University of

Nottingham

UK | CHINA | MALAYSIA

Rational Synthesis of Activated Carbons for Enhanced CO;
Uptake and Methane Storage

Thesis submitted to the University of Nottingham for the degree of
Doctor of Philosophy, January 2024

Nawaf Albeladi

20205375

Supervised by

Professor Robert Mokaya

School of Chemistry
University of Nottingham



Abstract

The atmospheric concentration of CO2 has reached alarming levels, primarily due to
the combustion of fossil fuels. This surge in CO2 concentrations has led to rising global
temperatures, increased frequency of extreme weather events, and threats to all forms
of life on Earth. This scenario necessitates the urgent need to develop CO> capture and
removal technologies to ensure a more sustainable future. Moreover, the use of fossil
fuels not only contributes significantly to CO2 emissions but reserves and supply are
also limited. This Thesis covers themes on the rational preparation of porous carbons
that are targeted at the capture of CO> or the storage of gases (e.g. methane) that may
be used as transitional energy sources towards a fossil-free economy. In this regard,
Chapter 1 explores the state-of-the art on potential solutions, including CO> capture
and storage via physisorption on porous materials, with a focus on readily synthesised
activated carbons. Additionally, the chapter highlights the potential of methane-based
natural gas as an alternative to conventional fossil fuels for vehicular transport, given
its abundant reserves and lower carbon emissions. The storage of methane for
vehicular use may be achieved using porous materials. However, the preparation of
porous materials that meet set targets, such as those outlined by the US Department of
Energy (DOE), remains a challenge. The considerations that must be carefully
considered in seeking suitable materials for such gas storage applications include
precise control over porosity parameters such as surface area, pore volume, pore size,
and packing density. Therefore, both the ability to accurately modulate the textural
properties and a comprehensive understanding of the relationship between gas (CO2
or CHa) uptake capacity and pore size are essential. This thesis is aimed to address

these issues.

Chapter 2 concentrates on material characterisation to gain a comprehensive

understanding of the targeted porous carbon nanostructures. To fully assess these



materials, a combination of chemical, structural, and surface characterisation
techniques have been employed. This chapter provides a concise overview of the
equipment and techniques used for the characterisation of the materials prepared

during this research programme.

Regarding preparation routes to activated carbons, this work investigates two primary
synthesis methods. Firstly, Chapter 3 delves into the effect of the air-carbonisation
treatment. This study aimed to investigate the impact of air-carbonisation temperature
followed by potassium hydroxide (KOH) activation on the structure and gas adsorption
performance of activated carbons. It primarily focused on the effect of air-
carbonisation treatment on the O/C ratio (a measure of a precursor’s susceptibility to
activation) in carbonaceous matter. The study found a role of air-carbonisation
temperature in tailoring the porosity, surface area, and packing density of the activated
carbons. It revealed a very notable trend in the O/C ratio of the carbonaceous matter,
which decreases as the temperature increases. This knowledge enables the optimal
design of the pore structure of the activated carbons, resulting in porous carbons with
high CO; uptake, at 25 °C, of 2.0 and 5.2 mmol g at 0.15 and 1 bar, respectively. As
a result of the ability to adjust the O/C ratio of the precursor, activated carbons with a
high packing density of up to 0.79 g cm™ were obtained, resulting in high CHa
uptake, wherein the gravimetric and volumetric uptake reach of 0.38 gg* and
278 cm® (STP) cm3, respectively, at 25 °C and 100 bar.

The second approach centres on the effect of the activation technique when utilising
N-rich precursors generated via varying pathways. Thus in Chapter 4, a N source was
introduced to biomass-derived carbonaceous matter through the use of additives,
resulting in a incorporation of N in the precursor. This process involves adding
melamine or urea as a nitrogen source to an activation mixture containing biomass-
derived carbonaceous matter of low O/C ratio (air-carbonised date seed, Phoenix
dactylifera, ACDS), and KOH as an activating agent. These carbons exhibit a broad
range of surface areas and porosity characteristics, controlled by varying the amount
of melamine or urea, the KOH/ACDS ratio, and the activation temperature. The N
added to the activation mix serves as both an N-dopant and porogen, with the later
effect enabling the formation of larger pores, extending the pore size distribution into
the mesopore region, and increasing the surface area. This results in carbons with

tunable porosity and variable packing density, suitable for enhanced CO> and



methane uptake. The carbons exhibited excellent low-pressure CO capture at 25 °C,
of 1.7 mmol g* at 0.15 bar and 4.7 mmol g at 1 bar. The porosity and packing density
of the carbons also were directed and modulated towards methane storage, showing a
gravimetric uptake of up to 0.42 g g* at 25 °C and 100 bar, and volumetric storage
capacity of up to 266 cm?® (STP) cm at 25 °C and 100 bar.

Expanding on the knowledge gained in Chapter 4 from KOH activation of precursors
with nonhomogeneous incorporation of N additives and low O/C ratio precursors,
Chapter 5 explores activated carbons derived from precursors with homogeneous
incorporation of N. Chapter 5 explores the potential of N-rich crosslinkable
imidazolium-based ionic liquids as a new class of carbon precursors for activated
carbons. Upon carbonisation, the ionic liquids yield carbonaceous matter (designated
as IL-C) with the unusual combination of a high N content and low O/C atomic ratio.
During activation, the resulting ionic liquid-derived carbonaceous matter (IL-C)
generates activated carbons with a mix of micro- and mesoporosity, having ultra-high
surface area of up to ~4000 m2 g* and a pore volume of up to 3.3 cm® g*. These
carbons, due to their porosity and packing density, exhibit outstanding gravimetric and
volumetric methane uptake of up to 0.53 g g* and 289 cm? (STP) cm3, respectively,
at 25 °C and 100 bar. This surpasses both gravimetric and volumetric methane storage
targets, making these ionic liquid-derived activated carbons the first porous materials
(carbon or MOF) to meet both gravimetric and volumetric storage targets as set by the
US DoE.

To further enhance understanding of the role of N in shaping the porosity of activated
carbons, Chapter 6 goes beyond KOH activation to explore non-hydroxide activation
of IL-C. Activated carbons were generated via chemical activation of IL-C using a
non-hydroxide activating agent, potassium oxalate (PO). Due to the very low atomic
ratio O/C of 0.116 of IL-C, and gentler activating nature of PO, the generated activated
carbons display moderate to high surface area of 447 to 2202 m? g%, depending on the
activation temperature. The porosity of the activated carbon could be tailored to exhibit
a highly microporous structure with porosity suitable for post-combustion CO> uptake,
having CO; capacities of 1.6 and 4.2 mmol g! At 25 °C and pressures of 0.15 and 1 bar,
respectively. As a benefit of PO being a milder and greener activating agent, the
activated carbons have excellent properties in terms of high packing density

(0.98 cm® g'!) combined with a high surface area density (2039 m? c¢cm), which
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translates to excellent volumetric methane gas uptake. At 100 bar and 25 °C, the
carbons achieve total volumetric uptake of 282 cm® (STP) cm™ along with excellent

deliverable capacity of 200 cm® (STP) cm (for a pressure swing of 100 bar — 5 bar).

Chapter 7 provides a summary and conclusions of this thesis, along with a future look
at specific aspects. As an overview, this thesis delves into the rational and intentional
synthesis of activated carbons for which various precursors and activation techniques
are explored. The outcome has yielded exceptional activated carbons distinguished by
the possibility of deliberately tailoring the porosity towards high surface area and pore
volume. The motivation of the thesis is achieving porosity in the activated carbons that
Is suitable for addressing challenges associated with CO, uptake and optimising
methane storage. This research also opens up new possibilities in terms of applications
for the synthesised activated carbons. A particularly promising application for future
exploration lies in the utilisation of these activated carbons for hydrogen storage,

presenting an exciting prospect for further investigation.
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Thesis

Chapter 1

Introduction

1.1 Climate Change and Global Warming

The world is currently facing a climate and ecological crisis that poses a severe threat
to all life on Earth.> 2 Within the context of 21%-century challenges, the depletion of
fossil fuels and the associated pollution have emerged as highly significant concerns.
This is closely tied to the consistent increase in global energy consumption, primarily
driven by industrialisation and human desire to enhance both living standards and
sustainability.® This rapid economic expansion has given rise to an insatiable demand
for energy, which is predominantly met by fossil fuels. However, this heavy reliance
on fossil fuels has resulted in both environmental and economic issues, due to fossil
fuels being both finite and non-renewable, while their use releases environmentally
harmful by-products, including greenhouse gases (GHGS), such as carbon dioxide
(CO,), methane (CH4) and nitrous oxide (N20).® These gases contribute to the
phenomenon of global warming by creating a greenhouse effect, trapping heat from

the sun, and gradually raising the planet's temperature.t

According to the Intergovernmental Panel on Climate Change (IPCC), human
activities, including burning fossil fuels, deforestation, and industrial processes, have
led to a significant increase in greenhouse gas concentrations in the atmosphere.! As a
result, the earth’s average temperature has already risen more than 1.2 °C above pre-
industrial levels.! Without effective climate change mitigation policies, global

warming will reach 1.5 °C by 2030.%4

Considerable efforts are now being made to reduce emissions of CO2, widely
recognised as the primary greenhouse gas responsible for global warming, as a result
of the burning of fossil fuels.>’ A focus has also been placed on transitioning to
renewable energy sources, such as solar, wind, hydro, and biomass-based processes.

However, stabilising atmospheric CO: levels is a long-term endeavour, necessitating
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a multifaceted approach.® This approach encompasses improvements in energy
efficiency, a transfer to low-carbon fuels, the use of CO> capture technologies, and the

adoption of sustainable and clean energy sources.b %11

1.2 Net Zero Emissions (NZE)

Mitigating climate change is no longer a choice but an existential imperative.
According to the Paris Agreement,® the objective is to keep global warming well below
2 °C above pre-industrial levels, which demands a major reduction in greenhouse gas
emissions, as well as considerable transitions in the energy sector, alongside initiatives
to capture CO..8 1214 Although bioremediation of carbon-capturing ecosystems plays
a significant role in offsetting GHG emissions, it may not fulfil either the Paris Climate
Agreement or the UK’s goal of achieving Net Zero Emissions (NZE) by 2050.8 1415

To meet these ambitious emissions reduction targets set by international agreements,
it is clear that the development of novel, low-cost CO. capture technologies is
essential.’® 1’ These technologies will have a crucial role in achieving NZE as part of
the short-term solution. Additionally, it is also important for the global economy to
rapidly transition from the use of fossil fuels for vehicles, towards cleaner and
renewable resources, i.e. CHa, as a transitional energy source, and H> as a long term

solution.18-20

NZE represents a transformative goal against climate change, signifying that the total
GHG emissions released into the atmosphere are balanced by actions that remove or
offset an equivalent amount of emissions.” Thus, NZE necessitates a comprehensive
approach including emissions reduction strategies, the widespread adoption of
renewable energy, afforestation efforts, and the implementation of carbon capture and
storage (CCS) technologies.” ** This indicates the need for effective CO2 capture
methods and a transition to cleaner energy sources to fulfil the ambitious emissions

reduction targets set by international agreements and national goals.

However, there are a number of economic and practical challenges related to the
effective capture, storage and transportation of CO,, CHa, and Ha, particularly as they
exist in the gas phase under ambient conditions.'® 8 2126 For example, currently,
industrial CO> capture primarily relies on reactions with liquid amines, a method that

faces challenges due to its relatively low CO, adsorption capacity combined with an
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energy-intensive amine regeneration process.?’ 28 Similarly, the storage of CHs and Hz
traditionally involves compression or liquefaction, leading to high energy costs
associated with maintaining the required pressures and temperatures, which limits their

practical use in mobile or vehicular applications.6 18 21, 24, 26, 29-31

To address these challenges, promising alternative solutions have emerged in the form
of chemical (chemisorption) or physical (physisorption) adsorption of the gases onto
suitable solid materials.*® In particular, physisorption has the advantage of facile
adsorbate regeneration through pressure reduction (pressure swing processes) or
temperature increase (temperature swing processes). The sorption technology, if
properly applied, can offer promising solutions to the capture and storage challenges
associated with CO2, CH4, and H.. Porous materials, such as metal organic frameworks
(MOFs),%34 porous polymers,® porous inorganic membranes,®® and zeolites®’3
present potential gas storage solutions. However, the use of these materials faces
limitations such as high production costs and finite lifecycles due to thermal instability
or reactivity with contaminants such as water.*® In contrast, porous carbons have
emerged as a promising candidate for gas storage due to being relatively inexpensive
to produce and their high thermal and chemical stability.'® 2% 40 Furthermore, the
porosity of carbon can be tailored to target selective adsorption of specific gases under
a variety of set uptake and release conditions with respect to pressure and

temperature.16 4142

1.3 Chemisorption and physisorption

Adsorption can be defined as a surface phenomenon where molecules of a gas or liquid
phase (adsorbate) are attached to the surface of a solid or liquid (adsorbent).*?
Adsorption could be classified into two main types according to the interaction that
occurs between the adsorbate molecules and the surface of the adsorbent:
chemisorption and physisorption.*

Chemisorption (chemical adsorption) occurs when the adsorbate molecules form a
chemical bond with the surface of the adsorbent. This type of adsorption is usually
characterised by the formation of strong bonds (including covalent, ionic, and
hydrogen bonding) that can significantly alter the electronic structures of the adsorbate
and the adsorbent.*® Due to these strong interactions, chemisorption typically involves

higher activation energies and is often irreversible. Chemisorption is usually limited

3
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to the formation of a monolayer because once the surface sites are occupied, no
additional adsorption can occur without removing the first layer.*® This implies that
chemisorption efficiency increases with the surface area of the adsorbent.
Chemisorption is highly selective and occurs only when a chemical connection
between the adsorbent and the adsorbate is possible.** For example, H, can be stored
via chemisorption particularly through the use of compounds containing Hz such as
chemical hydrides and nitrides, which can then be released under specific conditions.*
For instance, magnesium hydride, a material noted for its high H storage capacity and
cost-effectiveness, has a high Hz storage capacity of up to 7.6 wt%. However, releasing
this stored hydrogen requires heating the material to ~ 300 °C, which consumes about
2.4 wt% of the stored hydrogen, and only about 5.2 wt% of the originally stored
hydrogen is available for practical use.** This illustrates the fundamental challenges

associated with storing Hz and other gases like CO, or CHa using chemisorption.**

Physisorption (physical adsorption), on the other hand, involves targeted species being
adhered to and accumulated via weaker interactions, typically van der Waals forces,
which do not involve significant exchange or sharing of electrons between the
adsorbate and the adsorbent.*® Unlike chemisorption, physisorption is characterised by
a lower heat of adsorption and is generally reversible. It can also facilitate the
formation of multilayers of the adsorbate, where the first layer serves as the substrate
for subsequent layers. The physisorption of Hz, for example, allows it to be stored in
its molecular form, with the adsorption enthalpy being sufficiently low.*® This offers
added advantages for the regeneration of the stored Hz, whether by increasing the
temperature (temperature swing processes) or decreasing the pressure (pressure swing
processes).!® This results in fast kinetics, thereby increasing the energy efficiency of
storing H or other gases such as CO2 or CH4 on porous materials via physisorption.

