Physical activation involves the partial gasification of material in the presence of
oxidizing gases at temperatures ranging from 800 to 1000 °C [67]. Physical activation can be
categorized into two distinct approaches: the direct approach and the two-step approach. The
two approaches differ by whether the thermochemical conversion is combined (direct approach)
or carried out separately (two-step approach), as presented in Figure 11.

Direct approach

Pyrolysis in the Introducing

presence of N: flow —} activation agent in
until completed the same vessel

Char separation

Two-step approach

Figure 11. Schematic illustration of the two approaches of physical activation based on how
thermal conversion is performed: direct and two-step approach.

Numerous comparative studies in recent years have assessed various activating agents
for physical activation, with steam and CO> being the most commonly used methods, along
with air mixtures. Reported studies show that steam activation promotes the development of
high surface areas while widening microporosity. As a result, ACs prepared with steam exhibit
a lower micropore volume at the expense of larger meso and macropore volumes [68]. The
drawbacks of steam activation are the high necessary temperatures and long activation times,
which lead to substantial energy penalties. In contrast, CO> activation is more energy-efficient,
operates at lower temperatures, and still yields ACs with considerable surface area and a more
robust growth of the microporous structure [69]. Using air as a gasifying agent is an
economically attractive approach for physical activation, but it is challenging due to the risks
of oxidation and combustion that can produce ACs with varied pore sizes, surface areas, and
significant char loss [70]. Finally, the choice of an activator ultimately depends on the desired
properties of the precursor and application.
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The role of activation gases includes also chemical transformations, involving the
oxidation of elemental carbon in the material. For activation with CO, the general reaction,
also known as the Boudouard reaction, may be described as follows:

k]

C+C0,—-2C0 AH=+171—— (D
mol

The above reaction can be divided into two separate stages. The first stage is dissociative
chemisorption, where CO, breaks down on the carbon material's surface, leading to the
formation of an oxide layer, and the second stage involving the desorption of the formed surface
oxide, where the oxide is removed, and CO is produced [71].

e Dissociative chemisorption

C+C0, - CO+C(0) (2)
e Surface oxide desorption
c(0) - COo (3)
For activation using H-0O, the general reaction can be presented as follows [72]:
C + H,0 - CO + H, AH=+117% (4)

For activation using air, the mechanism is according to the following reactions [73, 74]:

e Chemisorption

k
2C+0,-2C(0) AH= —395—] (5)
mol
e Carbon gasification
k]
C+0,-C0, AH=-395—— (6)
mol
e Oxide gasification on the surface of carbon material
k
C(0)+0,-C0,+CO0 AH = —111m—£l (7)

Subsequent porosity development occurs through the interaction of the gaseous
activating agent with amorphous carbon, leading to the opening and widening of previously
inaccessible pores and the formation of new ones [75]. Additionally, the high temperature and
reactive nature of the gases can encourage the formation of various oxygen-containing
functional groups. This is connected with the presence of heteroatoms in the precursors of ACs,
which can react with the oxidizing agent during the activation step [76, 77].

2.6.2 Chemical activation

Chemical activation comprises the reaction of AC precursor or char with chemical
reagents, and then heat treatment at a temperature of 450-900 °C under neutral conditions to
produce activated carbons [78]. The two most common chemical activation procedures are a
single step approach, known as dry mixing, and a two-step approach called wet impregnation
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[79]. The main difference between the two activation procedures is related to the environment
for the reactions and the number of required activation steps, as illustrated in Figure 12.

Factors that affect the development of the porous structure by chemical activation
include the content of organic or synthetic raw material in the precursor, and the conditions for
activations such as activation temperature, residence time, heating rate, type of activating agent,
and the weight ratio between the AC precursor and the activating agent [80]. The optimal
conditions for activation vary mainly depending on the precursor of choice and the used
activating agent. However, some general trends have also been observed previously when
choosing different activation conditions, such as:

e Increased impregnation ratios (1:2 to 1:4) have often been observed to lead to a deeper
and more extensive activation process that creates larger and more numerous pores; this
range provides an optimal amount of activating agent.

e Within activation temperatures ranging from 600 °C to 900 °C, the activation
temperature intensifies chemical and physical transformations within the carbon
structure, thereby promoting a more porous framework.

e Prolonged activation times (2-3 hours) have been noticed to allow for more thorough
interaction between the activating agent and the carbon material, leading to increased
porosity and a more uniform pore distribution.

Wet impregnation
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Figure 12. Schematic of two chemical activation methods for activated carbons: dry mixing
and wet impregnation of the precursor and activator.

Chemical activation provides a number of benefits over physical activation, such as a
reduction in temperature and activation time, higher carbon yield, more porous structure of
activated carbon, low energy and operating cost, or easier development of microporosity [81].
It has also been observed that chemically activated chars have higher surface areas than
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physically activated ones. On the other hand, chemical activation has several drawbacks, which
include an additional rinse step to remove excess chemical agent, which results in a generation
of a waste stream and problems with ecological disposal as well as secondary contamination
Issues connected to impurities in the used chemical agents [82]. Various chemicals have been
utilized in the activation of AC precursors, which fall into three main classes, namely alkaline
activators (KOH, NaOH, K2CO3, Na;COs and K3PO4), which are most commonly used, acidic
activators (HsPO4, H2SO4, HNO3) and neutral activators (FeCls, ZnCly).

Over the past several years, researchers have increasingly turned their attention to
utilizing waste materials as precursors for producing activated carbons through chemical
activation. Published findings consistently indicate that potassium-containing activators and
especially KOH are the preferred chemical activators. The preference for KOH over other
activating agents is attributed to its ability to create highly porous structures with large surface
areas. KOH's enhanced chemical reactivity allows for a more effective interaction with the
precursor, facilitating reactions at lower temperatures and thereby promoting the formation of
an increased number of micropores and mesopores [83]. Nevertheless, it's important to note
that an excessive use of KOH can lead to pore blockage and a subsequent decrease in surface
area [84].

2.7 Applications of ACs in environmental issues

ACs stand out as a highly effective and multifunctional adsorbent, primarily utilized for
eliminating color, odor, taste, and various unwanted organic and inorganic pollutants from
drinking water. Their uses span multiple areas, including treating industrial wastewater (dyes
[85-87], heavy metals [88-90], and phenolic compounds [91-93]), purifying air (H2S [94-96],
SO2 [97-99], NOx [100-102], and volatile organic compounds [103-105]), and processing
various chemical, food, and pharmaceutical products. Around 80% of all ACs are dedicated to
liquid phase applications, highlighting their significance in this area.

The ACs must exhibit specifically defined characteristics and meet technical and
economic criteria related to specific adsorption applications, as summarized in Figure 13.
Unfortunately, fulfilling these requirements is relatively rare. Beyond adsorption capacity,
several other essential factors contribute to the effectiveness and efficiency of ACs, including
[106, 107]:

e Selectivity, which refers to the ability of ACs to preferentially adsorb specific
substances from a mixture.

e Adsorption-desorption kinetics, describing the rate at which substances are adsorbed
onto and released from the AC surface, impacting the speed and reversibility of the
process.

e Mechanical strength, critical for resisting abrasion and crushing under operational
conditions; and pore size distribution, which affects the accessibility of adsorbates and
the overall capacity of the ACs.

e Chemical and thermal stability, ensuring that ACs can withstand harsh conditions
without degrading.
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e Regeneration capacity, the ability of ACs to be reused after adsorption, crucial for cost
efficiency.

o Stability across adsorption-desorption cycles, indicating the long-term usability of ACs
without loss of performance.

e Production costs, influencing the overall affordability and market viability of ACs.
By evaluating these properties and criteria, one can select an AC that optimally fits the specific

requirements of an adsorption application, balancing performance, cost, and operational
longevity.
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Figure 13. Summary of key properties and criteria of selecting ACs for adsorption
applications.

2.8 ACs for CO; capture

The CO2 capture by adsorbent materials is primarily influenced by two factors: the
development of the material's porous structure, which includes the pore characteristics, and the
size of the specific surface area, as well as its chemical properties. The first factor determines
the space available for gas adsorption, while the second influences the interaction forces
between CO2 molecules and the solid surface, ultimately determining the adsorption properties.
Additionally, the effectiveness of CO> capture materials depends on a variety of other factors
that strongly influence the practical application, such as diverse process conditions connected
with the specific branch of industry and the composition of the flue gas mixture [108].

In CCUS technology, there are three main capture configuration that allow obtaining a
concentrated CO; stream from fuel combustion. The CO- capture process is expected to account
for approximately 70-80% of the total cost of CCUS [109]. Thus, achieving a purified gas
stream with the required CO> concentration through an efficient process is importance. They
are classified into pre-combustion capture, post-combustion capture, and oxy-fuel combustion,
varying in CO2 concentration, pressure and temperature as presented in Figure 14. Those
variations present unique challenges [110]. In this step, CO2 is separated from other gaseous
media using various existing gas separation technologies integrated into CO> capture systems,
including adsorption by different types of solid materials. Moreover, this phase of CCUS is
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critically important because flue gases may contain additional pollutants such as H.S, CO, NOx,
CHa, SOy, and water vapor. These pollutants can modify the physicochemical properties of
solid sorbents, resulting in poor separation performance. Consequently, this can affect the
properties of the gas stream, such as its density and the equilibrium limit of vapor-liquid
interactions, leading to inefficient storage. In this context, one possible strategy to enhance the
CO. capture capability of adsorbents, including ACs, is by stabilizing their surfaces and
addressing their vulnerability to the impurities present in flue gases. Furthermore, it is essential
to address the instability and diminished adsorption capacity of ACs at lower CO:
concentrations and elevated temperatures [111].
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Figure 14. Generic comparison of the existing CO- capture system from stationary
sources.

Activated carbons are among the most thoroughly researched and exceptionally
effective materials for CO> capture, alongside zeolites [112]. These carbons exhibit desirable
properties such as reversibility and stability in adsorption-desorption cycles, adjustable surface
chemistry and pore structure, cost-effectiveness, low temperature required for desorption,
straightforward regeneration process, fast CO> sorption kinetics, high thermal and chemical
stability, and mechanical strength [113, 114, 115]. ACs available on the market typically
exhibit limited CO2 adsorption capabilities, due to their broad pore size distribution and low
surface attraction to CO2 molecules [116]. Therefore, addressing these two issues is considered
a focal point for further investigation to overcome the challenges of the aforementioned
industrial application.

Previous research has demonstrated that the textural properties of ACs such as specific
surface area, total pore volume, and especially micropore volume, are associated with their
capacity to adsorb CO.. Among these, pore filling has been identified as the dominant
mechanism for CO. adsorption [117, 118]. For enhanced CO> capture, it's crucial for AC to
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have a substantial share of micropores to offer large surface areas (500 to 2500 m?*g), and to
provide favorable sites for CO2 molecule adsorption [119, 120]. This pore size configuration,
along with the considerable content of mesopores, favors CO: diffusion within the materials,
thereby making the adsorption kinetics very fast as well. Additionally, it has been observed that
micropores with diameter between 0.4-1 mm, enhances CO> adsorption performance [121], due
to the occurrence of intermolecular interaction of CO; in addition to the CO»-carbon pore
interaction [122]. These micropores are well-suited to the kinetic diameter of CO2 molecules
(0.33 nm), which refers to an effective diameter characterizing a molecule’s ability to collide
with others [123]. However, the appropriate micropore size for CO2 adsorption is highly
dependent on the temperature and pressure.

Surface functional groups on ACs are pivotal in CO2 capture. Commonly, activated
carbon surfaces contain functional groups like carboxyl (-COOH), phenolic (-OH), lactone (-
C=0), carbonyl (-C=0), and quinone (-C=0) groups [124], as earlier mentioned in this thesis.
These groups emerge primarily during the activation process, with the temperature and duration
of this process significantly affecting their distribution and concentration. Particularly, carboxyl
groups play a significant role in the CO. adsorption, strongly attracting CO2 molecules through
Lewis base interactions [125]. In light of these properties, numerous scientific strategies can
be formulated regarding CO> adsorption on ACs, which are summarized in Figure 15.
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Figure 15. Research directions of activated carbons for CO> capture applications.
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These strategies include: (1) adjusting the synthesis conditions, like thermal conversion
or activation processes; (2) conducting surface modifications, including high-temperature
ammonia treatment [126, 127] and amine functionalization [128, 129]; (3) creating AC
composites by incorporating carbon-based nanomaterials [130], polymers [131, 132, 133],
metal oxides or metals [134, 135], zeolites [136-139], and metal-organic frameworks [140,
141]. The combination of the above modification strategies has also been reported in the
literature [142, 143].

2.9 Mechanism of CO; adsorption at the solid-gas interface

Adsorption is a surface phenomenon that is primarily influenced by the concentration
of adsorbate or its partial pressure, which initiates the adsorption process at the solid-gas
interface. Consequently, there is a change in the concentration of adsorbate in the interfacial
layer. This process involves adhesion that occurs at the contact boundary between two phases,
particularly at the solid-gas interface, and is driven by strong interatomic and intermolecular
forces [144]. Initially, CO2 molecules are attracted to the solid surface due to the difference in
energy. On the surface of the adsorbent, surface forces attract the adsorbate and cause
accumulation, while inside the solid, internal forces are balanced (Figure 16) [145]. The surface
energy, which appears in the context of this difference, determines the stability of the adsorption
complex. It is also influenced by the specific surface area of the solid, its chemical properties,
porosity, and the structural arrangement of the adsorbate molecules [146]. Further, as CO>
molecules continue to accumulate on the surface, a concentration gradient is formed. This
gradient acts as a driving force for further adsorption, moving adsorbate from areas of higher
concentration in the gas phase to areas of lower concentration on the adsorbent surface. The
process progresses until an equilibrium state is reached.
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Figure 16. Schematic representation of the force interactions at the solid-gas
boundary.

Adsorption is also a kinetic process involving the movement of gas molecules from a
gas phase to the surface of an adsorbent, ultimately reaching an equilibrium in specific time
[147]. Initially, CO2 molecules migrate from areas of higher to lower concentration toward the
adsorbent surface in a process known as external mass transfer, facilitated by a concentration
gradient, as mentioned before. Once near the adsorbent surface, CO, molecules must diffuse
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through the surface liquid film surrounding the solid particles, a stage known as film diffusion
or external diffusion. Upon contacting the porous surface, the adsorbate first undergoes
intraparticle diffusion, which involves two primary mechanisms: (1) pore diffusion, influenced
by particle porosity and morphology, and (2) surface diffusion, as molecules seek more
favorable adsorption sites [148]. Once at the optimal location, the adsorbate adsorbs onto the
active sites available within the pores or on the external surface, either through physical or
chemical adsorption (as described in subchapter 2.10). In the case of reversible adsorption, one
also has to include the desorption of the adsorbate from the adsorbent surface. Over time, the
rates of adsorption and desorption, which involve molecules detaching from the surface and
returning to the bulk phase, balance each other [149]. This equilibrium state is characterized by
an equal number of CO2 molecules being adsorbed and desorbed in the same unit of time. The
amount of adsorbate adsorbed per unit mass of adsorbent (m) depends on the partial pressure
of the gas medium (p) and the temperature (T). This relationship can be expressed
mathematically as:

m = f(p,T) (8)

Considering these two parameters, the amount of CO> adsorbed at equilibrium decreases
with increasing temperature, reflecting the exothermic nature of adsorption. An increase in
temperature accelerates diffusion by boosting the energy of gas molecules, which leads to the
destabilization of the adsorbed gas on the surface of adsorbent. Consequently, the adsorbed gas
molecules gain enough energy to overcome the attractive surface forces and return to the gas
phase [150]. Conversely, an increase in the partial pressure, which serves as the driving force
for adsorption, intensifies the amount of adsorbate adsorbed. Lower partial pressures, however,
can induce desorption by reducing the molecular concentration on the surface.

2.10 The main types of CO2 sorption process

There are two primary types of sorption process depending upon the nature of interactive
forces between the surface and incoming molecules: physisorption and chemisorption [151].

Physisorption, or physical adsorption, occurs when the adsorbate accumulates on the
surface of a solid due to weak intermolecular van der Waals interactions [152]. These
interactions, arising from dispersion forces or dipole interactions, act perpendicular to the
surface and are weaker with a longer range, having lower enthalpy values (20-40 kJ/mol). This
allows for the formation of a multilayer adsorbate complex. Because the interactions are not
strong, this type of adsorption can be easily reversed. Physisorption is the primary mechanism
governing CO> capture on ACs, with the gas uptake directly related to their porous texture [153].
The reduction in CO; adsorption capacity of ACs at elevated temperatures demonstrates that
the process favors lower temperature.

In contrast, chemisorption, or chemical adsorption, occurs when CO2 molecules form
chemical bonds with the surface of an adsorbent [154]. Also known as irreversible adsorption,
it involves adsorbate molecules exchanging or sharing electrons with the adsorbent surface,
resulting in the formation of covalent or ionic bonds. Chemisorption results in the formation of

22



chemical bonds, and the heat of adsorption released during this process aligns with the energies
typically associated with bond formation, reflecting the strong chemical interactions between
the adsorbate and the adsorbent surface (80-240 kJ/mol) [155]. Furthermore, similar to many
chemical reactions, chemisorption requires a specific activation energy to initiate and maintain
these strong bonds, leading to a new equilibrium state where the adsorbate is firmly attached to
the surface [156]. This results in a stable monolayer with adsorbed gas molecules chemically
bonded to specific sites on the adsorbent. Regarding practical applications, to enhance the gas
selectivity towards CO2 by ACs, their surfaces are often chemically grafted or coated with basic
groups, as mentioned in subchapter 2.8. Those groups effectively interact with the acidic CO>
molecules, specifically based on the chemisorption mechanism. The chemical interaction,
favored at high temperatures, significantly improves the CO capture capacity of the modified
physical adsorbents. Typically, CO. adsorption at temperatures above 140 °C is predominantly
controlled by chemisorption, although both chemisorption and physisorption can occur within
the temperature range of 25-140 °C [157].

The comparison of the physical and chemical adsorption mechanisms is schematically
shown and summarized in Figure 17 and Table 2.
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Figure 17. Schematic of the interactions between CO. molecules and the adsorbent
surface during physisorption (left) and chemisorption (right).
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Table 2. Comparison of the physical and chemical adsorption mechanism [158].

Characteristic Physisorption Chemisorption
Type of bonding Van der Waals bonds Chemical bonds
Thermal effect of the <40 kJ/mol 80-240 kJ/mol
phenomenon (low heat of adsorption) (large heat of adsorption)
Equilibrium of adsorption 0 yere reversibility Partial irreversibility
and desorption
Chemical change of Formation of a surface
. None
adsorptive compound
Energy needed to establish an Very low High energy needed

equilibrium
It is unbraked even at

Course of the phenomenon low temperatures,
therefore fast

Only at higher temperatures is it
no longer strongly braked

Specificity of adsorbate No outstandin : I

P y . . e g Outstanding specificity
adsorbent interaction specificity

. . Possible formation of Establishing the phenomenon

Covering the surface with a : .

. multimolecular with complete monomolecular

solid as an adsorbent :
adsorption layers coverage

3. Experimental section

This section of the thesis details the materials, analytical techniques methods, and
methods applied in research, focusing on the use of rCB for producing ACs and their application
in CO- capture. It outlines the processes involved in transforming ELTSs into valuable carbon
materials and assesses their effectiveness in environmental remediation. Each subsection is
carefully organized to provide a clear and concise overview of the experimental approach, from
the initial material recovery to the final application testing.