This type of sorption is discussed in detail in Chapter 2 section 2.2
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Table 1.1. Comparison between chemisorption and physisorption.*® 46

Parameter Chemisorption Physisorption

Nature of bond Strong chemical bonds Weak van der Waals forces
Surface layer Monolayer phenomenon Multilayers phenomenon

Reversibility ; : ;
. Inherently irreversible Reversible

(desorption)

Enthalpy of High Low

adsorption (typically 80-240 kJ/mol) (typically less than 40 kJ/mol)
Temperatures : :

Increase with temperature Decrease with temperature

dependence

Adsorption Slow at low temperature and )

) Rapid
speed fast at high temperature

Less specific, and dependent
o : - ; on several factors such as pore
Specificity High specific and selective ;
width and nature of the

adsorbate

1.3.1 Influence of surface characteristics on adsorption process

The adsorption mechanisms of these gases on solid adsorbents are influenced by
several factors such as textural properties (surface area, pore volume, and pore size),
and the nature of the surface, including defect sites and functional groups.**° For
instance, increasing the surface area of the adsorbent allows more adsorbate to be
adsorbed by increasing the number of adsorption sites. This factor is crucial for both
types of adsorption (chemisorption and physisorption), especially in chemisorption,
which is limited to a monolayer phenomenon.*® %6 At lower pressures, smaller pores
contribute significantly to the measured amount of adsorbed gas. Smaller pores may
preferentially adsorb smaller molecules due to strong adsorbate—adsorbent
interactions, thereby enhancing selectivity.*6 2% %1 Studies have shown that CO. uptake
at low pressures (0.15 and 1 bar) is primarily influenced by pore size rather than the
total surface area.'® 2° 52 Narrow micropores are more effective at creating strong
interactions between CO, molecules and the adsorbents, resulting in higher uptake

compared to larger micropores and mesopores. Additionally, the presence of a mix of
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porosities can also play a role in enhancing the diffusion of molecules into the
adsorbent, improving adsorption efficiency and capacity.®: 2952

While surface area and pore volume are foundational characteristics that determine the
potential capacity of an adsorbent, the nature of the surface (including defect sites and
functional groups) plays a crucial role in the specificity, selectivity, and overall
effectiveness of adsorption.*” 48 535¢ |n general, the gas adsorption on a solid surface
can be enhanced via functionalisation of the pore surfaces with heteroatoms (e.g.,
nitrogen, oxygen, etc.).?® 47 4 The presence of nitrogen functional groups on the
surface of porous carbon, for example, serves two main purposes in enhancing gas
adsorption properties: (i) Active sites for adsorption by attracting gas molecules to the
carbon surface and providing specific sites where they can interact and adhere through
various interactions such as van der Waals forces, hydrogen bonding, and dipole-
dipole interactions. This increases the overall adsorption capacity of the material by
providing more binding sites for gas molecules.® (ii) Increasing the polarity of the
carbon framework. The presence of polar functional groups alters the surface
properties of the carbon material and makes it more attractive to gas molecules such
as COz2, which can interact with these groups. Although CO: is not a polar molecule,
it can form polar adducts upon interaction, thus enhancing the selectivity.>® For
example, Yao Li et al. prepared porous carbon spheres with high nitrogen doping and
demonstrated the impact of nitrogen functionalisation on the adsorption properties.>
The presence of nitrogen groups on the carbon surface was found to enhance the
adsorption capacity and selectivity for CO2, CH4, and N2 gases, exhibited a high CO.
and CHa capacity, as well as a low N uptake, under ambient conditions.>® This
indicates that the nature of the surface, particularly the presence of nitrogen functional
groups, plays a significant role in influencing the adsorption behaviour of the porous

carbon.

Oxygen-containing functional groups on carbon adsorbents influence their
hydrophobicity/hydrophilicity and acidity/basicity.*” The presence of polar oxygen
groups increases hydrophilicity, which is generally unfavourable for CO, adsorption
because it intensifies competition between CO2 and moisture for adsorption sites.*” 4
Oxidation of porous carbon materials introduces various oxygen functionalities,
classified as acidic, basic, or neutral, endowing the surface with electron-acceptor

properties.*”>" Specific groups such as —COOH, lactone, and phenol increase surface
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acidity, while groups like pyrone and carbonyl contribute to surface basicity.*8 58-60
Research findings on the role of oxygen-containing groups in CO2 adsorption include
those by Babu et al. reported that both -COOH and —OH groups significantly
improved the CO. adsorption capacity of VACNTs at ambient pressures when
comparing the adsorption capacities before and after functionalisation.*® ! Tiwari et
al. observed that carbons derived from epoxy resin with a high content of basic
oxygen-containing groups showed a high CO> adsorption capacity of 0.65 mmol g* at
30 °C and attributed this to the high oxygen content and surface basicity, which result

in higher selectivity towards CO, compared to N2.5

1.3.2 Differences in gas adsorption behaviour

Understanding the specific interactions between different gases and adsorbent
materials is essential for designing selective adsorbent materials. These interactions
are influenced by molecular characteristics such as kinetic diameter and quadrupole
moment, which affect how gases are adsorbed onto surfaces, particularly in
physisorption processes.>® 62 ¢ The gases of interest in this thesis, such as CO2, CHa,
and N, have distinct behaviours based on their molecular characteristics, influencing

their interaction with adsorbent materials.

Table 1.2. Physical properties of relevant molecules and their implications.54 5

Species  Kinetic Diameter (&)  Boiling Point (°C)  Quadrupole Moment (L)

Ha 2.89 —252 0.260
CO2 3.30 —78 2.139
CHa 3.80 -161 0.000

N2 3.64 -196 0.697
O2 3.46 -183 0.155

For instance, kinetic diameter affects the ability of a gas molecule to penetrate pore
spaces in adsorbents. This parameter is important in assessing the diffusion behaviours
of gases within microporous structures, where pore size acts as a fundamental limiting
factor. Although gases such as Oz (3.46 A) and N2 (3.64 A) have similar Kinetic
diameters, suggesting comparable diffusion behaviours, their adsorption performance

can still differ significantly due to other molecular properties.® © like the quadrupole
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moment. For instance, despite their similar kinetic diameters, O2 can probe porosity
that N2 cannot. This difference is attributed to the poor diffusion of N2 in very small
pores, which arises from the influence of N2’s large quadrupole moment.5!
Additionally, the polar groups on the surface of many carbons may interact with N2’s
large quadrupole moment, further hindering its diffusion compared to O, which lacks

such a moment.>!

A high quadrupole moment, as seen in CO. (2.139 Debye), indicates a strong
interaction with the electric field gradients around the surface of the adsorbent.> 63
This can enhance selective adsorption on polar sites within the adsorbent. On the other
hand, gases like CH4, with a quadrupole moment of zero, have weaker interactions
with these sites, making their adsorption less selective and more dependent on physical
characteristics such as pore size and surface area. For instance, the high quadrupole
moment of CO, compared to N2 and CH4 explains the enhanced selectivity of certain

adsorbents towards CO» under similar conditions.

Although the surface chemistry of a porous carbon can influence its capacity to capture
CO, and the general ability of a porous material to adsorb gases,*’ %% 53-°6 for activated
carbons, the primary determinant of CO. capture efficiency is porosity.?: 66-68
Enhancing the overall surface area and pore volume can indeed enhance gas
adsorption;** % however, the extent of these enhancements is limited by the pore
size.?% 56,7972 This jdeal pore width varies depending on the surface chemistry®> % and
pore geometry’® 7 of the adsorbent. Controlling these variables may enhance
adsorbent performance for a specific gas. The optimal pore size is also found to vary
significantly with pressure at a constant temperature.”™ "® For CO- capture, carbons
with pore widths of < 5 A are found to be optimal at 0.1 bar, whereas at 1.0 bar, the
optimal width increases to < 8 A.”® At higher pressure, the presence of wider pores
(i.e., larger micropores and mesopores) have shown to be of greater significance.”® "
8 Understanding these relationships is crucial for the tailored design of carbon
adsorbents, potentially leading to more effective technologies for industrial CO>

capture and storage.

1.4 Porosity

The concept of porosity involves the presence of empty spaces, voids, or pores within

a material, and has been observed for millennia in various natural structures, i.e. rocks,

8
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biological tissues, and charcoal. The term ‘porous’ is used to describe a material or
substance possessing interconnected spaces, voids, or pores within its structure,
allowing it to absorb, store, or transmit, fluids, gases, or other substances.”® Porous
materials now play an increasingly significant role in various scientific and
technological domains, due to their versatile applications across diverse fields,
including environmental remediation and energy storage. The International Union of
Pure and Applied Chemistry (IUPAC) has categorised porous materials into three
groups, depending on the size of their pore diameters (d), namely, microporous
materials (pore diameters < 2 nm), mesoporous materials (pore diameters ranging from
2 nm to 50 nm), and macroporous materials (pore diameters > 50 nm).& See Chapter
2 Section 2.2 for further details.

1.5 Porous Materials

There is currently considerable research being undertaken into energy storage, CO>
capture, and the removal of pollutants from water due to its significant role in
advancing solutions for various environmental issues. Over the past few decades,
porous materials have exhibited excellent performance in these applications, driving
developments in this field and establishing it as a crucial area of research. This has led
to the development of a wide array of porous materials for various applications,
including, metal-organic frameworks (MOFs),3 8! zeolites,2 and porous carbon, in
particular activated carbons (ACs).X® 2° These materials have gained extensive
attention owing to their unique properties, including their framework structure, high
surface area, and tunable pore sizes. In addition, there is now a focus on exploring
novel synthesis methods and designing porous materials with enhanced properties to
further expand their applications in crucial energy storage and environmental

remediation applications.

1.5.1 Metal-Organic Framework (MOFs)

MOFs are crystalline materials constructed from metal ions or clusters coordinated
with organic ligands, and are known for their potential to achieve high surface areas
(>7,000 m2/g) and tunable pore sizes, making them highly versatile for gas adsorption.
MOF properties can be customised by selecting specific metal ions and ligands, and
can be engineered to selectively adsorb specific quest species and thus find use in

various applications, i.e. gas storage, separation, and catalysis.®* 8 MOFs have been
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extensively investigated as adsorbents for energy carrier gas storage for H> and CHs
storage, CO> capture.®: 3334818589 o1 axample, the best MOFs for CH. storage are
HKUST-1,%° which can store 281 cm? (STP) cm at 25 °C and 100 bar, and monolithic
MOFs (monoHKUST-1 and monoUiO-66_D)® °' with capacities of 275 and
296 cm?® (STP) cm3, respectively, at 25 °C and 100 bar. However, MOFs also exhibit
certain drawbacks, such as susceptibility to structural instability and degradation in the
presence of moisture or harsh chemical environments, high synthesis costs due to the
use of rare or costly metal ions and organic linkers, and limitations in high-temperature

applications due to decomposition at moderate temperatures.®? %

1.5.2 Zeolites

Zeolites are crystalline aluminosilicate minerals with a well-defined porous structure
and a network of interconnected channels and cages. They have microporous structures
with uniform pore sizes, which is advantageous for selective size-based adsorption.
They can be found in nature or synthesised from various raw materials with tailored
properties. Zeolites have been widely used in several applications especially in the
petrochemical industry as catalysts, in gas separations, and demonstrate a slight
advantage over MOFs in terms of suitability for post-combustion CO2 adsorption.3 82
94-96 However, their performance in CHg storage is limited due to their relatively low
surface area, which can only store up to 10 mmol g'* of methane at 100 bar and 25 °C.%’
It should, however, be noted that zeolites have some limitations, including being
highly hydrophilic and susceptible to degrade in acidic or alkaline environments,
which can alter their structure and limit their performance. In addition, they
demonstrate an inefficient uptake capacity and selectivity at higher pressure, while
their synthesis often necessitates high-temperature and high-pressure conditions,
resulting in energy-intensive and costly processes.®1% Furthermore, despite their
fixed and uniform pore sizes, they exhibit relatively low surface area, which limits
their applications for gas storage especially at high pressure (> 5 bar). Moreover,
zeolites exhibit low heat resistance, rendering them susceptible to losing crystallinity

and structural integrity at elevated temperatures.%®
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1.5.3 Activated Carbons (ACs)

Activated carbons (ACs) are a class of porous amorphous materials made from
carbonaceous matter (the precursor) treated with an activating agent, in an activation
process, to create a network of nanoporous structure (pores).'% Activated carbons are
capable of achieving a high internal pore volume of > 1 cm® g* and high surface area
of > 2500 m? g1.16:29.106 Thys, their porosity is an important factor in predicting and
understanding their performance for a given application. Activated carbons exhibit

remarkable versatility across various applications, including water purification,%’

gas
mixture separation,'%8 1% CO, capture for post-combustion applications,®® 119 storage
of gases such as COp, 11113 H, 49 50,72 114 gng CH,,*t 11 115 and electrochemical
double-layer systems for energy storage.!*611® A wide range of materials have been
employed as precursors for the synthesis of ACs.% 69 75 110-113, 120129 |y general,
activated carbons can be synthesised and prepared through a variety of methods, some
of which allow for the prediction and control of the internal structure of the resulting
materials. Broadly, the synthesis of the activated carbons can be divided into two
methods: physical activation and chemical activation. In both methods, the use of
carbon-rich starting materials (precursors) is essential to allow the materials to undergo

the activation process.® %

Physical activation can be achieved in two steps. First, the precursor is pyrolysed in
an inert gas (e.g., N2) at temperatures between 400 and 900 °C to remove volatile
matter and increase the carbon content. Second, the pyrolysed precursor is then
subjected to a high-temperature treatment, typically above 800 °C, in the presence of
an activating agent (oxidising gas) such as steam, CO>, or air. During the gasification
ensuing process, pores are created and the structure is developed, increasing the
surface area of the resulting carbons and their adsorption properties. The type and size
of porosity is dependent on the nature of the precursor, the type of gas used during the
gasification process, and the activation temperature. For example, activating with CO>
and steam can result in higher activating carbon yields than using air. This is due to
the exothermic reaction between carbon and oxygen in the air activation, causing a
faster combustion process that consumes more of the carbon.?® Additionally, higher
activating temperatures generally lead to widening of pores and changes in surface

area of the resulting carbons, 6 2% 106
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Chemical activation, on the other hand, is a single-step process involving the treatment
of the precursor material with a chemical agent (also known as the activating agent or
porogen), which is thoroughly mixed with the precursor followed by thermal
treatment.'® 2% 1% Commonly employed activating agents include alkali metal
hydroxides, phosphoric acid, or zinc chloride. Chemical activation typically yields
carbons with better control of porosity compared to physical activation methods. The
choice of activating agent along with the amount used (with respect to the precursor)
can significantly influence the size and distribution of pores in the final carbon material
and thus the surface area. Hence, control over the type and amount of activating agent
offer the ability to tailor the porosity and fine-tune the desired properties of the final

activated carbon product.t® 29106

Among various activating agents, potassium hydroxide (KOH) is the most commonly
used for chemical activation, and is known for producing high surface area and well-
developed porosity in carbon materials. Its strong alkaline properties enable efficient
activation of the carbon precursor, resulting in a highly porous structure with enhanced
adsorption properties. The activation mechanism of KOH depends on several
variables, including experimental preparation parameters, and the nature, type and
reactivity of the precursor. A number of studies have sought to understand the reaction
mechanism of KOH activation.?® 130135 Firstly, the activation mechanism of N-free
precursors, assumed that KOH dehydrates to form potassium oxide (K20) and steam
(H20) (Eq.1-1). The steam then gasifies and exfoliates the C-precursor framework via
a physical reaction to produce carbon monoxide (CO) and hydrogen (H2), which
subsequently form CO2 and H: leading to some pore formation, at approximately
600 °C (Eq. 1-2 & 1-3).133 134 Finally, K20 reacts with CO2 to form K,COs, (Eq.1-4).
The formation of K>.COs occurs through the removal of carbon atoms from the
precursor material by K intercalation at elevated temperatures, leading to the creation

of pores within the precursor framework.

2KOH — K20 + H.0 1-1
C+H.0—-CO+H 1-2
CO + H20 — CO2 + H 1-3
K20 + CO2 — K2CO3 1-4

12



Thesis

During this phase, KoCO3 can undergo a redox reaction with carbon at temperatures >
700 °C, resulting in the creation of metallic potassium (K) and the release of CO
(Eq.1-5).2% 1% 1% Ag carbon is used up in this process, pores are generated.
Furthermore, the formation of metallic potassium enables chemical exfoliation

through the insertion of potassium between the layers of carbon sheets. 13" 138
KoCOz +2C — 2K +3CO 1-5

However, the presence of N heteroatoms in the precursor can alter the activation
mechanism and lead to different chemical reactions during activation,’® 132 133 139-143
Mochizuki Tsubouchi, et al. proposed a mechanism involving the removal of N-
containing species and the formation of inorganic salts (KOCN or KCN) through the

following reaction:!3°
K2CO3z + C—N — KOCN + —CO2K 1-6
KOCN + C — KCN + CO 1-7

This means, the formation of K2COs as described in equations (1-1 to 1-4) undergoes
a reaction with C-N on the surface of the precursor, leading to the evolution of
potassium cyanate (KOCN) and (—-CO2K) on the carbon lattice, (Eq.1-6).133 139 144
KOCN is a reactive form which, upon further heating, acts as an oxidising agent and
reacts with the carbons creating significant porosity, as well as releasing potassium
cyanide (KCN) and CO, (Eq.1-7). Larger pores are created as more of the N atoms
become involved in the reaction, and the strong interaction between N and K* depends
on how much of each is present in the precursor.*32 133 The mechanism and the effect

of N in the pore formation are discussed in details in Chapter 4.

The preparation of ACs usually involves an initial step, known as carbonisation
treatment, which induces the materials into a carbon-rich precursor. This pre-
activation treatment is important as it has a significant impact on the nature of the
precursor and its elemental composition, both of which play a key role in porosity

development in the final ACs.16: 2949, 145
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1.5.3.1 Mode of Carbonisation

Prior to the activation process, the starting materials are usually subjected to thermal
treatment in order to enrich the carbon content of the precursor. These treatment
processes include Hydrothermal Carbonisation (HTC),'?% 146-148 pyrolysis, 149152 or

Flash Air-Carbonisation.*! 145 153

Hydrothermal Carbonisation (HTC). This involves thermally treating biomass or
other types of organic matter at relatively low temperatures (250-350 °C) under
autogenous pressure in the presence of water, resulting in the production of a carbon-

rich material known as hydrochar,146: 154-1%6

Pyrolysis. In this carbonisation process, carbon content enrichment is typically
achieved through thermal treatment of the starting materials at elevated temperatures

(600—900 °C) in the absence of oxygen, usually in a nitrogen or argon atmosphere.?®
146-148

Flash Air-Carbonisation. The idea that inspired this carbonisation process originated
as the result of a fire at the University of Nottingham on September 12", 2014, which
engulfed a partially constructed all-wood Carbon Neutral Laboratory (CNL).®" The
University’s Materials Chemistry Laboratory (Mokaya group) subsequently obtained
a charred wooden beam in order to explore the unique properties of this uniquely
formed carbon material.**® It was found that the intense heat had converted the wood
into carbon in the presence of air, resulting in a carbon-rich material, designated as air-
carbonised wood, drawing its significance from both the CNL wood construction and
the air-carbonisation process. This carbon, designated as CNL carbon, was then
directly activated by Haffner-Staton, et al. resulting in high carbon yield and high
packing density in the generated activated carbons.*®® It was demonstrated that the
manner in which the CNL carbon was generated had an impact on its susceptibility to
activation, showing resistance to activation and therefore serving as an excellent
precursor for high microporous carbon materials.'® later, in a subsequent study, Hirst,
et al. attempted to prepare CNL carbon type carbonaceous matter in the laboratory by
means of a similar process to that which generated the CNL carbon, but using lab
controlled and reproducible conditions. This enabled the successful preparation of ACs
with properties similar to those produced from the activation of the CNL carbon.* To

achieve this, sawdust was used as starting material, and thermally treated in a furnace
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at controlled temperature under N2 gas. Once at 400 °C, the sawdust was subjected to
a flash of air for between five to ten minutes. The resulting carbonaceous matter
exhibited properties similar to those of the CNL carbon, thus paving the way for a new
and simple carbonisation process.'*® This, flash-air-carbonisation method, offers
several advantages over conventional methods, HTC or pyrolysis, as it is greener,
requires less energy, and offers a rapid conversion of biomass into carbon-rich

materials with high carbon content and low levels of impurities, 11 115 145,153

1.5.3.2 Modulating Porosity

The control and modulation of the porosity of an adsorbent for small gas molecule
adsorption is highly desirable in the field of porous materials. Various techniques have
been developed to tailor the porosity of ACs, in attempts to allow precise control over
the pore size distribution and surface area with the aim of enabling enhanced gas
adsorption properties for specific applications. There has, in particular, recently been
considerable interest in porosity modulation methods aimed at enhancing volumetric
gas storage capacity especially for on-board applications where storage space is

limited.®

Choice of Precursor Material: The type of precursor material used plays a significant
role in determining the porosity of ACs. Various precursors, such as sawdust,''? 113
128 date seeds, ! 115 18 coconut shells, ™ 160 polymers, 1%t 162 or jonic liquids,® 164 can
lead to activated carbons with varying pore structures. It has been demonstrated that
the elemental composition of the precursor, particularly the relative amounts of O and
C (i.e., as signified by the atomic O/C ratio) has a direct impact on the resulting
porosity (for example the micropore/mesopore mix) in a manner that can enable the
prediction of activation behaviour (i.e. susceptibility or resistance to activation).!®
Easily activateable precursors tend to more readily form mesopores while those that
are resistant to activation are dominated by micropores. Thus, precursors with lower
O content (low O/C ratio) show some resistance to activation and tend to produce ACs
with higher microporosity, while those with higher O content (higher O/C ratio) are
more susceptible to activation, resulting in mesoporous structures.® 106 115, 165 Thjg
phenomenon is attributed to the so-called susceptibility of a precursor to activation.
Altwala and Mokaya have achieved one of the lowest O/C ratios for any biomass-
derived carbonaceous matter (designated as ACDS — air-carbonised date seed) by
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using date seeds (Phoenix dactylifera) as starting materials along with the air-
carbonisation method.'*®> More importantly, the O/C ratio has a significant influence
on the surface area density (SAD), i.e. ratio of surface area to pore volume, of resulting
activated carbons. This is important because the SAD is a crucial measure/indicator of
volumetric gas uptake for activated carbons. For example, the O/C ratio of the ACDS
carbon is as low as 0.156, meaning it generates highly microporous carbons with a
high packing density and surface area density. This combination of properties translate
to enhanced volumetric gas storage and thus suitability of ACDS-derived ACs as
adsorbent in the confined space of a tank for portable storage applications.!t®
Therefore, careful selection of the precursor material is crucial in achieving the desired

porosity for optimal storage capacity in on-board applications.

Activation Process: The choice of the activation process and the activation conditions,
including the type and quantity of the activating agent and the activation temperature,
also play a significant role. The physical and chemical activation processes are
described in detail on Page 11. KOH is a popular choice in the production of ACs, due
to its ability to fine-tune the textural properties (surface area and pore volume) of
activated carbon materials, 6 29 50,120, 166-169 The 56 of KOH enables the creation of
highly porous carbon materials with exceptional adsorption properties, resulting in
enhanced adsorption capacity. Nevertheless, a range of chemical reagents have also
been considered, including ZnCl2, HsPOs, and NaOH.167:170-17% ZnC|, and H3PO4 serve
as dehydrating agents, while KOH and NaOH function as oxidants.*® 2% 1% |n general,
as the quantity of the activating agent increases, porosity development (measured in
terms of surface area and pore volume) tends to increase. However, this increase is
often accompanied by a broadening of the pore size distribution, a phenomenon
dependent on the specific activating agent employed.?® 1% 176 Molina-Sabio and
Rodriguez-Reinoso observed that activating peach stones with KOH primarily widens
microporosity, while ZnCl facilitates the development of both broad micropores and
small mesopores, and H3PO4 develops the formation of larger mesopores and even
macropores.t”” Furthermore, many researchers have noted an optimal temperature for
porosity development, a value that varies depending on both the activating agent and
the carbon precursor. Thus, an elevation in activating temperatures leads to increases

in the surface area, combined with maximum broadening of porosity, which then
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decreases in response to any further rises in the activating temperatures due to porosity

collapse or shrinkage.® 29 106

Gentler Activation Agents. Hydroxide-based activating agents are corrosive in nature
and usually lead to low yields. Potassium Oxalate (PO, K>C20a), is known for its
gentle nature as an activating agent, and has been found to offer higher product
yields.*?8 178179 \When PO is subjected to pyrolysis, it undergoes decomposition within

the temperature range of 500-600 °C, as indicated by the following reaction:1%
K2C204 — K2CO3 + CO 1-8

Subsequently, K>COs reacts with the carbonaceous material at temperatures higher

than 700 °C, initiating a redox reaction with carbon as shown below:1%
K2CO3 + 2C — 2K + 3CO 1-9

This reaction leads to the formation of partial etching of carbon atoms, contributing to
the development of microporosity. Further reactions occur at higher temperatures,
creating additional porosity and enhancing the carbons’ pore volume, usually within
the micropore region.’® 1% The textural properties of materials derived from PO
activation primarily consist of highly microporous carbons, accompanied by some
small mesopores in some cases. Typically, these materials exhibit moderate surface
areas of up to 2000 m? g*. Moreover, the yield of the activation process, particularly
from biomass-derived carbonaceous matter, can be as high as 30-70%, thus

representing an increase of 30-50% compared to activation with KOH.*"®

Altwala and Mokaya have demonstrated that PO can be used to produce ACs with a
high degree of microporosity by carefully selecting specific activation conditions. In
contrast to KOH activation, variations in the amount of PO used had a minimal impact
on the porosity of the resulting carbons, while the activation temperature was found to
be the key factor in controlling the porosity of the PO-derived activated carbons. In
addition, the pore size of the PO-derived activated carbons falls in the size range of
6-8 A (approaching 100% microporosity), which is particularly well-suited for
efficient CO, storage, especially under low-pressure conditions relevant to post-
combustion capture. At 25 °C, PO-derived activated carbons can store up to
1.8 mmol g of CO; at 0.15 bar and 5.0 mmol g* of CO at 1 bar. 1"®
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Compactivation. The compactivation approach, first reported in 2015 by the Mokaya
group,!'* is a mechanical compression, in which a mix of a precursor and activating
agent (solid—solid) is compacted into a pellet, using a hydraulic compaction machine,
prior to activation. The purpose of this pre-activation step is to bring the precursor-
activating agent mixture closer together so as to maximise the activation process. This
method has shown some success in modulating AC’s porosity. A variety of precursors
have been compactivated using either KOH or PO as activating agent. KOH-
compactivated samples exhibit superior CO2 and Hz performance compared to their

conventionally activated counterparts,®% 113 114, 179

Balahmar, et al. reported that mechanochemically activated (i.e. compactivated) ACs
derived from biomass exhibited a 25% increase in surface area and a 75% increase in
pore volume compared to conventional carbons. These were primarily attributed to the
formation of small micropores (5.8-6.5 A), resulting in a significant increase in CO>
storage capacity at low pressure. The CO> uptake for compactivated carbons exceeded
that of analogous conventionally ACs, increasing from 1.3 to 2.0 mmol g* at 0.15 bar
and from 4.3 to 5.8 mmol g* at 1 bar.}*® However, when Altwala and Mokaya
compared the compactivation process using PO as an activating agent to conventional
activation, they observed that both methods resulted in carbons with similar textural
properties.t’® Despite compactivated samples generally exhibiting higher porosity
compared to powder samples, a pattern consistent with studies using KOH as an
activating agent, it is noteworthy that compactivation did not significantly alter pore
size distribution to the same extent as KOH activation.'** 1* This finding aligns with
the established understanding that the amount of PO does not play a crucial role in
determining the porosity. Therefore, it could be concluded that the PO exists in excess
amount, indicating that the close interaction with sawdust particles resulting from
compaction does not significantly impact the overall effectiveness of the activator.
This suggests that the compaction process using PO may not follow the same approach

as when using KOH.