3.1 Materials
3.1.1 Recovered carbon black (rCB)

Recovered carbon black utilized in this work was sourced from end-of-life tires. rCB
was obtained through a series of procedures as depicted in Figure 18, involving the industrial
pyrolysis of ELTs followed by subsequent purification steps to enhance its quality.

» Pyrolysis for pyrolytic char production

Pyrolysis is essentially the thermal decomposition of ELTs materials at high
temperatures (>500 °C) in an oxygen-free atmosphere. This environment is crucial as it prevents

24



combustion and facilitates the breakdown of the polymers in tires, such as synthetic and natural
rubber, which are composed of long molecular chains. The heat in the pyrolysis process breaks
these chains apart. Pyrolysis leads to a three-phase product stream that includes: a solid phase
in the form of char, an oily liquid phase, and a gaseous phase.

The key output from pyrolysis is char, a carbon-rich solid residue that constitutes
approximately 33-40% of the mass exiting the pyrolysis process. The resulting pyrolytic char
primarily consists of carbon black (80-90%), along with inorganic substances (10-15%) and
other residual additives (1-3%), which are always present in compounds used in the
manufacture of tires. The specific composition depends on the tire formula, as stated in
subsection 2.1.3.

» Purification steps of pyrolytic char

When processing pyrolytic char derived from the pyrolysis of ELTSs, purification is a
crucial step. The main goal of purification is to reduce the high content of impurity elements
(such as Zn, Si, Ca, S, Al etc.). This enhances the quality and usability of the pyrolytic char for
various applications by benefiting the improvement of active sites, increasing porosity, and
boosting the elemental carbon content, thus addressing the main issue that influences its use as
a replacement for virgin carbon black.

e Post-pyrolysis processing

Following pyrolysis, the pyrolytic char is laden with various contaminants, specifically
including residual ash, organic residues, inorganic materials, and potentially partially reacted
or unreacted hydrocarbons. Further purification steps can be performed using chemical or
physical methods to remove impurity elements that are found in them.

e Purification steps

To transform pyrolytic char into commercially viable recovered rCB, several
purification steps are undertaken. These may include concentrated pickling, devolatilization,
milling, pulverizing, and optionally, pelleting to remove impurities, standardize particle size,
and reduce variability in material quality.

Purification

steps Recovered
(concentrated carbon black
pickling,

devolatilization,
\ milling, pulverizing,
and pelleting)

Figure 18. Overview of the general steps in rCB production from waste tires.
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The rCB used in the present study was with an average particle size of 30 pm and an
ash content ranging from 0.5-2%. As shown in Figure 19, the rCB contained particles in the
15-100 um range where the main fraction was in the sizes between 73-80 um,. The chemical
composition of the rCB varied, primarily influenced by the tire composition used in pyrolysis,
with carbon being the major element, present in concentrations of 92-99.5%. The content of
volatile substances exceeded 0.2% and mineral content of about 0.5-2%, which includes
elements like silicon, aluminium, zinc, sulphur, and calcium. The specific chemical
composition of rCB is presented in Paper | and Paper 1.
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Figure 19. Histogram of particle size distribution for recovered carbon black obtained
through pyrolysis of waste tires.

3.2 Analytical techniques
3.2.1 N2 and CO: adsorption-desorption isotherm analysis

Gas adsorption technique is used to characterize the physical characteristics of porous
materials, including pore volume, specific surface area, and pore size distribution (PSD). Gas
adsorption experiments rely on sophisticated instruments, including a sample chamber to hold
the material, a pressure control system, and a gas delivery setup. Successive amounts of the
adsorbate are introduced and at each stage, the system is allowed sufficient time to attain
equilibrium, which corresponds to a series of single points on the adsorption isotherm. During
the experiments, an adsorbate physisorbs on the surface of the material, forming a liquid-like
phase at a certain pressure (P), which is lower than the saturation pressure (Po) [159]. Initially,
at low relative pressures (P/Po) one monolayer of adsorbed gas is formed on the surface of the
material. As pressure gradually increases, multi-layers of adsorbed gas are formed until
reaching a critical film thickness, causing the molecules to tightly pack and shift into a
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thermodynamically lower energy state. This transition is marked by a plateau where the pores
become completely filled [160]. Further, when the pressure decreases, the molecules, especially
in mesoporous materials, tend not to desorb easily, leading to lower pressures during
evaporation than during condensation, creating a hysteresis loop. This loop concludes when
only a monolayer film remains on the surface.

According to the IUPAC, six basic types of isotherms can be distinguished, as presented
in Figure 20. The type | isotherm, corresponding to the Langmuir model, describes adsorption
on microporous materials where adsorbate molecules fill available active sites until saturation,
shown by an asymptotic approach to a maximum value. Type Il isotherms illustrate reversible
multilayer adsorption on non-porous or larger pore materials. Initially resembling the Langmuir
isotherm at low pressures, they progress through a linear multilayer formation phase after a
distinct inflection point, concluding at complete pore filling, defined by the BET model. Type
Il isotherms occur with weaker adsorbent-adsorbate interactions, leading to increased
adsorption with rising relative pressure due to stronger intermolecular forces among the
adsorbate molecules. Type 1V and V isotherms describe mesoporous adsorbents, featuring a
unique desorption path due to capillary condensation. Type IV follows the BET model, starting
with monolayer adsorption and transitioning to multilayer adsorption at higher pressures. Type
V, similar to types Il and I, is commonly observed in the case of homogeneous adsorbent
surfaces, where the heat of adsorption does not depend on the degree of surface coverage. Type
VI isotherm, typical for uniform nonporous surfaces, shows distinct layer-by-layer adsorption,
with each layer's capacity reflected in the step-height influenced by the system and temperature.

Type 111

Amount adsorbed, mmol/g

Relative pressure, p/po
Figure 20. Classification of adsorption-desorption isotherms (red arrows: adsorption course;

blue arrows: desorption course).

Regarding calculation of textural properties, the total pore volume and BET surface area
are specifically calculated based on the N2 adsorption method. The total pore volume of material
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is calculated from the N> amount adsorbed at a relative pressure, p/po = 0.99, often
corresponding to the saturation pressure, where the pores are considered to be completely filled
[161]. Furthermore, the Brunauer-Emmett-Teller (BET) equation is typically employed to
estimate the specific surface area, based on of measurements at a relative pressure of 0.05-0.35.
The BET theory assumes that a monolayer of gas molecules is adsorbed onto the surface of the
material, followed by multilayer adsorption, with the binding energy decreasing in successive
layers [162]. Additionally, CO> adsorption measurements is supplemented for a more
comprehensive pore analysis. It is instrumental in evaluating the micropores (<1.4 nm) within
ACs, providing a complementary analysis to N2 adsorption, especially at low pressures where
N2 may not penetrate the smallest pores effectively. CO adsorption is particularly valuable for
characterizing materials where N2 adsorption does not fully reveal the narrowest pore structures.
Based on the N2 and CO. adsorption measurements, the pore size distribution within specific
pore size ranges of 2-50 nm and 0.3-1.4 nm is assessed, respectfully. This analysis is a critical
factor in characterizing the porosity of ACs by using the density functional theory (DFT)
method. The DFT approach provides detailed insights into the pore structure, enabling accurate
calculations of the PSD and determination of pore volumes by considering the effects of pore
geometry, like cylinders or slits, and molecular theory models tailored to adsorption phenomena
[163].

In this thesis, N2 adsorption analysis was extensively used to determine the BET surface
area, total pore volume, micropore volume (<2 nm) and PSD of rCB/ACs in Paper | and Paper
I1. The N2 adsorption-desorption isotherms were measured at a constant temperature of -196
°C in the relative pressure range of 10 to 0.99. Complementing the analysis, CO, adsorption
measurements were also performed in Paper | to further assess the small micropore volume
with diameters 0.3—-1.4 nm. These measurements were conducted by recording CO2 adsorption
isotherms at 0 °C and low relative pressures (10 to 0.025), which provided additional insight
into the finer aspects of micropore analysis, including the PSD.

3.2.2 Fourier-transform infrared spectroscopy (FT-IR)

Fourier-transform infrared spectroscopy (FT-IR) is an analytical technique that
combines the principles of infrared spectroscopy with Fourier transforms to achieve high-
resolution spectral data (Figure 21). This method is particularly effective in identifying organic,
polymeric, and, in some cases, inorganic substances through characteristic features evident in
produced FT-IR absorption/desorption spectra. The core component of an FT-IR spectrometer
is the interferometer. The interferometer uses a beam of infrared light, which is split into two
paths (as shown on figure 18): one path is reflected off a stationary mirror and the other off a
moving mirror, causing an interference pattern [164]. This pattern is recorded over time,
producing an interferogram. The interferogram is a complex signal containing all the spectral
information of the sample, which, when subjected to a Fourier transform, yields the spectrum.

In the context of activated carbons, FT-IR spectroscopy is particularly useful for
characterizing surface functional groups of these materials. These groups play a crucial role in
the adsorption processes of organic molecules, pollutants, and even gases from air or aqueous
solutions, as mentioned earlier.
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In this work, by applying FT-IR spectroscopy to rCB/ACs, valuable information about
the surface chemistry is obtained. FT-IR method was used in Paper I.
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Figure 21. Principle of Fourier-transform infrared spectroscopy.
3.2.3 Raman spectroscopy

Raman spectroscopy is a versatile and non-invasive analytical method that offers
insights into the molecular composition, chemical structure, and lattice dynamics of materials.
The Raman effect is the phenomenon of inelastic scattering of photons by molecules, resulting
in a shift in the energy of the incoming light [165]. This shift corresponds to the vibrational
energies of the molecules present in the sample. When light interacts with a substance, the
majority of photons undergo elastic scattering, namely Rayleigh scattering, which implies that
they maintain their initial energy (Figure 22). Nevertheless, a minute proportion of the light
(about 1 in 10 million photons) undergoes inelastic scattering, resulting in an alteration of its
energy level either upwards or downwards. The energy shift serves as a distinctive characteristic
that allows for the identification of molecules.