Pre-mixed Precursors. A simple way of changing the precursor composition is to mix
two precursors with significantly different elemental composition. The Mokaya group
determined that a greater degree of control over porosity could be achieved by
activating a mixture of precursor than activating any one of them alone.*' 1%° For

example, this can be demonstrated by mixing polypyrrole (PPY) with air-carbonised
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date seed (ACDS/PPY mixture) or with CNL carbon (CNL/PPY mixture), each having
different O/C ratios of 0.672 (PPY), 0.156 (ACDS), and 0.185 (CNL carbon).* These
precursors are known for their contrasting responses to activation with KOH under any
given activation conditions. For KOH activation at KOH/precursor ratio of 4 and
800 °C, PPY is highly susceptible to activation and achieves high surface area of up
to 3200 m? g and a pore volume of 2.0 cm® g%, In contrast, ACDS and CNL are known
for their high resistance to activation, only achieving surface area of ca. 2000 m? g
when activated singly. Interestingly, highly controlled properties of activated carbons
derived from the pre-mixtures were obtained in a manner unachievable using any of
the three precursors singly. Increasing amounts of ACDS or CNL in a PPY/(ACDS or
CNL) mixture led to a reduction in mesoporosity. This reduction is attributed to the
decrease in the O/C ratio of the overall mixture. More specifically, mesoporosity is
influenced by the amount of PPY in the mixture, with the mesopore size increasing in
line with the amount of PPY.. It was possible to prepare activated carbon with an ultra-
high surface area (up to 3890 m? g!) and pore volume (up to 2.40 cm® g) from
premixtures thus achieving porosity unreachable with any of the precursors singly.
This rational synthesis provided carbons with balanced properties suitable for CH4
uptake, having excellent gravimetric methane uptake, reaching up to 28.4 mmol g*
(equivalent to 0.46 g g) at 25 °C and 100 bar, with a total volumetric CH4 uptake of
up to 260 cm® (STP) cm?. The influence of PPY on the textural properties was
primarily attributed to the presence of N.2® Similar observations were made when using
N-containing additives. For example, Sevilla, et al. reported that KOH activation of
glucose in the absence of N resulted in highly microporous carbons with moderate
surface area of 1300—1700 m? g*. In contrast, when melamine (as N source) was
added, hierarchical micro-/mesoporous carbons with a surface area as high as
3500 m? gt and a pore volume of up to 2.7 cm® g™t were produced.’® This emphasizes
the role of N in enhancing the surface area and porosity in the resulting carbons.

1.6 Carbon Capture and Storage (CCS)

While numerous strategies have been proposed to reduce atmospheric CO: levels,

Carbon Capture and Storage (CCS) techniques have emerged as one of the most

effective approaches.* 22 The CCS technology represents a strategy aimed at both

capturing CO2 emissions and secure storage underground. This prevents their release

into the atmosphere, so mitigating global warming and addressing the issue of climate
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change. The CCS technology involves capturing and mitigating CO> emissions in
industrial processes and can be classified into three main categories: pre-combustion
capture, oxy-combustion capture and post-combustion capture.*®® As discussed in the
following sections, these methods differ in terms of the stage at which COz is captured,

the type of technology used for capture, and associated energy.

Firstly, pre-combustion capture aims to convert the fossil fuel into a gas mixture of H
and CO; prior to combustion, by reacting the fuel with steam and O in a gasifier,
which produces syngas consisting of Hz, CO, and CO». This is then treated with a shift
reaction to convert CO to CO2 and Ha. The CO is then separated from the H> using a
physical or chemical solvent, before being stored. However, this method demands

complex processes and adds to the cost of energy production.*®!

Secondly, oxy-fuel combustion employs oxygen-enriched air during the combustion
process, which produces a flue gas consisting mainly of CO and water vapour, with
the former then being separated using a physical or chemical solvent. It should be
noted that, while oxy-fuel combustion shows promise, its widespread adoption faces
various challenges, particularly in terms of energy requirements and cost-

effectiveness.182 183

Finally, Post-combustion capture involves removing CO2 from flue gas after
combustion.*®* 18 Typically, this is achieved through chemical adsorption (with liquid
amines), membrane separation technologies, or solid porous sorbents. Chemical
adsorption, specifically the method known as chemical capture via liquid amines,
involves reactions between the flue gas and amines to form a soluble chemical
complex. The solvent is then regenerated by heating, releasing the captured COg,
which can be compressed and stored. However, this process has been found to
demonstrate various drawbacks, including high energy consumption during solvent
regeneration, the high cost of maintaining equipment due to the corrosive nature of

amines, and environmental concerns related to amine production and disposal.186-188

Membrane-based CO> capture and separation uses a membrane, typically made from
a polymer, to selectively permeate CO, from the flue gas, to allow it to pass through
while excluding other molecules due to size differences.'® %0 While this process

offers a potential advantage over chemical adsorption, particularly by avoiding
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chemical regeneration, it can also face challenges, i.e. membrane degradation under

high-pressure conditions.**!

Unlike chemical adsorption or membrane separation technologies, solid porous
adsorbents such as MOFs,3* 192 Zeolites,*” *° and activated carbons!?® 143 179,193 gre
promising technology for CO> capture and storage and hold the potential to be more

energy-efficient and cost-effective.

Activated carbon offers several advantages for selective CO» capture and storage,
owing to its availability, cost-effectiveness, exceptional thermal and chemical
stability, high surface area, tunable porosity, straightforward preparation and
generation processes, as well as structural versatility.'® 2° For post-combustion CO
capture measurements, uptake at 1 bar is a common benchmark, depending on the CO>
partial pressure in the flue gases. Therefore, achieving uptake at pressures < 1 bar is
important for targeting materials. At 25 °C, CO- uptake of up to 2.0 mmol g* at

0.15 bar, and 5.8 mmol g at 1 bar has been recorded for activated carbons.*®

However, it should be recognised that CCS technologies are viewed as simply short-
term strategies for mitigating greenhouse gas emissions, and that it is therefore also
crucial to explore alternative energy sources capable of reducing global warming and
GHG emissions. These include a consideration of natural gas (NG), which offers a
cleaner and more sustainable energy future, as well as reducing CO; in the atmosphere
through less-polluting renewable energies. While H» technology is the ideal solution
to replace the fossil fuels, it has not yet reached a practical stage of development and
delivery, indicating the benefits of NG as a clean transitional fuel to facilitate a

lowering of CO2 emissions.

1.7 Methane storage

As noted above, the associated environmental concerns relating to fossil fuels have
prompted the search for cleaner and renewable energy sources. One solution is natural
gas (NG), which is primarily composed of CH4 (CH4, ~70%), and can be produced
sustainably from the breakdown of biomass, and which burns far more cleanly (with
respect to CO2 emissions) compared to fossil fuels.8” 1% The Joint Research Centre of
the European Commission therefore considers NG a promising alternative to

traditional fossil fuels, including for use in vehicles.?® Firstly, NG is readily available,
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with approximately 368 billion m® capable of being extracted, with just 1% of this
source providing sufficient clean-burning fuel for global consumption.**>1%7 Secondly,
NG emits the lowest amount of greenhouse gases of any available fossil fuel. 2°
However, as shown in Figure 1.1, natural gas has a drawback regarding its volumetric
energy density. For instance, one litre of NG burned under Standard Temperature and
Pressure (STP) conditions produces 0.033 MJ of energy, i.e. 0.11% of the energy
generated by the combustion of the same amount of gasoline under the same
conditions, ie. 34.2 MJ.?° Therefore, to improve energy efficiency and enable the
widespread use of natural gas in vehicles with extended driving ranges, it is crucial to

focus on enhancing storage efficiency towards better volumetric energy density.
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Figure 1.1. Comparison of specific energy (energy per mass or gravimetric density)
and energy density (energy per volume or volumetric density) for several fuels.%®

Conventional Methods for the Storage of Natural Gas. The use of NG poses
challenges due to its low volumetric energy density compared to fossil fuel-based
petroleum.®” This particularly relates to storage and transportation. In particular, there
remain difficulties in using CH4 as fuel for automobiles associated with its cost-
effectiveness and safe storage and delivery at ambient conditions. NG is
conventionally stored in two forms: compressed natural gas (CNG) and liquefied

natural gas (LNG).2% 1% For CNG, the gas is stored at high pressure in stainless steel
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vessels and filled to approximately 180-250 bar at room temperature. However, it
would require over four gallons of CNG to provide the same energy equivalent as one
gallon of diesel fuel, which is impractical for conventional vehicles. Alternatively, to
increase the energy density of NG, it can be stored as liquefied natural gas (LNG) by
cooling to temperatures below its boiling point, typically around 110 K. This
process can increase the energy density, reaching up to 22.2 MJ/L at moderate
pressures (2-6 bar), so increasing what can be achieved with CNG by 2.4 times.
However, despite the higher energy density of LNG, the technology requires the use
of bulky and well-insulated storage tanks to maintain the fuel at low temperatures,

adding both significant cost and complexity, particularly when it comes to vehicles.?

Adsorbed Natural Gas (ANG). To address the challenges posed by CNG and LNG,
storing CHjs at relatively low pressures and room temperature through adsorption has
emerged as a promising solution. As an alternative to CNG and LNG, Adsorbed
Natural Gas (ANG) has therefore been extensively researched since the early 1970s to
store natural gas at higher densities at ambient temperature and moderate pressure of
up to 35 bar.8"-%° Adsorption in porous materials offers the potential to achieve energy
densities similar to CNG but at much lower pressure ~ 100 bar, and being almost one-
third the density of LNG at significantly higher temperature.?® 2% ANG operates at
lower pressures than CNG, so eliminating the need for thick and costly vessels to hold
high storage pressures, along with the use of multistage compressors for filling CNG
tanks. As illustrated in the Figure 1.2, there is much reduction in the pressure, when
using ANG comparing to CNG.?* Additionally, ANG technology is a promising
solution for energy storage, especially in the natural-gas-fuelled vehicle sector, as it is
compatible with flat tanks, thus enabling the installation of multiple storage tanks in
vehicles without any loss of passenger or cargo space. This efficiency therefore acts to

extend the driving range, which makes ANG an attractive option for vehicular use.
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Figure 1.2. Comparing ANG (Adsorbed Natural Gas) technology to CNG
(Compressed Natural Gas) technology in terms of the pressure needed to achieve the
required energy.?%!

ANG has therefore emerged as the most promising method for ensuring safety and
achieving the desired volumetric storage capacity within a reasonable driving range.
The success of this technology lies in the development of efficient adsorbent materials.
Porous sorbents have already proven successful in commercial applications,
particularly in capturing and storing small molecules such as CH4.2922% ANG has
become a viable competitor to CNG and LNG due to its significantly higher energy
density, cost-effectiveness, and enhanced safety.?%® 297 |n particular, the lower-
pressure requirements of adsorption offer increased safety in comparison to the use of
compression, as well as enhancing overall efficiency at the point of use. For this
reason, the U.S. Department of Energy (DOE) has established storage capacity targets
for CH4 as part of its efforts to advance storage technologies for vehicles and
transportation. These target capacities are set for moderate pressures of 35-100 bar
and 25 °C at 263 cm® (STP) cm (for volumetric measurements) and 0.5 g g* (for
gravimetric capacity).2%®

In addition, various porous materials, including zeolites,?*

Metal-Organic
Frameworks (MOFS) 20, 85, 86, 88, 91, 200, 210, 211 and activated Carbons 41, 87, 111, 115, 212-214
have been investigated and evaluated in the search for materials with high CH4 storage
capacity. Activated carbons, with their advantages of being low cost, having a high

surface area and tunable porosity, offer a very attractive combination of properties.?%
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1.7.1 Fundamental Concept of Methane Storage

The fundamental concept of methane storage is to adsorb methane gas onto a solid
material, such as a metal-organic framework (MOF), zeolite or activated carbon, at
pressure of 35 — 100 bar and temperature of 25 °C. The stored methane can then be
released by either reducing the pressure or increasing the temperature, allowing it to
be used as a fuel source for various applications, such as transportation. The goal is to
achieve high storage capacities, both volumetrically and gravimetrically, while
maintaining safe and efficient storage and release of the methane. As basic step to
evaluate methane storage of porous materials requires using an appropriate instrument
(see Chapter 2 section 2.3) equipped with a high purity methane source. The
instrument allows for an evaluation of CH4 uptake at a very low pressure (i.e. near to
zero) up to the targeted pressure (generally 100 bar) at 25 °C, and accurately measuring
the weight changes using a microbalance upon the gradual increase in the methane
pressure. The amount of methane adsorbed by the materials is represented by
isotherms of methane adsorbed versus the pressures applied. The instrument usually

allow for collecting results as excess uptake in unit of mmol g*.%2

Excess, Absolute and Total Methane Adsorption. These three concepts are frequently
used to describe the CH4 adsorption into a solid material. Excess adsorption (n,,)
refers to the amount of adsorbed gas molecules that have interactions with the pore
surface of the material. This means that the gas molecules are held onto the surface of
the material by weak van der Waals forces.!”® Absolute adsorption, on the other hand,
takes into account the sum of the gas molecules that interact with the pore surface of
the materials, in addition to those gas molecules that remain in the adsorb region
without interaction (gas—solid interaction) with the materials pore surface.?°® 21 Total
adsorption (n.,,) is the total amount of gas molecules inside the pores of a material, 2
216 taking into account the bulk density, Py, , Of the gas, the temperature and pressure
conditions under which the adsorption is taking place, according to the following

equation:
Ngot = Nex + Pbulk(Pf T) X % 1-10

Where Py, is obtained from the National Institute of Standards and Technology

(NIST) Refprop database at https://webbook.nist.gov/chemistry/fluid/ and V;, is the
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total pore volume of the adsorbing solid material, usually determined from N2 sorption
analysis at 77 K.

Gravimetric and Volumetric Methane Uptake are measurements used to describe the
amount of CH4 capable of being stored in a given mass or volume of a solid material.
The gravimetric uptake represents the mass of CHs adsorbed per unit mass of
adsorbent, i.e. the amount of CHj stored is expressed in grams of CH4 per gram of AC.
The volumetric uptake, on the other hand, is expressed as the volume of CH4 adsorbed
under standard temperature and pressure (STP) divided by the volume of the
adsorbent. This means that the amount of CHjs stored is expressed in litres of methane
per litre of AC. It should be recognised that the volumetric uptake is more important
for practical applications, including storage for use in vehicles, for which the amount

of CH4 capable of being delivered is crucial 2%

Deliverable Capacity, (also known as working capacity), is the amount of methane
that can be delivered from the adsorbent to the engine when the adsorption pressure is
reduced to the minimum inlet pressure.?’® It is more important than the methane
storage capacity in practical applications because it determines the driving range of
natural gas vehicles (NGVs). Basically, the total storage capacity is the maximum
amount of methane that can be stored in the adsorbent, while the working capacity is
the amount of methane that can be delivered from the adsorbent to the engine when
the adsorption pressure is reduced to the minimum inlet pressure. The working
capacity is calculated as the difference in the amount of methane adsorbed between
uptake pressure (35, 65 or 100 bar) and 5 bar.?®® To achieve a high working capacity,
a material should adsorb a low amount of methane at low pressures (below 5 bar),
while at the same time adsorbing a significant amount at higher pressures. This
requires well-balanced textural properties, such as a high surface area density (SAD),
a high packing density, and a mix of porosity (micro-meso structure), which are

essential to maximise the deliverable methane of adsorbent materials.*: 111 115,193, 217-
221

Porous Materials for Methane Storage. Interest in NG as a vehicular fuel has rapidly
increased since the 1980s,2% leading to extensive research into CHj storage technology
using porous materials, including MOFs,2% 21 Covalent Organic Frameworks

(COFs),??2 zeolites,??* 224 Porous Organic Polymers (POPs),?%2%6 and porous carbons,
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as particularly activated carbons.** 22! Methane storage capacity in zeolites is often
limited by their low to moderate surface area, (typically < 1000 m? g1); at 100 bar and
25 °C, zeolites may store up to ca. 10 mmol g of methane.®” On the other hand, MOFs
can achieve superior gravimetric CH4 uptake due to their higher surface area and pore
volume. For instance, at 23 °C, MOFs have been reported to achieve methane storage
capacities of 25 mmol g at 65 bar and 33 mmol g* at 100 bar.??” The current records
for MOFs in terms of volumetric methane uptake at 25 °C include HKUST-1,% which
can store 281 c¢cm® (STP) cm™ at 25 °C and 100 bar, and monolithic MOFs
(monoHKUST-1 and monoUiO-66_D) % with volumetric methane capacities of
275 and 296 cm?® (STP) cm3, respectively. However, it is important to note that the
ideal crystallographic density of the MOF is often used to calculate volumetric uptake
of powder forms of MOFs. Thus the values reported only represent the maximum
possible capacity. Moreover, the actual packing density of MOFs is typically much
lower than the crystallographic density, resulting in actual volumetric uptake values
being lower than those calculated via crystallographic density by ~ 25%.2%% 228 On the
other hand, porous carbons and in particular activated carbons, have recently revealed
a promising performance for methane uptake, owing to their high surface area and pore
volume, mix porosity and high packing density.* 111 115193 Eyrthermore, due to their
high mechanical stability, activated carbons can also be compacted without loss of

porosity or diminution of gravimetric uptake capacity for methane.6: 2 4142

27



Thesis

1.8 Motivations & Objectives

The work described in this thesis aims to address the pressing need for efficient gas
capture and storage by investigating the potential of activated carbons as promising
materials for energy-related applications, such as carbon capture and storage (CCS)
and adsorbed natural gas (ANG). The specific objectives of the thesis are outlined

below, corresponding to each of the four results chapters:

First, the objective of Chapter 3, “Enhancing Biomass-Derived Activated Carbons for
Gas Adsorption” is to investigate the impact of air-carbonisation temperature on the
porosity and gas adsorption performance of activated carbons derived from biomass
sources. It primarily focuses on the effect of air-carbonisation treatment on the O/C
ratio, which serves as a measure of a precursor’s susceptibility to activation. By
varying the O/C ratio of the precursor, it can be used then as a tool to modulate the
textural properties, such as surface area, pore volume, pore size, and packing density,

of the resulting activated carbons, towards enhanced CO; and/or CH4 adsorption.

Second, the objective of Chapter 4, “Modulating Porosity in N-doped Carbon
Materials” focuses on synthesising activated carbons with carefully controlled porosity
suitable for methane storage. Modulation is achieved by introducing a N-contining
additive as a mediator for activation of the precursor. To create activated carbons with
the ideal porosity and high packing density necessary for efficient methane storage, a
precursor with a low O/C ratio (air-carbonised date seeds, Phoenix dactylifera,
ACDS), known for its high resistance to activation, is selected. The flash air-
carbonisation method, in combination with KOH as the activating agent and judicious
use of N-containing additives, are controlled in order to allow control over the resulting
activated carbons' textural properties. Simply, the low O/C ratio of ACDS enhances
its resistance to activation, leading to higher packing density and high surface area
density (SAD). Simultaneously, the presence N in the activation mix increases surface
area and provides flexibility in tailoring porosity and creating a balance between
microporosity and mesoporosity. These deliberate modifications are expected to yield
activated carbons with desired properties to enhance both gravimetric and volumetric

methane uptake.

Third, the objective of Chapter 5, on exploring lonic Liquid-Derived activated

carbons is rooted in the growing understanding of the relationship between the
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elemental composition of a carbon precursor (O/C ratio) and its susceptibility to
activation. This understanding is essential as it enables the prediction of the textural
parameters of the resulting activated carbon, such as the proportion and level of
microporosity and mesoporosity. Additionally, the presence of N within the
framework of a carbonaceous precursor also plays a role in determining the textural
properties of activated carbons. In a sense, the presence of N can have the opposite
effect to that of low O/C ratio. While N promotes the development of high
mesoporosity and a high surface area, a low O/C ratio operates in the opposite
direction, favouring the creation of microporous carbons with moderate surface area
but high packing. A combination of these two factors is used in the hope to optimise
both gravimetric and volumetric methane uptake. For this, investigating crosslinkable
imidazolium-based ionic liquids as new class for carbon precursors presents a
promising approach, which allows for porosity control towards high surface area but
without excessive diminution of microporosity and packing density.

Fourth, the objective of Chapter 6, “Utilising Non-Hydroxide Activated Carbons”
was to utilise a greener and non-hydroxide activating agent in the synthesis of activated
carbons from ionic liquid precursor. By fine-tuning the activation conditions, the aim
was to generate carbons with high microporosity, ideal for CO uptake. Additionally,
these materials would ideally be optimised towards high packing density thus

potentially enhancing their volumetric methane storage capacity.
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Chapter 2

Experimental Methodology

2.1 Characterisation method

Considerable attention has been devoted to the synthesis of nanostructured porous
materials in recent years. Research has focused on their characterisation in order to
obtain a comprehensive understanding of these nanostructures. To fully assess these
materials, a combination of chemical, structural, and surface characterisation
techniques have been employed. This chapter provides a concise overview of the
equipment and techniques used for the characterisation of the materials prepared

during this research programme.

The samples were characterised and analysed using a variety of techniques (CHN
analysis, TGA, XRD, SEM, TEM, BET analysis, and gas uptake using an IGA or
XEMIS instrument).

2.1.1 Elemental CHN Analysis!

Elemental (CHN) analysis is a combustion-based technique used to determine the
content of C, H, and N in a sample. The technique involves high-temperature
combustion of the sample. Initially, a small amount of the sample (typically 2 mg) is
placed in a combustion boat and combusted in a high temperature furnace (975 °C)
under pure oxygen gas. When the sample combusts, the C and H in the sample are
converted CO and H2O, respectively, while the N is converted to N2. The combustion
products are carried through the system by a flow of helium gas (see Figure 2.1.) The
generated gases are then passed over suitable reagents in the combustion tube to ensure
complete oxidation and the removal of undesirable by-products such as sulphur,
phosphorus, and halogen gases. Subsequently, the separated gases are quantified using
specific detection methods that are tailored to each element (C, H or N). CO2 and H20
are typically measured using infrared detection, while N2 is often detected using
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thermal conductivity. By accurately measuring the volumes of these gases, the
instrument calculates the C, H and N content in the sample.

All the samples used in this study were submitted to the Analytical Services Unit of
the School of Chemistry for analysis using a CE-440 Elemental Analyser to determine
the C, H and N content.
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Figure 2.1. Schematic diagram of the CHN microanalyser.*
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2.1.2 Thermogravimetric Analysis (TGA)

TGA is a thermal analysis technique used to analyse the thermal stability of materials
upon heating. The materials are characterised by measuring changes in weight as a
function of temperature. The TGA technique is also used to measure other properties
including composition, purity, decomposition reaction, decomposition temperatures,

and absorbed moisture content of materials.

During the heating process, the mass of samples is monitored and every thermal
change of the samples, such degradation or vaporisation of bound species, is recorded
with accurate temperatures as illustrated in Figure 2.2.

Thermocouple

Scale

Sample

Furnace

¥

Figure 2.2. Schematic diagram of the TGA instrument.

The decomposition of samples may be defined by two characteristic temperatures;
Tiand Ty, as depicted in Figure 2.3. T; indicates the onset temperature which is when

the mass change starts; Tr is the temperature at which the mass change is accomplished.

In this study, thermal analysis was conducted using a TA Instrument SDT Q600

analyser, applying the appropriate temperature, ramp rate, and atmospheric conditions.
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Figure 2.3. TGA curve showing decomposition temperature T; and the final
temperature Tr.

2.1.3 Powder X-ray Diffraction (PXRD)

Powder XRD is a structural analysis technique that makes it possible to determine the
crystallographic density and crystal structure of solid materials. The basic principle of
an X-ray instrument is illustrated in Figure 2.4. The sample is placed at the centre of
the instrument and is illuminated with a beam of X-rays. The X-ray tube and the
detector move in a synchronised motion. The signals coming from the samples are
recorded and are plotted where the observed peaks are related to the atomic structure
of the sample.

Figure 2.4. Schematic representation of powder X-ray diffraction (PXRD)
experiment.
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An X-ray is an electromagnetic radiation beam with a very short wavelength of
approximately 1 angstrom (A).? In Powder XRD (PXRD), X-rays that are used for
analysis are generated by bombarding a metal target, typically copper (Cu), with
electrons from a filament. The high-energy electrons produced from the filament
collide with the Cu atoms, ionizing some of the Cu 1s electrons. Subsequently, an
electron from an outer shell fills the vacant 1s level and the energy released during this
transition appears as X-radiation. The specific X-ray radiation generated from the
2p to 1s transition in copper atoms is known as CuKa radiation, with a characteristic
wavelength of 1.5418 A and 8.04 kiloelectron volts (keV) of energy. This CuKo
radiation is commonly used in PXRD experiments, including those conducted at The

University of Nottingham.

Bragg provides a simplified explanation of the X-ray diffraction principle.? Materials
are made of many small crystals, each of which is composed of a regular arrangement
of atoms. Each atom is composed of a nucleus surrounded by a cloud of electrons. As
an X-ray is a high-energy beam with a repeating wavelength that is similar to the
distance between atoms in the crystal (i.e. interplanar spacing, d), a special interference
effect, called diffraction, can be used to measure the distance between the atoms. When
X-rays interact with atoms in a crystal, they are scattered and produce a diffraction
pattern, containing information about the atomic arrangement within the crystal. The
diffracted radiation may be in phase (constructive interference) or out of phase
(destructive interference), depending on the angle of incidence (0) and interplanar
spacing (see Figure 2.5). The diffraction pattern allows for the measurement of
distances between atoms. The regular arrangement of lattice points within the crystal
structure enables conditions for constructive interference, as described by Bragg's

equation®
nl=2dsiné

Where n is the order of diffraction (n =1, 2, 3, ...), A is the wavelength of the X rays,

d is the interplanar spacing and the 6 is the incident angle of X-rays (see Figure 2.5).
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Figure 2.5. Schematic representation of Bragg’s law for X-ray diffraction.?

Amorphous materials, such as activated carbons, do not have a periodic array with
long range order, so they do not produce a diffraction pattern. Their X-ray scattering

features broad, poorly defined amorphous ‘humps’.

In this thesis, XRD analysis was conducted using a PANalytical X’PERT PRO MPD
diffractometer equipped with a sealed tube Cu source and CuKa radiation
(A=1.5418 A). The instrument operated at 40 kV and 40 mA. XRD patterns were
recorded over the 2° to 80° range using a 20 mm aperture with a step size of 0.02° and

a step time of 2 seconds.

2.1.4 Electron Microscopy

Scanning Electron Microscopy (SEM) is a powerful imaging technique that provides
detailed information about the surface morphology, topography, and elemental
composition of materials. SEM analysis consists of an electron source,
electromagnetic lenses, and an electron detector. The electron beam, produced by an
electron gun at the top of the microscope, is used instead of light, based on wave-
particle duality. The electron beam is accelerated and focused on the surface of a
sample through electromagnetic lenses. When the high-energy electron beam interacts
with the sample, some electrons pass through the sample. These are called unscattered
electrons. Other electrons are reflected. The emission of secondary electrons,
backscattered electrons, and X-rays are used in SEM technology and can be collected

by the detectors to produce SEM images across the sample.®
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Secondary electrons, resulting from inelastic scattering, are low-energy electrons that
facilitate the creation of topographical images and 3D structural information.
Backscattered electrons, meanwhile, are high-energy electrons that are scattered back
from the sample surface due to elastic interactions, providing additional information
of the sample composition. In addition to imaging, SEM can also be coupled with
energy-dispersive X-ray spectroscopy (EDS) to perform elemental analysis and
elemental mapping within a sample. When the incident beam interacts with the surface
of the sample, some inner shell electrons in the atoms are displaced, causing electrons
from outer shells to drop down and fill the gaps, thus releasing energy in the form of
X-rays. EDS presents semi-quantitative elemental analysis that provides information
on the chemical composition and distribution of elements that are present in the sample

in the targeted area.*

The SEM images of the samples used in this thesis were analysed using a JEOL 7000F
FEG-SEM microscope with an accelerating voltage of 5 kV. The samples were loaded

onto carbon conductive sticky tape for analysis.

Transmission Electron Microscopy (TEM) is an advanced imaging technique used to
visualise the internal structure, morphology, and composition of materials at the
nanoscale. In TEM, a high-energy electron beam is transmitted through an ultra-thin
specimen (typically < 100 nm thick) loaded on a lacy carbon that allows for detailed
imaging of internal features of the sample. The key components of a TEM include an
electron source, electromagnetic lenses, and various detectors. The electron beam is
generated by an electron gun and is accelerated towards the sample using
electromagnetic lenses which also focus the beam onto the specimen. When the high-
energy electron beam passes through the sample, it interacts with the atoms, resulting
in the scattering and absorption of electrons. The transmitted electrons are then
collected by a detector, such as a fluorescent screen or a camera, producing an image

that reveals the sample’s internal structure and composition.®

For the purposes of this thesis, TEM images were obtained using a JEOL 2100F
instrument operating at 200 kV and equipped with a Gatan Orius CCD for imaging.
Before analysis, carbon samples were suspended in distilled water and dispersed onto

lacy carbon support films.
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2.2 Porosity and Physisorption

Porous materials are defined as solids that have interconnected voids, holes, or spaces
(the pores) within their structure.® 7 These voids can be of various sizes and shapes,
allowing for the adsorption or release of fluids or gases.” This phenomenon is called
physisorption, which refers to the physical adsorption of gas molecules onto solid
surfaces. It is primarily driven by van der Waals forces between the adsorbent (porous
materials) and the adsorptive (gas).” Physisorption occurs because of the weak
intermolecular forces between the gas molecules and the solid surface, allowing for
easy attachment and detachment. This process is reversible and can be influenced by

factors such as temperature and pressure.’