The key element of a Raman spectrometer is the laser, which functions as the source of
light. A laser beam is aimed at the sample, and the light that scatters off is gathered using a lens
and passed via a monochromator [166]. The charge-coupled device (CCD) camera detects the
resulting spectrum, which generates the Raman spectrum. This spectrum displays the intensity
as a function of the Raman shift, typically quantified in wavenumbers (cm™).

Raman spectroscopy is very advantageous method for analyzing carbon-based
compounds, such as activated carbons, graphene, carbon nanotubes, and diamond, as well as
other materials including minerals, or polymers.

In this work, Raman spectroscopy provided valuable information about the structural
characteristics of rCB/ACs, including the level of graphitization and the presence of defects on
the surface, as described in Paper I.
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Figure 22. Basic principles of Raman spectroscopy.

3.2.4 Ultimate and proximate analysis

Ultimate analysis is an in-depth study aimed at determining the exact elemental
compositions of a material, focusing on important elements like carbon, hydrogen, oxygen,
nitrogen, and sulfur [167]. This analysis operates on the “Dumas method” principle, which
involves “flash combustion” to oxidize the sample completely and instantly. The combustion
products are then separated by chromatography before detection by a thermal conductivity
detector (TCD). The TCD produces an output signal corresponding to the concentration of each
component in the mixture. Ultimate analysis is crucial for understanding the material's chemical
characteristics, energy content, and potential environmental effects.

On the other hand, proximate analysis evaluates the physical constituents of the material,
classifying it based on its moisture, volatile matter, fixed carbon, and ash content [168]. It can
be performed using a thermogravimetric analyzer, which measures changes in a material’s mass
as it is heated, thereby providing insights into its composition (described in subsection 3.2.5).
Proximate analysis offers valuable information about the material's operational properties, such
as combustion efficiency, thermal stability, and material handling characteristics.

These two analytical methods were applied in Paper | to rCB/ACs and revealed
essential information about the structural composition and physical attributes of rCB/ACs,
crucial for optimizing their performance in adsorption applications.

3.2.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a method used to quantify the change in mass of
a material in relation to temperature or time, as a gas atmosphere is passed over it. The primary
purpose of thermogravimetric analysis is to evaluate the thermal stability and composition of
materials [169]. Through gradually increasing the temperature of the sample and recording
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changes in weight of the sample different processes leading to material changes can be revealed ,
such as dehydration, breakdown, or oxidation (Figure 23).

TGA is a useful technique for evaluating the thermal stability of ACs, which is an
important factor in determining their suitability for practical use.

In this work, TGA enabled the measurement of changes in weight of rCB/ACs samples
caused by thermal degradation, loss of volatile components, or chemical interactions (Paper I).
This was achieved by heating the samples in a controlled atmosphere of N». This knowledge is
essential for establishing the temperature ranges in which rCB/AC materials maintain their
structural integrity and performance qualities, particularly for applications that require strong
thermal stability.

Heater

Sample

Measuring
system

Figure 23. Schematic representation of thermogravimetric analysis apparatus (TGA).

3.2.6 Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy
(EDS) analysis

The scanning electron microscopy (SEM) system consists of three primary components:
the electron gun, which generates and accelerates the electron beam; the electron column, which
employs electromagnetic lenses to manipulate the beam; and the sample chamber, where
interactions between the electron beam and the specimen take place [170]. Achieving high-
quality SEM images requires the electron beam to be finely focused on the specimen, ensuring
a minimal probe size while sustaining a high electron current. This precision is attained through
the use of electromagnetic lenses and apertures that guide the accelerated electrons towards the
specimen. Key elements in the electron column include the condenser lens, which narrows the
electron beam for a small probe size, and the objective lens, which focuses the beam on the
specimen. The SEM different signals (Figure 24) are formed based on the type of interactions
with the specimen surface, notably secondary electrons (SE), backscattered electrons (BSE),
and characteristic X-rays, each originating from distinct specimen depths and providing varied
spatial resolutions. Surface characterization is achieved through the use of SE and BSE, while
the identification of elemental composition is obtained from the X-ray photons via energy-
dispersive X-ray spectroscopy (EDS).
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Secondary electrons emerge due to inelastic collisions of primary electrons with the
specimen's atoms, possessing energy below 50 eV. This low energy limits their escape to a
surface depth of under 20 nm, enabling them to provide imaging resolution between 5-20 nm,
which is crucial for revealing surface topography.

On the other hand, backscattered electrons are electrons that bounce back from the
specimen, as a result of the elastic interactions with the specimen's atoms. These electrons
originate from greater depths within the specimen. Their emission varies with the specimen'’s
atomic mass (or average atomic number), making them valuable for obtaining chemical contrast.

X-ray emissions are unique to each element and occur when primary electrons knock
out an electron from an atom's inner shell. The following replacement of the vacancy by an
electron from a higher shell results in energy release in the form of an X-ray photon. This unique
transition for every element is used to determine the chemical composition of the evaluated
specimen.
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Figure 24. Electron-matter interactions: the different types of signals generated at the beam-
surface interface in a SEM chamber.

In this thesis, SEM-EDS was employed to evaluate the morphological characteristics of
rCB/ACs and the identification of elements and their distribution post-activation, focusing on
the impact of the activator and the content of trace elements from the precursor (Paper I).
Additionally, in Paper 11, the technique was used to investigate the distribution of potassium
on rCB/ACs after chemical activation using potassium salts.

3.2.7 X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) is both a qualitative and quantitative analytical technique used
to gather structural information about a material, including its crystalline phases and
crystallinity level. This method operates on the principle of constructive interference between
an X-ray beam and a sample [171].
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The technique involves generating polychromatic X-rays in a cathode ray tube (usually
Cu or Mo), which are then filtered to produce a monochromatic beam. This beam interacts with
the lattice planes within the crystalline structure, leading to the elastic scattering of X-rays
(Figure 25). When constructive interference occurs, the interactions result in a diffraction
pattern, a diffractogram.

For the purpose of this thesis, XRD was utilized for the identification of various phases
that emerge during the rCB activation process by potassium-containing salts (Paper I1). This
technique played a role in evaluating the underlying mechanisms involved in the activation
process. The acquired data was used for understanding how K-activators influence the pore
structure and chemical composition of rCB/ACs. The recorded XRD spectra were compared
qualitatively to the X-ray diffraction patterns from existing databases (PDF 4+) and also used
for semi-quantitative analysis.

Incident X-rays Diffracted X-rays

Figure 25. Schematic representation on the working principles of X-ray diffraction.

3.3 Methods

This section outlines the methodologies employed to prepare and characterize rCB/ ACs
as well as the subsequent evaluation of their performance in CO> adsorption. The section is
divided into two primary subsections: preparation methods of rCB/ACs and CO> adsorption
studies, detailed descriptions of the experimental setups, conditions, and analytical techniques
utilized to achieve and verify the research objectives.

3.3.1 Preparation of rCB/ACs

This subsection focuses on the methodologies employed to prepare activated carbons
from recovered carbon black using both physical and chemical activation processes,
describing the equipment, conditions, and post-treatment procedures.

3.3.1.1 Physical activation

rCB/ACs prepared through the physical method ( using air), were investigated in Paper
I. The overall process is demonstrated in Figure 26. Barnstead Thermolyne 47900 muffle
furnace was used for the physical activation, where the temperature was varied from 500 to 700
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°C. Atmospheric air was used as the reactive medium (a gaseous composition containing 21%
O and a balance of N) in all the experiments. The conditions were set to a heating rate of 7
°C/min with a holding time of 2 hours. Subsequently, the resultant rCB/AC materials were
thoroughly dried in an oven for 24 hours at a temperature of 200 °C.
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Carbonization
(500-800 °C, 2 h, 7 °C/min)

rCB from ELTs
pyrolysis
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Activated carbons (ACs) Drying at 200 °C for 24 h

Figure 26. Illustrative diagram of the physical activation process applied for rCB/ACs
production.

3.3.1.2 Chemical activation

The rCB was chemically activated using KOH (as described in Paper 1) and various
potassium-based agents, including KOH, K:COs, KCI, CH3COOK, and K>C:04 H-0.
Subsequent comparative analysis with NaOH (as mentioned in Paper I1) through a dry mixing
technique was performed. In Paper I, the 1:1 mass ratio (rCB:activator) was used as a reference
point. The specific description for labeling samples is shown in Paper | and Paper I1I.

Within the activation procedure rCB and the potassium activators were evenly blended
in a mortar until a uniform solid mixture was achieved. This mixture was placed in alumina
crucible and placed in a horizontal tubular furnace with nitrogen atmosphere and a steady gas
flow. The activation process was conducted according to the methodologies outlined in Paper |
and Paper I1, which are summarized in Table 3.

Table 3. Experimental conditions for chemical activation processes.

Heating Activation Flow rate Cooling ]
Temperature ] rCB:activator
Paper rate time of N2 rate )
[°C] ) ratio
[°C/min] [h] [cm®/min] [°C/min]
I 7 800-900 2 150 5 1:1
I 5-13 700-900 1-4 200 5 1:3-1:6
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The resulting chemically rCB/ACs were repeatedly rinsed with deionized water until
the wash water reached a stable pH level of 7. The final step involved drying the produced
rCB/ACs in an oven at 200 °C for 24 hours.

Furthermore, the interactions between rCB and activators in different states were
examined in Paper I, focusing on solid-solid and gas-solid reactions. Two configurations of
designed experiments for studying reactions involving rCB-activators are presented in Figure
27. Configuration (a) demonstrates a solid-solid state reaction where the rCB is mixed
homogeneously with the activator within a crucible. In contrast, configuration (b) is employed
to investigate a gas-solid state reaction. Here, the reactants for the gas-solid reactions were
positioned in distinct crucibles, allowing only the gaseous phase of the activator, heated in the
furnace, to come into contact with the rCB.
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Figure 27. Diagram illustrating the setup of the experimental procedure used for (a) solid-
state activation and (b) gas-state activation.