The size and width of the pores of the adsorbent material, as well as the nature of the
gas molecules being adsorbed, play essential roles. The size and width of the pores
determine the surface area available for adsorption, while the nature of the gas
molecules affects their affinity to adsorb onto the solid surface. Understanding these
factors is crucial to optimise physisorption processes for various applications, such as

gas separation and storage.’

2.2.1 Pore characteristics and filling mechanisms

The accessibility of the pores of adsorbent materials depends on the size and diameter
of the adsorptive molecules.” This means that for the smallest adsorptive molecules
(He), which exhibit a kinetic diameter of 2.6 A, the minimum pores of any materials

that the gas can probe should be > 2.6 A.""8

According to the International Union of Pure and Applied Chemistry (IUPAC) (1985),
pores can be divided into three categories based on their width: micropores (less than
20 A), mesopores (20-500 A), and macropores (greater than 500 A).” The main
mechanism that explains the pore filling process (see Figure 2.6) is:

(i) micropore filling: The initial stage of adsorption always occurs at low relative
pressures.® 7 The low pressure required for adsorption is dependent on the size and
shape of these micropores. In the case of narrow microporous (ultramicroporous, pores
<7 A),% they are usually filled first with two or three molecules if N2 gas is used as the
adsorptive; this is called "primary microporous filling".” The heat of adsorption at this

stage is very high. This is attributed to the strong adsorbent-adsorbate interaction.” °
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For wider microporosity (supermicropores, pores > 7 A)® the filling process occurs at
a higher relative pressure (0.01-0.15 bar) accompanied by reduction in the adsorbent-

adsorbate interaction.’

(i) Monolayer adsorption occurs as the pressure increases once all the accessible
micropores are filled. Mesoporous (20 to 500 A)® adsorption allows for monolayer
adsorption, which involves the formation of a monolayer of gas molecules on the solid
surface. This occurs when gas molecules are adsorbed individually and do not
significantly interact with one another and are not significantly influenced by pore

wall 10 1

(iii) Multilayer adsorption: As gas pressure increases, additional layers of gas
molecules can accumulate atop the monolayer and are characterised by indirect contact

with the adsorbent surface.’

(iv) Capillary condensation: In some cases, after the multilayer filling, the gas
molecules may condense within smaller pores, leading to capillary condensation. This
phenomenon occurs in mesoporous materials at relative pressures that are less than the
saturation point. It is attributed to the vapour-liquid-like phase, which involves the
pore being filled with liquid-like phase, sometimes leading to the phenomenon known
as hysteresis’ 2 (see Section 2.2.3).

Increasing gas pressure

Figure 2.6. Representation of pore filling mechanism.*
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Pores are classified on the basis of their accessibility to external fluids. There are two
groups of pores (Figure 2.7):

(i) Closed pores: Closed pores are entirely isolated from neighbouring pores, making
them inaccessible to external fluids. While these closed pores do not directly contribute
to the adsorption or permeability of molecules, they do play a crucial role in

influencing the mechanical properties of materials.**

(if) Open pores: Open pores have a continuous channel of communication with the
external surface of the material like (b), (c), (d), (e) and (f). Some open pores, like (b)
and (f), are open only at one end. These are referred to as 'blind' or 'dead-end' pores.
They are relevant in various applications, including those involving controlled fluid
ingress. Pores that are open at both ends, such as (e), are known as 'through pores.’
They provide a continuous pathway for fluid or gas penetration from one side of the

material to the other.*

Figure 2.7. Schematic pore classification based on their accessibility (Copied from
IUPAC)®: a - Closed pores, b, f - Pores open only at one end, ¢, d, g - Open pores, e
- Pores open at two ends (Through pores).
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In addition to the classifications discussed earlier, there is another possible
classification for categorising pores based on their geometry. Kaneko's comprehensive
review, along with the International Union of Pure and Applied Chemistry (IUPAC)
guidelines, introduces a geometrical approach to pore classification.*® According to
Kaneko's classification, pores are divided into distinct shapes as follows: cylinder, slit-
shape, cone-shape, and ink-bottle. This classification closely aligns with that proposed
by IUPAC, with the only difference being the replacement of cone-shape pores in
Kaneko's categorization with funnel-shaped pores in IUPAC's scheme. These idealised
shapes include cylinders, slit-shaped pores, cone-shaped or funnel- shaped pores and

ink-bottle pores'*’, are illustrated in Figure 2.8.
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Figure 2.8. Pore geometry classification.'*
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2.2.2 Principles of Physisorption

Gas adsorption is a critical technique used for characterising the textural properties of
porous materials, such as their surface area, pore volume, and pore size distribution
(PSD). Understanding these properties is essential for a wide range of applications,

including gas storage, catalysis, and separation.

The phenomenon of gas adsorption on solid surfaces and within pore spaces is a
complex process that involves the interaction of mass and energy, as well as phase
changes. When gases are physically adsorbed by solid materials, the amount adsorbed
can be enhanced by increasing the pressure and decreasing the temperature in an
exothermic process where energy is released.'® There are a number of theories that
have provided the basic concepts for understanding gas adsorption on solid surfaces.
The gas adsorption isotherm is a measurement of the amount of gas (expressed as the
standard volume Va, molar quantity n, or quantity q) that is adsorbed or desorbed on
a clean solid surface (adsorbent) at a constant temperature (usually liquid nitrogen,
LN, temperature of —196 °C) as a function of the applied pressure P.18 The quantity
of gas adsorbed is conventionally expressed as its volume equivalent under standard
conditions of temperature and pressure, STP, (0 °C and 1 atm). The relative pressure,
calculated by dividing the actual gas pressure (P) by the vapour pressure (Po) of the
gas adsorbed (adsorptive), is used to determine the applied pressure at a given
temperature T at which the test is conducted.'® Prior to adsorption, the gas is referred
to as the adsorptive; after adsorption, it is known as the adsorbate. Nitrogen gas is the
gas that is generally used for these measurements, although other gases such as Hy, O,
or CO; can also be employed.*® Irrespective of the method employed, all analyses must
initially provide information in the form of quantity adsorbed or desorbed vs. pressure.
Adsorption, or physisorption in specific instances, is measured as the relative pressure
gradually increases from near zero to the saturation pressure (up to a relative pressure
P/Po = 1) and then desorption takes place, generating an isotherm. The shape of the
isotherm, which represents the relationship between the adsorbed volume (Va) and the
relative pressure (P/Po), depends on the structure of the adsorbent, specifically, the

type of porosity.” 151820
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2.2.3 Types of physisorption isotherms

There are several types of physisorption isotherms that are commonly observed. The
adsorption isotherms are highly dependent on the adsorbent structure and can vary in
type and shape based on the porosity. The shape of the isotherms are classified into six
types identified by The International Union of Pure and Applied Chemistry IUPAC
(1985).2% Over the last 30 years, gas adsorption analysis has improved significantly
and more types of isotherms have been identified, bringing the number up to 8

isotherm types in total as shown in

Figure 2.9.7
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Figure 2.9. IUPAC (2015) classification of physisorption isotherms.’
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As a common guideline, when analysing gas uptakes, adsorption at very low pressures
(P/Po < 0.1) indicates micropores, intermediate pressures (0.1 < P/Po > 0.5) suggest

mesopores, and high pressures imply macropores within the material structure.

Type | isotherms are typically observed for materials with micropores and a relatively
small external surface area, such as some activated carbons and zeolites. The isotherm
exhibits a steep initial uptake at very low pressures due to enhanced adsorbent-
adsorptive interactions in narrow micropores. As the pressure increases, the adsorption
gradually levels off, indicating pore filling. Usually, this type reveals two different

shapes of isotherms:

e Type 1(a) is a characteristic of a microporous materials possessing mainly
small microporous with pore width < 10 A.
e Type 1(b) is a characteristic of microporous materials that have widening in

the micro pore width and some level of narrow mesoporous (width < ~ 25 A).

Type 11 isotherms are commonly observed in non-porous or macroporous materials.
The shape is characterised by a broad knee, “point B”, which indicates the completion
of filling of the first layer followed by a gradual curvature that corresponds to
multilayer adsorption at higher pressure. The thickness of the multilayer adsorption

increases with no limit at higher pressures.

Type 111 isotherms are similar to Type II but there is no “point B” so there is no
indication of monolayer adsorption, meaning that the interaction between adsorbent
and adsorbate is relatively weak with finite adsorption happening at high

pressure P/Po = 1.

Type 1V isotherms are usually observed in mesoporous materials such as oxide gels,
mesoporous silica and some metal-organic frameworks (MOFs).” The behaviour of
adsorption in mesopores is influenced by both adsorbent-adsorptive interactions and
the interactions between the molecules in the condensed state. In this type of isotherm,
initial adsorption follows a similar path as a Type Il isotherm, with the formation of a
monolayer—multilayer adsorption on the mesopore walls. However, unlike with Type
Il isotherms, following the monolayer formation there is a subsequent increase in

adsorption at higher pressures. This increase is due to pore condensation,” *2 where the
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adsorbate molecules start to fill the mesopores beyond the monolayer coverage. The
presence of pore condensation indicates the presence of mesopores with a wider size
distribution and causes hysteresis loop in Type 1V(a),” while the Type 1V(b) isotherm
can be seen in narrow mesoporous structures that have conical or cylindrical shapes
and feature tapered ends. The adsorption behaviour in these mesopores is not
influenced solely by the adsorbent-adsorptive interactions but also by the interactions

between the adsorbed molecules themselves.

Type V: isotherms are rarely observed and show weak adsorbent-adsorbate
interactions. At low pressures the isotherm shape is similar to the shape of Type Il

isotherms, with the pore filling starting at higher pressures.

Type VI: This isotherm is representative of layer-by-layer adsorption on a highly
uniform non-porous material. The isotherms show reversible stepwise increase in

adsorption with increasing pressure.

The physisorption isotherms can also show hysteresis loops that reveal more
information about the adsorbent structure. The phenomenon of hysteresis loops is
generally associated with capillary (or pore) condensation in mesoporous materials.
Pore condensation occurs when the adsorbed gas condenses to a liquid-like phase
within a pore at pressures (P) lower than the saturation pressure (Po) of the

corresponding bulk liquid.”

This form of hysteresis can be attributed to the difference in the adsorption and
desorption pathways. During adsorption, the adsorbate molecules enter the pores of
the adsorbent material and condense into a liquid-like phase as the pressure increases.
However, during desorption, the adsorbate molecules remain in the liquid-like phase
until the pressure decreases to a certain point, at which point they start to evaporate
from the pores. This difference in the adsorption and desorption pathways leads to a
difference in the amount of adsorbate present in the pores at a given pressure, resulting
in the hysteresis loop. The shape and size of the hysteresis loop can provide
information about the structure of a pore network of the adsorbent material. For
example, a Type H1 hysteresis loop is typically observed in materials with slit-shaped
pores, while a Type H2 loop is observed in materials with cylindrical pores. The size
of the hysteresis loop can also be used to estimate the pore size distribution of the

material.” 1221, 22
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Although many different shapes of hysteresis loops have been recorded, the IUPAC
classification specifies six main types as shown in Figure 2.10.’
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Figure 2.10. IUPAC (2015) classification of hysteresis loops.’

These six types of hysteresis loops are closely related to the particular features of the
pore structure and underlying adsorption mechanism. They are:

Type H1 loop: This loop is characterised by sharp adsorption and desorption steps and
Is associated with mesoporous structure containing slit-shaped pores.

Type H2 loop: Type H2 is characterised by intricate pore structures where network

effects play a significant role, revealing two types, namely:

- the Type H2(a) loop features a gradual adsorption step and a sharp desorption
step indicating materials with cylindrical pores. The sharp desorption branch is
caused by the blocking of the pore necks of narrow size distribution. Examples
include silica gels, porous glasses (e.g., vycor), and some ordered mesoporous
materials (e.g., SBA-16 and KIT-5 silicas).

- the Type H2(b) loop which is similar to the Type H2(a) in that it suggests pore
blocking but with a wider distribution of pore neck widths. It has been observed
in materials such as mesocellular silica foams and certain hydrothermally

treated mesoporous ordered silicas.
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Type H3 loop: The adsorption branch resembles a Type Il isotherm, while the
desorption branch is limited to cavitation-induced pressures. This loop occurs in

materials with non-rigid aggregates of plate-like particles, such as certain clays.

Type H4 loop: The adsorption branch combines features of Types | and 1l isotherms,
indicating a mix of micropores and mesopores structure. It is commonly found in
aggregated crystals of zeolites, some mesoporous zeolites, and micro-mesoporous

carbons.

Type H5 loop: This is an uncommon loop that is rarely observed. It is related to pore
structures that contain a combination of open and partially blocked mesopores, such

as plugged hexagonal templated silica.

2.2.4 Brunauer-Emmett-Teller (BET) adsorption theory

The Brunauer-Emmett-Teller (BET) theory,? proposed by Stephen Brunauer, P.H.
Emmet, and Edward Teller in 1938, is an extension of the Langmuir theory.?*
Langmuir was the first to establish the connection between gas adsorption isotherms
and surface areas. The Langmuir theory, proposed by Irving Langmuir in 1932, is
based on the assumption that the entire surface is covered with a monomolecular layer
of the adsorptive gas.?* These adsorbed gas molecules collide with the solid surface for
a period of time and assume no interactions between the adsorbed gas molecules
themselves. The delay in the time is assumed to be responsible for the adsorption to
occur. The BET theory, building upon the Langmuir model, introduces the concept of
multimolecular layer adsorption.?® Although the BET theory was not specifically
formulated to characterise the adsorption of microporous materials, the BET surface
area has become the widely accepted standard for the characterisation of porous
materials in general.?® It has received recognition from the International Union of Pure
and Applied Chemistry (IUPAC) as “the most commonly employed method for
evaluating the surface area of various porous and finely divided materials.”’ 2
Moreover, since 1995, it has been an established standard of the International
Organization for Standardization (1SO) for surface area determination.?® As a result,
the BET surface area holds significant importance as a primary measure for assessing
porous materials, including those with microporosity. This model relies on several

fundamental assumptions,?® namely, that (i) the surface of the adsorbent is flat and
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homogeneous; (ii) the principle of the multimolecular layer adsorption, which is that,
where the adsorbed gas molecules on the first layer act as a substrate for the second
adsorption, this layer acts as a substrate for the third layer and so on for an infinite
number of layers, (iii) the heat of adsorption for all layers, except the first one, are
equivalent to the heat of condensation (evaporation); and (iv) the BET theory still
assumes no interaction between neighbouring molecules. Based on all these

assumptions, the BET equation is expressed as follows:# 20

P 1 C—1<P) (2-1)

V.(Po—P) V,C '@ V.,C

Where P the pressure of the gas, Pois the saturation pressure of the gas, V, is the total
quantity of gas adsorbed at STP at pressure P, Vmis quantity of gas adsorbed of the

monolayer, and C is a constant related to the enthalpy of adsorption.