3.3.2 COz adsorption studies

The CO; capture performance of rCB/ACs was investigated in Paper I. The CO-
adsorption isotherms were obtained using a Micromeritics ASAP 2020 Plus Sorption Analyzer.
The device was calibrated to maintain temperatures of 0, 15, 25, and 30 °C,. The absolute
pressure varied from 5-10 to 1 bar. Prior to the measurements, the samples underwent a
degassing process at 110 °C in a vacuum (10-8 bar) for an hour. Additionally, the ideal
adsorption solution theory (IAST) was utilized to calculate the selectivity for CO2/N:
adsorption of the ACs, which is considered a critical parameter for CO> capture with reference
to N2 sorption data at 25 °C. The selectivity was analyzed for an equimolar CO2/N2 mixture and
post-combustion capture scenario (15% CO2 and 85% N). Cyclic regeneration stability was
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also evaluated for 1, 5, and 10 cycles to assess the durability and reusability of the adsorbents
under repeated use conditions.

In Paper I, the investigation into the CO; adsorption mechanism involved aligning the
experimental isotherm data with several isotherm models, conducting thermodynamic analysis,
and examining the CO> capture dependency on the rCB/ACs textural properties.

The correlation of experimental isotherm data with the five isotherm models, including
Toth, Freundlich-Langmuir, Sips, Redlich-Peterson, and Radke-Prausnitz, was achieved using
non-linear regression through the quasi-Newton method implemented in Matlab's fmincon
function. Table 4 presents the non-linear versions of these isotherm equations, with their
theoretical foundations and parameter descriptions. The assumptions of each model are
discussed in Paper I.

Table 4. Description of selected adsorption isotherm models.

Isotherm Non-linear model o )
del i Characterization of equations Ref.
mode equations
gm - maximum adsorption capacity
: (cm®/g)
Freundlich- Gm * Kpy, - PTFL , .
. ) de =11 g prm KreL - Langmuir-Freundlich constant [172]
angmuir FL'
9 (bar-nFL)
neL - index of heterogeneity [-]
Kre - Redlich-Peterson constant (cm*-g°
Redlich- Kpp - P L.bar?) [173]
q =
Peterson ° 1+agp PPRP app. constant (bar #RP)
Bre - Redlich—Peterson exponent (-)
_ QqmKp-P Kt - Toth constant (bar)
Toth de = T ) [174]
[1+ (K- P)rr]nr - nt— heterogeneity factor (-)
1
_ - (K<-P)s  Ks - Sips constant (bar?)
Sips g = Im K PP | [175]
1+ (Kg - P)s ns — Sips exponent (-)
Radke- Gm * Krpr * P Krer- Radke-Prausnitz constant (bar™) [176]
. Qe = .
Prausnitz ® (1 + Kgpyr - P)°RPr gpo, - Radke-Prausnitz exponent (-)

The effectiveness of the selected theoretical models was evaluated based on the total of
the absolute errors (EABS), as described below:

n
EABS = Zlqe,exp - Qe,modl )

=1
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Where: gemod is the predicted amount of adsorbed adsorbate at equilibrium state [cm®/g], de.exp
is the experimental amount of adsorbed adsorbate at equilibrium state [cm®/g].

To investigate how adsorption correlates with textural characteristics, the dependency
of COz capture on all activated carbons at 0 °C was evaluated. This evaluation involved
following the relationship between CO, adsorption and different textural properties, such as:
the BET surface area, the total pore volume shown, the volume of micropores less than 2 nm in
width, and the volume of micropores under 1 nm in width. The coefficient of determination
(R?) was employed as a critical statistical indicator to measure the predictive ability of these
textural parameters on the variability of CO; adsorption. A high R? value indicated a strong
correlation, suggesting that these textural parameters significantly influence or predict changes
in CO2 adsorption. Conversely, a low R? value proved a weak or negligible correlation, pointing
to their limited influence on the variations observed in CO> adsorption.

The adsorption thermodynamic parameters were determined through the Van't Hoff and
Clausius-Clapeyron equations (Equation 10 and Equation 12), applied to the experimental
CO; adsorption isotherm data at temperatures of 0, 15, 25, and 30 °C. Those methods are
commonly utilized for estimating the Gibbs free energy (AG®), standard enthalpy change (AH®),
standard entropy change (AS®), and isosteric heat of adsorption (Qst).

AS° AH°

mK) =~ %1

(10)

Where: R is the universal gas constant (8.314 J/mol-K), K is the Langmuir adsorption constant
that has been utilized as the conventional thermodynamic equilibrium indicator for the
computation of thermodynamic parameters (1/bar), and T is absolute temperature (K). Whereas
AG® was estimated from the below equation by using Langmuir constant:

AG® = —RT In(K,) (11)
A(In(P))
st = — 6—1 (12)
(7) /,

Where: P is the partial pressure of the CO; at equilibrium state [bar], Qs denotes isosteric heat
of adsorption (J/mol), and 6 indicates a specific surface coverage (-).

4. Results and discussion

4.1 Characterization of rCB/AC materials

The rCB/ACs were thoroughly characterized in Paper 1, using a set of analytical
techniques, including FT-IR, SEM-EDS, Raman spectroscopy, TGA, and N2/CO, adsorption
isotherms. This characterization was done to understand the morphological, chemical, and
particularly structural properties, setting the base for further optimization and evaluation of the
activation mechanism by potassium-containing activators in Paper I1.
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4.1.1 Chemical characterization

FT-IR analysis showed a diverse surface chemistry across a spectrum of 450 to 4000
cmt. Key absorption peaks were found at 3550-3350 cm (O-H), 3000-2850 cm™* (C-H), 1700-
1600 cm? (C=C), 1400-1350 cm™ (C-H), and 1100-1000 cm™ (C-O), indicating similar
functional groups among the rCB/ACs (Figure 28). Specifically, the broad band at 3450 cm
highlights O-H stretching vibrations, indicative of hydroxyl groups affected by chemical and
physical activation and important for intermolecular hydrogen bonding. The presence of strong
bands at 3000-2850 and 1380 cm, and at 1650 cm™, corresponds to C-H bending vibrations in
alkanes and C=C stretching vibrations in aromatic rings, respectively. Additionally, C-O
stretching vibrations were noted between 1100 and 1000 cm™. The uniform absorption bands
suggest a similarity in functional groups across samples.
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Figure 28. FT-IR spectra of rCB/AC materials.

The ultimate analysis (CHNS/O) was essential in assessing the suitability of rCB/ACs
for adsorption uses, with particular emphasis on achieving high carbon content and minimizing
non-carbon elements to ensure purity. Results revealed that rCB possessed a high carbon
content of 92.53 wt.% and minimal other elements (7.47 wt.%), indicative of its very pure
carbon form (Table 5). Further analysis showed that rCB/ACs produced with KOH had much
higher carbon content (83.76-85.64%) and typically lower oxygen content than those activated
with air, suggesting the addition of oxygen-containing groups to the carbon surface. A positive
correlation between oxygen content and activation temperature was noted, with AC-900K
showing the highest oxygen level at 14.93 wt.%. In contrast, the physically rCB/ACs displayed
more diverse elemental variations, with AC-700A showing the most considerable deviation,
likely due to oxidation during activation.
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Table 5. Ultimate analysis of rCB/ACs.

Yield .

Sample content CO HO NO/ SO/ Oo/
[Wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

rCB - 92.53 1.16 0.42 0.71 5.18
AC-800K 91.6 85.64 0.31 0.34 0.31 13.40
AC-850K 86.3 84.62 0.27 0.72 0.28 14.11
AC-900K 77.9 83.76 0.18 0.90 0.23 14.93
AC-500A 55.8 83.46 0.53 0.43 0.80 14.78
AC-600A 42.4 83.54 0.40 0.40 0.74 14.92
AC-700A 35.9 83.81 0.30 0.34 0.53 15.02

* value obtained by calculation.

Furthermore, the yield varied significantly between chemically and physically activated rCB,
ranging between 77.9-88.6% and 35.9-55.8%, respectively. This variance highlights the
considerable effect of air exposure during the production process on carbon loss. The proximate
analysis of the rCB/AC samples demonstrated a composition range of volatile matter (0.90-
2.12 wt.%), fixed carbon (86.50-89.90 wt.%), and ash (9.45-12.60 wt.%). These findings
highlight the high fixed carbon content in the rCB/AC samples.

The TGA of rCB/ACs up to 950 °C showed weight loss in three distinct phases,
indicating different thermal degradation stages, as shown in Figure 29. The early stage loss (up
to 200 °C) was due to moisture and volatile compound removal (Section A). A significant
weight decrease between 200-700 °C indicated the removal of mineral and inorganic residues
(Section B). The gradual decline in the later stage, at temperatures of 700-900 °C, signifies the
combustion of rCB/AC samples, highlighting their high purity and thermal stability at elevated
temperatures (Section C). Lastly, a minor ash residue of post-combustion suggested the
presence of inorganic compounds.
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Figure 29. TGA curves of rCB/AC samples: Section A (moisture and volatile compound
loss), B (inorganic decomposition), and C (combustion process).

4.1.2 Textural properties

The desired characteristics for rCB/ACs material include a specific size distribution that
primarily encompasses micropores along with mesopores, high pore volume, and elongated
micropore structures to optimize performance in CO> adsorption applications. Considering
these objectives, the N2 isotherms curves rCB/ACs (Figure 30) indicated a combination of type
I and IV isotherms. At low relative pressures (P/Po<0.1), there was a rapid increase in adsorption,
transitioning to a gradual rise as pressure increased, which indicated the presence of
respectively microporous (<2 nm) and mesoporous (2 to 50 nm) structures. A distinctive
hysteresis loop, characteristic of type IV isotherms, suggested the presence of mesopores filled
by capillary condensation. The observed H3-type hysteresis across a wide range of relative
pressures (P/Po>0.35) implied a dual porosity system comprising micro- and mesopores,
including aggregates forming slit-shaped pores.

Among the studied samples, those activated chemically with KOH at 900 °C displayed
superior textural properties compared to the pristine rCB, including the highest values for
surface area (328 m?/g), total pore volume (0.448 cm®/g), and microporosity (0.1 cm®/g). This
enhancement was more pronounced at activation temperatures between 800 °C to 900 °C. The
observed enhancement can be tributed to the increased reactivity of carbon atoms and the
diffusion rate of potassium salts.
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Figure 30. N2 adsorption-desorption isotherm curves at -196 °C of the prepared
activated carbons samples by (a) chemical activation, (b) physical activation.

Furthermore, the pore size distribution analysis of the rCB/ACs using N2 adsorption and
evaluation by the DFT method highlighted a broad range of micropores (below 2 nm), primarily
between 1.05-1.19 nm and 1.25-1.54 nm, and mesopores (2-50 nm) in the 2.30-3.90 nm, 9.48—
10.36 nm, and 12.36-13.50 nm ranges. Additionally, CO. adsorption at 0 °C detected the
development of supermicropores (0.7-2 nm) and ultramicropores (<0.7 nm), especially in AC-
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900K and AC-700A. Formation of smaller submicropores (<0.4 nm) was limited. Regarding
CO. adsorption applications, this dual porosity of rCB/ACs ensure effective sorption process,
with each pore type playing a specific role. In CO> adsorption, mesopores aid initial transport
to deeper adsorption sites, facilitating access and diffusion. Micropores, especially those sized
0.4 nm to 1 nm, maximize adsorption capacity through optimal surface interactions with CO>
molecules, enhanced by strong van der Waals forces.

4.1.3 Morphological characterization

SEM-EDS analysis revealed the morphology and elemental composition of rCB/ACs,
particularly AC-700A and AC-900K. The rCB/ACs was characterized with high degree of
porosity and complex, irregular structures. These properties surpass the simpler structure of
rCB, which typically represents an expanding chain or a prolate spheroid-bunch shape. Figure
31 presents SEM micrographs that illustrate the varied size, shape, and surface features of
rCB/ACs, which can be connected to the high activation temperatures. The elevated
temperatures likely increase diffusion rates, facilitating the creation of a more extensive
network of pores by promoting increased mobility of atoms and accelerating reactions involved
in the activation process, such as carbon gasification.

Figure 31. SEM micrographs at a magnification of 2 um for (a) AC-700A, (b) AC-900K, and
(c) recovered carbon black.
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Furthermore, particle aggregates and agglomerates in cluster forms are detected,
heterogeneously distributed within the rCB/ACs. The formation of these clusters contributes to
the overall porosity and surface complexity after the activation process, as depicted in Figure

32.
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Figure 32. Morphological changes of particles during rCB activation process.

The EDS analysis showed that the AC-900K sample primarily contained carbon,
oxygen, and potassium. The presence of potassium compounds suggests that they remained in
the ACs after washing, most probably due to the intercalation in the structure. On the other
hand, the AC-700A mainly comprised carbon and oxygen, with minor amounts of silicon,
aluminum, magnesium, and sulfur. This indicates the pristine rCB might have contained
additives, as discussed earlier in this thesis.

The analysis of Raman spectra for rCB/ACs samples showed two primary bands: the D-
band around 1330 cm, associated with structural defects in carbon materials, and the G-band
at 1590 cm?, indicative of graphitic structures (Figure 33). The D-band resulted from the
vibrations of sp* carbon atoms, proving the presence of structural irregularities, while the G-
band reflected the symmetric stretching of sp? carbon atoms in a graphite layer. The ratio of the
intensity of the D-band (Ip) to the G-band (lc) served as an indicator of the defect level in the
material, with the rCB/ACs showing Ip/lc ratios between 1.03 and 1.22, which suggest
structural irregularities. Generally, defects introduce structural irregularities, increasing the
surface area available for adsorption. This provides more active sites for adsorbate molecules
to interact with, potentially leading to higher adsorption capacities.
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Figure 33. Raman spectra of rCB/AC illustrating D- and G-band for structural
characterization.

4.2 Enhancement of rCB/ACs textural properties by potassium-based
activators

In Paper 11, the role of various potassium-based activators was investigated, focusing
on their effectiveness in altering the structural characteristics of rCB/ACs. Influence of KOH
activation was studied through the change of several experimental parameters such as: the mass
ratio of rCB:KOH, activation temperatures, activation duration, and heating rates. Additionally,
in Paper 11 comparison between the physical states of KOH (solid/liquid-solid, gas-solid) and
their impact in relation to sodium hydroxide (NaOH) was investigated. The goal was to
compare the effect of K™ and Na* on the activation process. Furthermore, the effects of various
potassium salts, used as activators including KCI, K>COs;, CH3COOK, and K>C>Oa, were
evaluated in comparison to KOH. KOH was chosen as a reference salt as it is considered as the
most effective activating agent when it comes to the development of porosity and surface
modifications in the resultant rCB/AC.

4.2.1 Exploration of KOH activation impact on structural characteristics of rCB/ACs

In the analysis of N2 adsorption-desorption isotherms, it was observed that the shape of
the curves remained consistent with those reported in Paper I. The variation in the activation
conditions resulted in different adsorbed quantities of N2, but the resultant N2 isotherm curves
did not deviate in shape from the baseline,. This consistency in shape of the isotherms suggests
a robustness in the rCB/ACs adsorptive properties, irrespective of the alterations in activation
parameters. Moreover, the results presented in Table 6 indicate that within certain ranges of
temperature, mass ratio, activation time, and heating rate, using KOH significantly improves
the porosity and BET surface area of rCB/ACs, exceeding the outcomes reported in Paper I.
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Table 6. Textural properties associated to produced rCB/ACs by specific activation

parameters.
BET Total : Mesopore Micropore
Micropore volume/total
surface pore c volume
Sample N b volume® . pore
ar%a , volugne , [cm?/g] volugne , volume,
[m/g] [cm*/g] [cm*/g] [%]
rCB 55+0.8 0.170 - - -
Effect of temperature
KOH_1:4 900 3 5 915+2.3 0.854 0.288 0.566 39
KOH_1:4 800_3 5* 945+5.6 0.743 0.303 0.440 36
KOH _1:4 700 3 5 688+1.8 0.605 0.225 0.380 37
Effect of mass ratio between rCB/ACs
KOH_1:6 800 3 5 1022+3.8 0.837 0.312 0.525 39
KOH_1:5 800 3 5 102542.2 0.901 0.327 0.574 35
KOH 1:3 800 3 5 801+1.8 0.651 0.252 0.399 39
Effect of activation time
KOH_1:4 800 4 5 1028+1.5 0.874 0.332 0.542 38
KOH_1:4 800 2 5 876+3.08 0.727 0.276 0.467 37
KOH 1:4 800 1 5 788+1.3 0.699 0.211 0.488 30
Effect of heating rate
KOH_1:4 800 3 7 970+1.9 0.884 0.314 0.460 41
KOH_1:4 800 _3 10 934+2.0 0.774 0.298 0.452 40
KOH 1:4 800 3 13 900+1.8 0.750 0.289 0.595 32

4Brunauer, Emmett & Teller method using the Rouquerol criteria.

b\/1ot calculated by N2 adsorption isotherm at a high relative pressure (~0.99).

°DFT method by NLDFT model.

*The study's base activation conditions were set at 1:4 ratio, 800 °C, 3 hours, and 5 °C/min.

Under the optimal conditions identified in Table 8, a combination of factors was found
to significantly impact the activation process. Among these factors, the temperature effect was
most evident for the temperature interval between 700 and 800 °C. Temperature in this interval
led to increasing the KOH activation and diffusion rates in carbon, which enhances the
microporosity of the material (0.225-0.303 cm®/g) and increase in the BET surface area (688-
945 m?/g). At this range, K* ions can better penetrate the carbon surface, increasing micropore
volume. The optimal rCB/KOH ratio was found to be 1:5, whereas a ratio of 1:6 was found to
have negative effects, likely due to excessive KOH, resulting in the blockage of pores through
the deposition of potassium compounds within them. Moreover, an activation time of 4 hours
was most beneficial, leading to an improved pore size distribution. Finally, a heating rate of 7
°C/min promoted the optimal heat distribution and kinetics. Figure 34 (a-d) presents the pore
size distribution in rCB/ACs, indicating the highest enhancement in micropore content under
the optimal conditions: 800 °C, a 1:5 rCB:KOH ratio, 7 °C/min heating, and 4 hours duration.
Pore sizes were mainly found in three peaks: 0.99-1.09 nm, 1.09-1.30 nm, and 1.43-1.63 nm,
consistent across all rCB/ACs samples examined, the same as in Paper |I.
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Figure 34. Pore size distribution of the rCB/ACs based on DFT method of N, adsorption at
77K on carbon slit pores by NLDFT model in relation to the activation effect of (a)
temperature, (b) mass ratio, (c) time, (d) heating rate.