According to the BET equation, a plot of P/[V,(Po — P)] vs. P/Po should generate
a straight line at a specific relative pressure, with a slope equal to the (C—1)/Vn(C, and
an intercept value of 1/VmC. For most solid adsorbents when nitrogen is used as the
adsorptive gas, the isotherm data plot, according to the aforementioned equation, gives
a straight line at a relative pressure range, 0.05 — 0.30 (see Figure 2.11). The C value
obtained by this linear regression should be positive, otherwise it is not going to have
a physical meaning because the interaction energy with the solids would be higher than

the gas-gas molecule. Figure 2.12 illustrates a typical plot:
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Figure 2.11. Screenshot of the BET surface area determination performed for the
samples in this thesis.
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Figure 2.12. Relationship between P / VVa(Po-P) and P/Po across the linear region.
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Within this range the BET surface area can be calculated using the following

equation:1& 20

ViuNyo
SBET == mVA a (2'2)

Where, Sggr is the BET surface are, V, the quantity adsorbed on the monolayer, N,
corresponds to Avogadro’s number (6.022 x 10?%), g, is the molecular cross—sectional
area (nitrogen molecule = 0.162 nm?), and V is the molar volume of the gas at STP
(22414 mL)." 1820

The isotherm data can also reveal additional information, such as pore volume and
pore size distribution (PSD). The pore volume is determined by measuring the quantity
of gas adsorbed (cm® g) at a relative pressure near to the saturation vapour pressure
(P/Po = 0.99), where the pores are fully filled. This involves converting the quantity
of gas adsorbed to the equivalent volume of liquid at the adsorption temperature.
Specifically, for nitrogen at a temperature of —196 °C, the conversion factor from the
adsorbed amount to the volume of liquid adsorbate is 0.0015468 cm? g at standard
temperature and pressure (STP).

Using the data related to the sample given above as an example:

Quantity of gas adsorbed: 695 cm? g at a relative pressure of (P/Po = 0.99). So, by

applying the conversion factor, the total pore volume will be calculated as follows:

Total pore volume = 695 x 0.0015468 = 1.08 cm3g~1! (2-3)

The thickness-plot (t-plot) method is commonly used to estimate the microstructure of
the adsorbent (micropore volume and area). This is achieved when plotting the volume
of the gas adsorbed vs. the adsorbate molecular film thickness, which yields a straight
line. This line gives a positive intercept equivalent to the micropore volume. The most
widely used and commonly employed methods to calculate the thickness are the
Harkins and Jura,?” Halsey,?® and Broekhoff-de Boer equations,?® which are

recognised for their broad applicability.
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The micropore surface area and micropore volume of the samples in this thesis were
obtained from the t-plot analysis, using the Harkins and Jura thickness curve as

illustrated in equation below:

1/,
13.99
t= Harkins and Jura Equation (2-4)

0.034 — log (%)

The values 13.99 and 0.034 are empirical and have been determined through
experimental measurements and observations by Harkins and Jura.'® The t-plot data is
used to calculate the value of y—intercept, which is then in turn used to calculate the
micropore volume by converting it from a gas volume to liquid volume results.
Additionally, the gradient of the linear region, as illustrated in the Figure 2.13, is used
to calculate the micropore volume and surface area according to the following

equations:
Vicropore = (0.0015468) X (t — plot intercept) (2-5)
Smesopore = 1.5468 X (t — plot slope) (2-6)
Smicropore = SBET - Smesopore (2'7)
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t-Plot
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Summary

Micropore volume: 0.556730 cmiig
Micropore area: 1,403.4881 m2ig
External surface area: 3354615 m3g
Slope: 21.640746 + 1.388823 cm®g A STP
Y-intercept: 359177259 + 6.072991 cm3g STP
Correlation coefficient: 0.983921
Surface area correction factor: 1.000
Density conversion factor: 0.0015502
Total surface area (BET): 1,738.9496 mg
Thickness range: 3.5000 to 5.0000 A
Thickness equation: Harkins and Jura

Figure 2.13. t-Plot illustration of a sample in the thesis.

2.2.5 Pore size distribution (PSD)

Pore size distribution information is very important for a number of applications and
knowing all the size ranges is beneficial for understanding the capability of a material
toward specific applications. A number of methods are employed to extract
information about the pore structure, including pore size and pore size distribution,
from adsorption/desorption isotherms of adsorbents. Some methods are applicable
only to specific types of isotherms, depending on the shape and structure of the pores.
The PSD of a material can be determined using the Kelvin equation taking into
consideration the capillary condensation that occurs in narrow pores at pressures below
the saturated vapour pressure of the adsorptive.*® The Kelvin equation describes the
relationship between the changes in vapour pressure above the interface of a liquid
cylindrical capillary with its radius.®® However, the Kelvin equation is primarily based
on monolayer adsorption and cannot be directly used to calculate pore size as it does
not consider the occurrence of multilayer adsorption followed by capillary

condensation in mesoporous materials.'® Various methods, such as the Barrett, Joyner,
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and Halenda (BJH)*! model make use of modified versions of the Kelvin equation with
a correction term for the thickness of the multilayer adsorbed film.® However, studies
have shown that Kelvin equation-based procedures, including the BJH method, that
account for the wall thickness due to multilayer adsorption tend to significantly
underestimate the pore size for narrow mesopores (pore size < ~ 100 A), leading to an

underestimation of approximately 20-30%.2%:22 3233

In recent decades, the use of Density Functional Theory (DFT), particularly Non-local
Density Functional Theory (NL-DFT), is considered to be superior and a more reliable
method for the analysis of PSD over the complete nanopore range.?! 34 35 This theory
presents a description of confined fluid behaviour in non-homogeneous systems which
is based on the fundamental principles of statistical mechanics. The theory is based on
classical and statistical thermodynamic principles, assuming the equilibrium
thermodynamic state of the adsorbate-adsorptive in the gas phase under specific
controlled conditions. Seaton and Walton were the first to propose a Density
Functional Theory (DFT) model to calculate the pore size distribution from nitrogen
adsorption isotherms of activated carbon.3® A significantly improved model based on
the non-local density functional theory (NL-DFT) evolved a few years later.?* The NL-
DFT method enables the determination of pore size and pore size distribution from gas
adsorption isotherms measured across a pressure range that extends from low relative
pressure up to the saturation pressure of the fluid.*® 3" The NL-DFT method is capable
of describing materials with a wide range of porosity, including micro-, meso-, and
macroporous structures, including activated carbons. It provides a comprehensive
model that can extract a continuous pore size distribution, allowing for an accurate
quantification of the complete porosity profile of the material. For instance, in porous
carbons, the one-dimensional infinite slit model assumes that pores are formed
between infinite walls and generate a series of theoretical isotherms (kernels) that
indicate the amount of gas adsorbed as a function of pore size and pressure at a specific
temperature. By comparing these theoretical isotherms with experimentally measured

isotherms, the PSD of the sample can be determined accurately.?! 32

For the purposes of this study, nitrogen sorption (at -196 °C) isotherms and textural
properties of the activated carbons were determined using a Micromeritics 3FLEX
sorptometer. Prior to analysis, the carbons were degassed at 300 °C for 16 h under

vacuum. The surface areas were calculated using the Brunauer— Emmett—Teller (BET)
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method using the nitrogen adsorption data in the relative pressure (P/Po) range
between 0.05-0.30. The relative pressure (P/Po) range used to determine the surface
areas follows the Rouquerol Criterion, which makes use of the adsorption data up to
the P/Po pressure where V(1 — P/Po) exhibits a maximum.” 3 3° Total pore volume
was determined from the amount of nitrogen adsorbed at a relative pressure of 0.99.
The micropore surface area and micropore volume were estimated using t-plot
analysis. The pore size distribution (PSD) was determined using a Non-Local Density

Functional Theory (NLDFT) model applied to nitrogen adsorption data.

2.3 Gas uptake measurement

The physical adsorption of a gas on a solid material can be defined as the process by
which gas molecules (adsorbate) adhere to the surface of the solid material (adsorbent).
These forces are caused by van der Waals interactions between the adsorbent surface
and the adsorbate.” This adsorption phenomenon is influenced by factors such as

temperature, pressure, and the surface area and porosity of the solid material.

Gas uptake was determined using advanced gas sorption analysers, namely, the Hiden
Intelligent Gravimetric Analyser (IGA-003) and the Hiden Isochema XEMIS
Analyser. The gravimetric technique allows for the precise measurement of methane
and CO2 uptake on solid materials through highly accurate gravimetric sorption
analysers. To quantify the amount of a specific gas adsorbed onto a porous material, a
gravimetric uptake analysis is conducted using a microbalance to monitor changes in
sample weight at various pressures. Pressure is systematically adjusted during
adsorption and subsequently held constant at a predefined pressure point until
equilibrium is reached. The recorded changes in weight versus pressure are used to
determine the sorption uptake, which leads to the creation of the gas sorption

isotherm. 4041

CO2 Uptake Measurements. The CO- uptake isotherms of the carbons were measured
at room temperature (ca. 25 °C) and at a pressure range of 0 to 20 bar using a Hiden
intelligent gravimetric analyser (IGA-003). Prior to analysis, the carbon samples were

outgassed under vacuum at 240 °C for several hours.

Methane Uptake Measurements. Methane uptake was determined using a Hiden

Isochema XEMIS Analyser. Before the uptake measurements, the carbons were
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degassed at 240 °C under vacuum for several hours. Adsorption—desorption isotherms
were obtained at 25 °C over a methane (CHs) pressure range of 0—100 bar.
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Chapter 3

Effect of Air-Carbonisation Temperature on the Porosity
and Gas Adsorption Performance of Biomass-Derived
Activated Carbons

Abstract

The use of porous carbons derived from biomass sources as gas stores, particularly
activated carbons, has attracted significant attention as a promising solution for
energy-related applications such as carbon capture and storage (CCS) and storage of
natural gas in the form of adsorbed natural gas (ANG). This study aimed to investigate
the effect of air-carbonisation temperature on the structure and gas adsorption
performance of activated carbons prepared from Hookah Tobacco (HTb). The findings
of this study demonstrated the significance of air-carbonisation temperature, in the
range of 300 to 550 °C, in determining the elemental composition and therefore
O/C ratio of the resulting carbonaceous matter. This then enabled the modifying and
tailoring of the porosity, surface area, O/C ratio and packing density of the resulting
activated carbons. The O/C ratio of the carbonaceous matter could be varied in the
range of 0.245 to 0.379, and generally decreased with carbonisation temperature. The
surface area of the activated carbons was in the range of 402 to 3413 m? g with pore
volume of 0.18-1.65 cm® g, depending on the air-carbonisation temperature (and
thus O/C ratio of the carbonaceous matter), amount of activating agent used and
activation temperature. High air-carbonisation temperature (450 or 550 °C) generated
carbonaceous matter with lower O/C ratio and led to activated carbons with greater
surface area and pore volume. On the other hand, lower air-carbonisation temperature
generated carbonaceous matter with O/C ratio that resulted in microporous activated
carbons. In this way, the pore structure of the activated carbons could be designed
towards optimal CO, capture at 25 °C and low pressures; 2.0 and 5.2 mmol g* at
0.15and 1 bar, respectively. Furthermore, the ability to adjust O/C ratio of the
precursor allowed porosity modulation towards activated carbons with a high packing

density of up to 0.79 g cm™, which are suited for enhanced gravimetric and volumetric
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methane storage of up to 0.38 g g™ and 278 cm?® (STP) cm3, respectively, at 25 °C and
100 bar. The findings emphasise the significance of air-carbonisation temperature in
tailoring and optimising the properties of biomass-derived activated carbons for

suitability in energy applications.
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3.1 Introduction

Recently, among the most commonly used materials in the preparation of activated
carbon, biomass-based materials have attracted significant attention due to their
abundant availability, low cost, and sustainability. 1 The use of biomass (or biomass
waste) as a starting material offers a sustainable approach for the production of
activated carbons, and with careful synthesis, the properties of the carbons can be
optimised to fulfil specific applications. The textural properties of activated carbons,
such as pore volume, surface area, and packing density, can be influenced by several
factors, including the nature and type of a precursor, mode of carbonisation, and
activation parameters (type and amount of activating agent, as well as temperature).®
914 Understanding and precisely controlling these factors can play a key role in
tailoring the textural properties of the resulting activated carbons, which can
significantly enhance their performance in targeted applications. Chemical activation
with KOH is amongst the most widely used processes for the preparation and
modulation of the porosity of activated carbons and can offer a higher degree of control

over pore size distribution and surface area.l 8 1°

The textural properties (i.e., porosity, surface area and packing density) of the activated
carbons are dependent on the activation conditions (amount and type of activating
agents and activation temperature) and the nature and type of carbonaceous matter
used as starting material (i.e. precursor).l 89121416 For jnstance, the atomic O/C ratio
of any carbonaceous matter has been shown to be a key factor in predicting
susceptibility to activation and the type of the porosity generated with respect to the
relative mix of microporosity and mesoporosity.: ® 116 When the O/C ratio of a
carbonaceous matter is low, the resulting activated carbons tend to be highly
microporous with low to moderate surface area due to the resistance of such precursors
to activation. On the other hand, carbonaceous matter with higher O/C ratio are more
susceptible to activation, which results in activated carbons with higher surface area
and a mix of micro- and mesoporous character.> ® 12 Furthermore, the O/C ratio of
carbonaceous matter from any one biomass source can be varied via choice of
carbonisation process. Alali and Mokaya prepared activated carbons from cloves
(Syzygium aromaticum) via either hydrothermal carbonisation (HTC) or flash air-
carbonisation (fA-C) followed by chemical activation with KOH. Both carbonisation
routes (HTC and fA-C) yielded relatively similar carbonaceous matter, namely HCC
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(from HTC) or ACC (from fA-C), with low O/C ratio of 0.36 and 0.31, respectively.®
They observed that the effect of the O/C ratio was reflected on the resulting activated
carbons in that they generally had relatively similar levels of overall porosity and mix
of microporosity and mesoporosity.*® However, although the yield of HCC and ACC
were similar at 35%, the ACC-derived activated carbons offered higher yield, which
hinted at slightly greater resistance to activation.!® However, there are hardly any
studies that systematically probe the impact of carbonisation temperature on the O/C
ratio. Zhang, et al. prepared a series of carbons via HTC of glucose at 190 °C followed
by calcination of the resulting hydrochar (with an O/C ratio of 0.33) at temperatures
ranging from 200 to 300 °C, and observed that the O/C ratio of the resulting low
surface area (300 — 900 m? g) carbons varied from 0.40 to 0.45.17 This compared with
O/C ratio of 0.37 for glucose directly pyrolysed at 300 °C.}” The proportion of
ultramicropores in the carbons was found to vary somewhat according to the mode of
preparation and the final pyrolysis temperature.}” However, to date, we are not aware
of any studies that systematically probe the impact of carbonisation temperature of
biomass-derived precursors on the porosity of high surface area activated carbons. Any
effect of carbonisation temperature would provide an effective extra tool for
modulating the porosity of activated carbons.