KOH activation pathways were evaluated through, the specific phases formed as a
resulted of the addition of KOH. Figure 5 (a-d) shows the XRD patterns of rCB/ACs before
washing. XRD analysis identified key components like K>COsz K>COs-1.5H20,
K4(CO3)2-(H20)3, KHCO3, and K20. The results suggest that the chemical evolution in KOH-
treated rCB/ACs mainly involves transformation into K-.COs and its hydrated forms, as depicted
in Figure 32. Theoretically, the process could begin with KOH reacting with carbon at 400 °C,
producing K>COs and K while releasing Hz. This could be followed by pore formation through
carbon gasification (below 700 °C), thereby facilitating the formation of K2COs as well. The
hydration of K2COs into K2COs-1.5H-0 likely occurred post-heating, driven by its hygroscopic
nature and the absorption of moisture from the surrounding air. Similarly, the synthesis of
K4(COs)2:(H20)s likely entails a series of reactions among KOH, CO-, and water vapor, where
pivotal factors such as temperature, KOH concentration, and humidity influence the process.
After post-thermal treatment at 800-900 °C, K.O formation was observed, suggesting the
decomposition of K.COs into KO and CO: at high temperatures, as well as the potential
subsequent reaction of K-O with atmospheric CO: to reform K>COs. On the other hand, the
presence of KHCOs was noted, potentially influenced by CO- and moisture.

45



Intensity [-]

Intensity [-]

*KHCO; #*K,CO;-1.5H,0/
® K,CO; * K4(COs),:(H;0)3
* K,0

a) x

Intensity [-]

b)

*KHCO, * K,CO,-1.5H,0/
® K,CO; *K,(CO,), (H,0);
* K,0

% . ¥
*
* *
* | ¥ >
* o [hu 1] Te w NNt ko x
T T T T T
10 20 30 40 50 60 70
20 [°]
C) * * K,CO;-1.5H,0/ d) . + K,0 * K,CO;-15H,0/
* * K,(CO,),(H,0), x KHCO,* K,(CO,),:(H,0),
* K,0
¥*
* *
" . xfx * . 4h 13 °C/min
* * % * e I N I
* -
)
=
@
2h| 8
* *
* % T =
* v 1*ulid| % ok N ek o ox o ww T
* *
L T
| il *
* wwl |*¥ " x ¥y Tenk 4wy *
T T T T T T T
10 20 30 40 50 60 70
20 [°] 20 [°]

Figure 32. XRD patterns for rCB/ACs before washing treatment and after KOH activation
with changed (a) temperature (b) mass ratio, (c) activation time, and (e) heating rate.

The influence of solid-gas reactions during the KOH activation of rCB was further
indicated by an increase in total pore volume (from 0.170 to 0.239 cm®), BET surface area (from
55 to 118 m%g), and micropore volume (to 0.033 cm®g). The XRD and semi-quantitative
analysis of post-reaction rCB/ACs samples revealed the formation of KHCO3 (60 wt.%), K.O
(10 wt.%), and K>CO3 (30 wt.%), providing insight into the chemical changes occurring during
the reaction process.

Comparison between KOH and NaOH (Table 7) indicates that KOH activation of rCB
led to a higher BET surface area and pore volumes. The results suggested that the choice
between KOH and NaOH depends on the carbon structure of rCB/ACs, which was examined
in Paper | based on Raman spectroscopy. KOH is favored for more crystalline, graphite-like
structures due to its higher ability to integrate with the carbon network. KOH-activated rCB
also demonstrated a greater prevalence of potassium (K: 29.5 wt.%) in contrast to sodium (Na:
19.8 wt.%) observed in NaOH-activated rCB, as confirmed by EDS mapping and semi-
quantitative analysis. This discrepancy is likely attributed to the distinct properties of potassium
and sodium ions. K ions, with their larger ionic radius (152 pm) and higher reactivity compared
to Na ions (116 pm), may be more adept at integrating into the carbon structure of rCB.
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Table 7. Textural properties associated to rCB/ACs obtained by NaOH activation.
BET Mesopore Micropore

Total pore  Micropore
surface volume volume/total
Sample volume, volume,

area, 3 3 volume, pore volume,

ey lomiel lemiel ey [%]
KOH_1:4 800 3 5 945+5.6 0.743 0.303 0.440 36
NaOH_1:4 800 3 5 480+0.9 0.523 0.146 0.377 28

4.2.2 The influence of potassium-containing activators on porosity development

Table 8 presents the evolution of textural characteristics in rCB/ACs processed with
various potassium salts. The progression of textural properties (BET surface area, total pore
volume, micropore volume, and mesopore volume) is arranged in descending order: KOH >
K2C204 > CH3COOK > K>CO3 > KCI. The ranges for BET surface area varied from 57 to 945
m?/g, total pore volume from 0.189 to 0.743 cm?/g, micropore volume from 0.011 to 0.303
cm?/g, and mesopore volume from 0.178 to 0.440 cm?/g, offering insights into the variation of
textural characteristics among different potassium activators.

Table 8. Textural properties associated to rCB/ACs produced via chemical activation with
CH3COOK, K2C204, K2CO3, and KCI.

BET Total Mi Mesopore Micropore
icropore
surface pore volume  volume/total
Sample volume,

area, volume, [cm?/g] volume,  pore volume,
[m%g] [cm¥g] S [emig] [%]
KOH_1:4 800 3 5 945+5.6 0.743 0.303 0.440 36.0
CH3COOK_1:4 800 3 5  217+2.0 0.240 0.071 0.136 34.3
K>CO3_1:4 800 _3 5 146+0.3 0.207 0.043 0.197 17.9
K2C204 _1:4 800 3 5 299+1.1 0.369 0.093 0.276 25.2
KCI_1:4 800 3 5 57+0.08 0.189 0.011 0.178 5.8

The results in Table 6 highlight the effect of both K™ and OH" in enhancing the textural
properties of rCB/ACs. KOH's efficiency can be explained with the high mass concentration
of K in KOH and its dissociation at high temperatures to K* and OH™ ions, typically above 400
°C. Hydroxyl ions possess the capability to chemically break down and weaken the bonds
within the carbon substrate, liberating volatile substances. This process effectively transforms
the rCB into more porous ACs [177]. The observations were supported through SEM-EDS
mapping and EDS semi-quantitative analysis (Table 9), confirming both a uniform distribution
of potassium from KOH and a consistent interaction of KOH with the surface layer. In contrast,
compounds like CH3COOK, K2CO3, and K2C204 exhibited lower potassium content and partial
inhomogeneity in K distribution on the surface, which is associated with less effective porosity
enhancement. Further discussion on this topic can be found in Paper Il. KCI was noted as
ineffective due to its high melting point (~770 °C), and consequently low reactivity with rCB.
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Table 9. EDS semi-quantitative analysis of rCB/AC samples.

Sample K [wt.%] C [wt.%] O [wt.%]
KOH_1:4 800 _3 5 29.5 317 38.8
K2C204 _1:4_800_3 5 27.5 37.9 34.6
CH3COOK_1:4 800_3 5 20.9 49.8 29.3
K2CO3_1:4_800_3 5 13.1 62.0 24.9
KCI_1:4 800_3 5 19.7 76.0 4.4

4.3 CO. adsorption performance of rCB/ACs

rCB/ACs were investigated in Paper | to follow their CO, adsorption capability.
The CO2 adsorption capacity was evaluated in terms of mechanism for adsorption, selectivity
for CO2 in a CO2/N2 mixture, and stability through multiple adsorption-desorption cycles.
Optimal activation temperatures in Paper | were identified as 900°C for KOH-
activated and 700°C for air-activated samples, respectively. Those two samples were chosen
for further evaluation in this section. The AC-900K showed the highest CO uptake (30.90
cm?/g at 0 °C) (Figure 33), while the AC-700A had CO> adsorption capacities ranging from
14.79 to 22.56 cm?/g across the temperature spectrum at 1 bar. It should be noted that these
values are better than the values shown by other industrial by-products, but still lower than that
of ACs obtained from biomass waste. Furthermore, considering the importance of real-world
conditions, exploring the anticipated performance differences at higher temperatures becomes
essential. Further optimization of the textural properties of rCB/ACs was therefore aimed in
Paper I11.
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Figure 33. CO2 adsorption isotherms at temperature of 0 °C, 15 °C, 25 °C, and 30 °C on (a)
AC-900K and (b) AC-700A.

4.3.1 CO2 adsorption mechanism

The exploration of the interplay between textural properties and CO2 adsorption is
essential for optimizing the design and performance of rCB/AC materials. It is crucial to
interpret the dependence of the R? values, within the range of 0 to 1, on these texture
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characteristics. A value closer to 1 indicates a stronger correlation. The investigation into the
relationship between CO2 adsorption and the textural properties of rCB/ACs revealed R? values
above 0.9, indicating significant associations. This was particularly true for chemical activation
methods associated with total pore volume and microporosity (determined by using CO> at 0°C),
which had R? values of 0.946 and 0.940, respectively. For physical activation, the BET surface
area and micropore volume (assessed by N, adsorption) demonstrated R? values of 0.995 and
0.999, indicating a pronounced impact on CO, capture. Moreover, the dependency of the R?
values on cumulative micropore volumes within specific pore diameter ranges was
exceptionally high for micropores between 0.4 and 0.9 nm, as given in Figure 34. This
highlights the significant role of submicropores and ultramicropores in CO> capture by
rCB/ACs.
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Figure 34. Relationship between the R? and cumulative pore volume within the range of 0.3-2
nm, at 0 °C under a pressure of 1 bar.

Based on the isotherm modeling study of CO> adsorption isotherms at 0, 5, 25, and 30
°C it was found that the Freundlich-Langmuir equation, which considers both monolayer and
multilayer adsorption effects, reliably predicted CO, adsorption in AC-900K across all
temperatures, with minimal errors (EABS) ranging from 1.3965 to 4.393 (Figure 35). This
model effectively bridges the gap between purely monolayer-focused and multilayer-oriented
adsorption phenomena. For AC-700A, the Redlich-Peterson model, incorporating features of
both the Langmuir and Freundlich isotherms, best matched the experimental data, with errors
between 0.419 and 0.613. Those two models confirmed the occurrence of multilayer sorption
on the heterogeneous surface, indicating the presence of both monolayer and multilayer
adsorption effects. Additionally, Toth and Sips equations failed to accurately represent CO>
sorption rCB/ACs, due to higher error margins. This suggests that these equations may not
adequately capture the complexity of the adsorption behavior observed in the studied materials.
Further interpretation of models that can explain the on adsorption on the surface of rCB/ACs,
can be found in Paper I1I.
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Figure 35. Summary of EABS values derived from fitting selected isotherm models to the
data using non-linear regression for (a) AC-900K and (b) AC-700A.

Alongside analyzing isotherms, it is crucial to examine the thermodynamic aspects of
the interaction between AC and COz. The objective of this study is to gain a comprehensive
understanding of the thermodynamic mechanisms involved in the CO, adsorption on rCB/ACs
under conditions of equilibrium. Table 10 presents thermodynamic parameters obtained from
Equation 10 and Equation 11, with both standard free entropy and enthalpy displaying
negative values. This suggests a decrease in disorder and an exothermic adsorption process on
the rCB/AC surface. The process was spontaneous, as evidenced by negative AG® values, which
also revealed that lower temperatures favor CO2 molecule binding. Comparatively, adsorption
was more energetically and entropically favorable for AC-900K than AC-700A.

Table 10. Thermodynamic parameters of CO, adsorption.

AC-900K AC-700A
T AG° AS°® AH® AG° AS°® AH®
[°C] [k]/mol] [k]/mol-K] [k]/mol] [k]/mol] [k]/mol - K] [k]/mol]
0 -2.027 -2.534
15 -1.772 -2.136
-0.0240 -8.626 -0.0365 -12.540
25 -1.601 -1.736
30 -1.209 -1.387

The core aspect of thermodynamic investigation concerning surface phenomena
revolves around the isosteric heat of adsorption. This specific parameter serves as a distinct
measure of the bond intensity between the adsorbate and the surface of the adsorbent, describing
the thermal energy generated during the CO2 adsorption. Isosteric heat of adsorption for AC-
700A and AC-900K ranged from 15.19-27.51 kJ/mol and 22.28-36.81 kJ/mol, respectively,
confirming that CO. adsorption on rCB/ACs was physical, governed by weak van der Waals
forces. Physical adsorption heats vary between 20-40 kJ/mol, in contrast to chemisorption,
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which typically fell in the range of 80-200 kJ/mol, evidencing the physical nature of the process
[178].

4.3.2 Insights into CO2/N2 selectivity and cyclic regeneration stability

When assessing adsorbents for CO2 removal from flue gas in different industrial sectors,
the importance of their ability to preferentially adsorb CO2 over N2 is crucial. The IAST was
used to determine CO2/N> selectivity of rCB/ACs, comparing data at 25 °C for an equimolar
mixture and post-combustion conditions (15% COz, 85% Nz). For equimolar mixture, at a very
low pressure (0.001 bar), the selectivity ratios were initially high, being 164.80 for AC-700A
and 350.91 for AC-900K. However, as pressure increased, these ratios declined, dropping to
much lower values of 19.77 for AC-700A and 27.39 for AC-900K at 1 bar, as presented in
Figure 36. In mixtures with a post-combustion composition of 15% CO; and 85% N, the
selectivity at 1 bar was observed to be 59.70 for AC-900K and 44.51 for AC-700A.
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Figure 36. IAST selectivity for CO2 over N2 at 25 °C for a CO2/N2 binary mixture.

The regenerative ability of ACs also plays a vital role in their effectiveness and cost-
efficiency in COz capture, depending on their capacity to recover original adsorption levels
after multiple adsorption-desorption cycles. The stability of AC-900K and AC-700A was
assessed through the 1st, 5th, and 10th cycles at 0 °C, showing no performance drop in CO>
uptake after ten cycles with a maximum standard deviation of 0.09, demonstrating their high
stability as CO. capture material (Figure 37).

51



N
[S)]
I

304 @ o b)
= o ) a B
&= o o Y-
5 251 o 5, 201 a®
> o > a2 ®
b= Ja) 'S
8 20+ = o
g o g 151 n®
o © fa}
S 15- o S o
I3 ISERT o
@ i
£ 101 o cyclel & o o cyclel
o} o}
8 ] o cycleb5 S 51 o cycleb
A cycle 10 § A cycle 10
0 } . ; . . . o : . . . .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Pressure [bar] Pressure [bar]

Figure 37. CO2 capture performance for (a) AC-900K -and (b) AC-700A at 0 °C in 1st, 5th,
and 10th adsorption-desorption cycle.

5. Conclusions

This thesis aims to present the utilization of tailor-made rCB from commercial ELTs
pyrolysis for high-value-added ACs. It provides characterization of rCB/ACs focusing on
chemical, and morphological features development upon potassium activation. It aimed to
follow the mechanisms behind rCB activation for sorption processes including CO2 capture.
Based on the work and discussion that have been undertaken, the major findings of the present
thesis are summarized below.

e Chemical composition and porosity development: Ultimate analysis revealed a high
carbon content in rCB/ACs. Moreover, well-developed dual porosity of rCB/ACs was
observed, consisting mainly of mesopores. Chemical analysis uncovered significant
variation in oxygen content due to activation, primarily as oxygen-containing groups (O-
H and C-O bonds) (Paper 1).

e Morphological features and thermal behavior: SEM analysis indicated the presence
of particle aggregates and agglomerates in cluster forms, which were heterogeneously
distributed within the rCB/ACs. Raman spectroscopy confirmed the presence of
structural defects and graphitic formations. TGA analysis suggested three distinct
thermal degradation stages: the removal of moisture and volatile compounds, the
elimination of mineral and inorganic residues, and the combustion of rCB/AC samples
(Paper I11).

e KOH vs. NaOH activation: Optimal KOH activation conditions were identified to be a
temperature of 800 °C, a rCB:KOH mass ratio of 1:5, an activation time of 4 hours, and
a heating rate of 7 °C/min. These conditions yielded the highest increases in BET surface
area, total pore volume, and microporosity. KOH proved to have superior activation
properties if compared to NaOH. The involvement of solid-gas state reactions during
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KOH activation was found to enhance the textural properties of rCB/ACs (Paper 11)
(Paper I1).

Comparison of potassium-containing salts as activators: Among the tested potassium
salts (KOH, KClI, K.CO3z, CH3COOK, K2C204), KOH was found to be the most effective
in enhancing BET surface area, total pore volume, mesopore and micropore volume.
Other salts showed varying degrees of efficiency, this behavior was directly correlated
with the potassium content and its distribution on rCB/ACs (Paper I1).

CO2 capture performance of rCB/ACs: KOH-activated rCB/ACs (AC-900K)
exhibited the highest CO, uptake capacity at 0 °C, reaching 30.90 cm3/g, which was
higher compared to air-activated samples (AC-700A). Although their performance was
comparable or better that of industrial by-product precursors, rCB/ACs have not exceed
the CO- capture capabilities of ACs derived from biomass (Paper ).

Association between textural properties of rCB/ACs and CO: adsorption:
Investigations revealed a strong correlation between CO» adsorption capacity and
microporosity and total pore volume for chemically activated samples, and BET surface
area and micropore volume for physically activated samples, highlighting the critical
role of submicropores and ultramicropores in enhancing CO; capture performance
(Paper I).

CO2/Nz2 selectivity and cyclic stability of rCB/ACs: The CO2/N selectivity and the
regenerative ability of rCB/ACs, particularly AC-900K, were notable, showing high
selectivity ratios and maintaining stable CO. uptake across multiple adsorption-
desorption cycles, underscoring their potential for efficient CO2 capture in industrial
applications (Paper ).

6. Future outlook

The future outlook for rCB/ACs development and their potential in sorption applications,

including CO: capture, points toward several promising research directions. They can be
categorized into material innovation, process optimization, and application expansion.

1. Material innovation

Advanced and environmentally friendly activation techniques: Exploring new
activation methods to enhance the porosity and surface chemistry of rCB-derived
activated carbons. This includes exploring novel and ecofriendly chemical activators,
optimizing thermochemical conversion conditions, and employing combined chemical-
physical activation methods.
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Surface functionalization: Investigating chemical and physical methods to introduce
or increase specific functional groups on the surface of rCB/ACs. Research could focus
on targeted functionalization techniques that selectively enhance affinity for specific
gases, besides aiming to capture significant amount of COa. This includes the use of
acids, bases, or specific organic compounds in post-treatment processes to alter the
surface chemistry of the rCB/ACs.

Creation of composite materials: Creating composites that combine rCB or rCB/ACs
with other materials, such as metal-organic frameworks or zeolites, could combine the
strengths of each component for improved sorption performance.

Process optimization

Pore structure optimization: Tailoring the pore structure of rCB/ACs through dual
activation or combining different activators could be the focus of further studies,
maximizing microporosity or mesoporosity based on the kinetic diameter of the target
gaseous adsorbate. This would involve advanced characterization techniques to map
pore development and its effects on gas adsorption dynamics.

Dynamic adsorption studies: Conducting dynamic adsorption studies to evaluate the
performance of modified rCB-derived activated carbons under conditions that mimic
real industrial flue gases. This includes assessing the effects of humidity, temperature
fluctuations, and gas composition on the selectivity and capacity of the adsorbents,
providing valuable data for scaling up and application in real-world scenarios.

Application expansion

Sorption applications beyond CO: capture: Expanding the application scope of rCB-
derived activated carbons to include the adsorption of other gaseous pollutants, and even
hazardous substances from water. Research will likely explore the multi-functional
capabilities of these materials, assessing their effectiveness in a range of environmental
remediation and purification processes.

Integration into existing systems: Investigating into how rCB/ACs can be integrated
into existing industrial processes, such as power plants or manufacturing facilities in
real world conditions.

Sustainable and economical production: Addressing the scalability of rCB-derived
activated carbon production in an environmentally and economically sustainable
manner. This involves optimizing manufacturing processes to minimize energy
consumption and waste production, utilizing renewable energy sources, and evaluating
the life cycle impact of these materials. Integrating life cycle assessment and techno-
economic analysis will be crucial in this context.
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