Recent research on activated carbon preparation has mostly focused on the impact of
activation factors such as activating agent type, activation temperature, and activating
agent amount. Although the carbonisation step prior to activation is a crucial step in
the production of activated carbon, it has been the subject of very few investigations.*®-
20 Conventionally, the preparation of porous carbon materials from biomass often
involves hydrothermal carbonisation (HTC)Y 212 or pyrolysis®*?’ as an initial step to
convert biomass into carbon-rich carbonaceous matter prior to activation. In HTC,
biomass is converted into hydrochar through thermochemical degradation by heating
in water and endogenous pressure at relatively low temperatures (250-350 °C), while
in pyrolysis, the biomass is converted into carbon-rich matter via thermal treatment
under an inert gas such as N at elevated temperatures (typically 600-900 °C). Both
HTC and pyrolysis can be time-consuming processes that require either high
temperatures or specialised high-pressure equipment and typically take several hours.

In this regard, the simpler flash air-carbonisation route that can be realised at low
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temperatures, with less energy consumption for conversion of biomass to

carbonaceous matter is an attractive alternative.®* 711

The flash air-carbonisation of biomass materials has been presented as a green and
simple process for producing activated carbons and is now known to generate
carbonaceous matter with low O/C ratio. On activation, such O-poor precursors
generate activated carbons with very interesting textural properties, which may be
tuned to offer enhanced gas (CO2 or methane) uptake.> * " 1* However, although the
effect of the nature and type of biomass on the O/C ratio of flash air-carbonised
carbonaceous matter has been demonstrated,® % - 1! the effect of the air-carbonisation
temperature has not been systematically probed. It is desirable to establish the effect
of the carbonisation temperature as it could potentially enable further fine tuning of
the O/C ratio of carbonaceous matter and, in turn, the properties of the final activated
carbons. Therefore, the work presented in this chapter examined the impact of air-
carbonisation temperature on the structure and gas (CO; and methane) uptake
performance of activated carbons generated from Hookah Tobacco waste via flash air-
carbonisation followed by KOH activation. Hookah Tobacco has been selected as
biomass source due to the fact that, although there are large amounts of tobacco waste,
it has seldom been explored as a precursor for activated carbons especially for storage
for energy related gases, CO, and methane.?® Use of Hookah Tobacco can therefore
offer insights on how waste tobacco may be generally used for the preparation of
activated carbons, and additionally offers the opportunity to explore valorisation of

waste into useful sustainable energy materials.

3.2 Experimental section

3.2.1 Material synthesis

The biomass used, Hookah Tobacco waste (designated as HTb), was flash air-
carbonised as follows. A known amount of HTb was placed in an alumina boat and
heated in a horizontal tube furnace, at heating ramp rate of 10 °C min, up to 300, 350,
450 or 550 °C) under a flow of nitrogen gas. Once at the targeted temperature, the HTb
was exposed to a flow of air only for 5 min, after which the furnace was allowed to
cool down under a flow of nitrogen gas only. The resulting carbonaceous matter was
designated as HTbx carbon where x is the carbonisation temperature. Thus HTb
carbonised at 300 °C is denoted as HTh300.
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For activation, the HTbx carbon and KOH were ground together into a fine powder, at
a KOH/HTbx carbon weight ratio of 2 or 4, to give a homogeneous dark grey powder.
The powder was placed in an alumina boat and heated in a horizontal tube furnace to
600, 700 or 800 °C at a heating ramp rate of 3 °C min* under an atmosphere of nitrogen
gas and held at the final temperature for 1 h, after which the furnace was allowed to
cool under a flow of nitrogen to room temperature. The resulting activated samples
were then collected and washed with stirring in 10% HCI at room temperature, and
then repeatedly washed with deionized water until neutral pH was achieved for the
filtrate and then dried in an oven at 100 °C. The resulting activated carbons were
designated as HTbx-yT, where x is the flash air-carbonisation temperature, y is the
KOH/HTbx carbon ratio and T is the activation temperature (in °C). Thus, an activated
carbon derived from HTb300 at KOH/HTb300 ratio of 2 and at 800 °C is designated
as HTb300-2800.

3.2.2 Material characterisation

Thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600
analyser under flowing of air conditions (100 ml min™) and a heating ramp rate of
10 °C mint. Powder XRD analysis was performed using a PANalytical X’Pert PRO
diffractometer with Cu-Ka light source operating at (40 kV, 40 mA), with step size of
0.021 and 50 s time step between 2° and 80°. Elemental analysis, for C, H and N, was
carried out using an Exeter Analytical CE-440 Elemental Analyser. Nitrogen sorption
isotherms and textural characteristics of activated carbons were obtained using a
Micromeritics 3FLEX sorptometer via nitrogen sorption analysis at —196 °C. Before
analysis, the carbons were degassed at 240 °C for 16 h. The surface area was calculated
using the Brunauer—-Emmett-Teller (BET) method applied to adsorption data at the
appropriate relative pressure (P/Po) range. The relative pressure (P/Po) range used to
calculate the surface areas was according to the Rouquerol Criterion, which suggests
use of adsorption data up to the P/Po pressure, where V(1 — P/Po) exhibits a maximum,
and that there should be a positive intercept and no negative value of C.2%-3! Adsorption
beyond this value represents the point where the adsorbed amount increases less
rapidly with pressure compared to the first adsorbed layer.®® The pore volume was
estimated from the total nitrogen adsorbed at pressure near saturation (P/Po = 0.99).
T-plot analysis was used to calculate the micropore surface area and micropore

volume. The pore size distribution (PSD) was determined using the non-local density
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functional theory (NLDFT) model, applied to the nitrogen adsorption data. Scanning
electron microscopy (SEM) images were obtained using a JEOL 7000F FEG-SEM
microscope operating at accelerating voltage of 5 kV. Transmission electron
microscopy (TEM) images were obtained using a JEOL 2100F instrument operating
at 200 kV, and equipped with a Gatan Orius CCD for imaging. Prior to analysis, the
carbon samples were suspended in distilled water and dispersed onto lacey carbon

support films.

The packing density of the carbons was determined by pressing a known mass of
carbon at a compaction pressure of 370 MPa in a 1.3 cm diameter die for 5 minutes at
ambient temperature. The packing density could then be worked out from the mass

and volume of the resulting carbon pellet.

3.2.3 Gas uptake measurements of (CO2 and CHa)

Gas uptake measurements were obtained using a Hiden Isochema Intelligent
Gravimetric Analyser (IGA-003) for CO> uptake over the pressure range of 0—20 bar
at room temperature. Prior the CO, uptake measurements, the carbons were outgassed
at 240 °C for several hours. Methane uptake at 25 °C and pressure of 0-100 bar was

determined using a Hiden Isochema XEMIS Analyser.
3.3 Results and discussion
3.3.1 Yield and elemental analysis

The elemental composition of the biomass source (Hookah Tobacco waste, HTb), and
yields and elemental composition of air-carbonised Hookah Tobacco (HTbx), and the

resulting activated carbons (HTbx-yT) are given in
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Table 3.1. In the preparation of carbon-based materials, the yield of the resulting
carbons after each process (carbonisation or activation) is an essential factor that is
taken into consideration. Therefore, in this study, the yield of the resulting carbons
produced after air-carbonisation (carbonaceous matter) and activation (activated
carbon) was monitored in order to evaluate the effect of air-carbonisation temperature.
The data shows that increasing the air-carbonisation temperature led to a decrease in
yield of the HTbx carbonaceous matter. The yield of HTbx for carbonisation at 300 °C
or 350 °C is similar at 34 wt% and 33 wt% for HTb300 and HTb350, respectively. The
yield decreased to 25 wt% and 24 wt% for carbonisation at 450 °C (HTb450) and
550 °C (HTb550), respectively, as depicted in Figure 3.1. Thus, the yield decreases
slightly when increasing the carbonisation temperature from 300 to 350 °C, followed
by a significant drop for carbonisation at 450 °C, and then a slight further decrease at
550 °C. This could be attributed to the retention of some volatile matter in HTbx at
low temperature, which then decreases or is eliminated at higher temperature. The
trend suggest that the removal of any such volatile matter may be near complete at
450 °C, which is consistent with previous reports on thermal treatment of biomass in

air® 7

The yield of activated carbons (HTbx-yT), on the other hand, increased in direct
proportion to the air-carbonisation temperature. Activated carbons derived from
HTb300 have yield ranging from 19 to 47 wt%, while the yield is 22 to 49 wt% for
those derived from HTh350, 41 to 53 wt% from HTb450, and 31 to 72 wt% for carbons
derived from HTb550. A possible explanation for this trend is that carbonaceous
matter produced at lower carbonisation temperatures contains more volatiles, which
are lost during activation. A similar trend was observed by Li, et al. who carbonised
coconut shell, and found that carbonisation at higher temperatures resulted in a more
organised structure of the coconut shell char compare to that obtained at lower

carbonisation temperatures.?°

Regarding elemental composition, the HTb contains 43.6 wit% C, which, on
carbonisation, generally increases with the carbonisation temperature to 62.9 wt% for
HTb300, 66.8 wt% for HTb350, 70.6 wt% for HTh450, and 69.4 wt% for HTb550. As
a consequence, the O content decreases from 48.6 wt% for HTb to 31.8 wit%
(HTb300), 27.0 wt% (HTh350), 23.1 wt% (HTb450), and 26.6 wt% for HTb550. This
results in lower O/C ratios of 0.379 (HTb300), 0.303 (HTb350), 0.245 (HTh450),
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followed by an apparent slight increase to 0.287 for HTb550. The O/C atomic ratio of
the raw HTDb is 0.836, which is consistent with values typically observed for many
other biomass sources, which are within the range of 0.75 to 1.0.* ! It is clear that
increasing the air-carbonisation temperature has the effect of varying the elemental
composition of the resulting HThx carbonaceous matter, and in particular the O/C
ratio. The impact of this variation is seen in the elemental compositions of the resulting
activated carbons whose C content is in line with the O/C ratio of the HTbx carbons
from which they are derived. The C content of activated carbons derived from HTb300
is in the range of 62—70 wt%, which range rises to 75-89 wt% (HTh350), 77-91 wt%
(HTb450), and 75-89 wt% (HTb550). Consequently, the content of H and N gradually
decreases at higher carbonisation temperatures and/or higher activation levels.
Activation of HTbx at any given temperature increases the C content, with a more
significant increase observed at higher levels of activation (higher activation
temperature or amount of KOH). In this way, the varying O/C ratio of the HTbx
carbons provides an opportunity to tailor the porosity and packing density of the

resulting carbons, as described in the following sections.
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Table 3.1. Elemental composition of the raw Hookah Tobacco biomass (HTb), and
yield and elemental composition of air-carbonised Hookah Tobacco (HTbx), and

corresponding activated carbons (HTbx-yT).

sample [jv'ti'/‘:] C[%] H[%] N[%] O[%] (O/C)
HTb-biomass - 43.6 7.5 0.3 48.6 0.836
HTb300 34 62.9 4.6 0.7 318 0.379
HTb300-2600 47 65.5 23 0.5 317  0.363
HTb300-2700 41 66.6 11 0.0 323 0364
HTb300-2800 19 69.8 0.4 0.0 208 0320
HTb300-4600 40 66.7 15 0.4 314  0.353
HTb300-4700 23 61.6 13 0.3 36.8  0.448
HTb300-4800 21 62.5 05 0.0 370 0444
HTb350 33 66.8 47 15 270 0303
HTb350-2600 49 747 0.4 0.3 246 0247
HTb350-2700 43 83.4 0.6 0.3 157 0141
HTb350-2800 42 82.5 0.8 0.1 166  0.151
HTb350-4600 31 76.5 0.4 0.4 27 0223
HTb350-4700 26 84.2 0.3 0.1 154 0137
HTb350-4800 22 89.6 0.2 0.1 101 0085
HTb450 25 70.6 38 25 231 0245
HTb450-2600 44 81.4 05 0.1 180  0.166
HTb450-2700 42 86.1 0.4 11 124 0108
HTb450-2800 41 91.4 0.0 0.0 86 0071
HTb450-4600 53 76.9 0.3 0.2 26 0220
HTb450-4700 48 88.4 0.1 0.1 114 0.097
HTb450-4800 40 89.3 0.0 0.0 107  0.090
HTb550 24 69.4 26 14 266 0287
HTb550-2600 72 74.9 0.8 0.1 242 0242
HTb550-2700 45 84.5 0.1 0.1 153 0136
HTb550-2800 50 88.9 0.1 0.2 108  0.091
HTb550-4600 61 80.4 0.5 0.1 190 0177
HTb550-4700 52 84.8 0.0 0.1 151 0133
HTb550-4800 31 81.5 0.0 0.1 184  0.169
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Figure 3.1. Effect of the air-carbonisation temperature of Hookah Tobacco on the
yield of the resulting carbonaceous matter.

3.3.2 Structural and morphological characterisation

To evaluate the purity and thermal stability of both the air-carbonised carbonaceous
matter and the resulting activated carbons, thermogravimetric analysis (TGA) was
conducted under flowing air conditions. The TGA curves for the raw HTb and HTbx
carbonaceous matter are shown in Figure 3.2. The raw HTb loses ca. 70% of its mass
continuously up to 450 °C due to loss of moisture and degradation of the tobacco,
followed by a sharp mass loss from carbon combustion that is complete at 500 °C. The
observed trend is consistent with previous results on the combustion of tobacco.®? The
residual mass from combustion of the raw HTb is 3 - 4 wt%, which is ascribed to ash.
The curves of the HTbx carbons indicate thermal stability up to ~ 350 °C, followed by
a significant mass loss between 350 °C and 600 °C due to carbon burn off. The residual
mass of the HTbx carbons at 800 — 1000 °C varies between 4 and 10 wt% depending
on the air-carbonisation temperature with higher values at higher temperature. This
suggests that some of the inorganic matter (ash content) in tobacco is retained
following the air-carbonisation process, and that the proportion rises especially for
carbonisation at 350 to 550 °C. The TGA curves for representative activated carbons
shown in Figure 3.3 indicate a significant mass loss between 450°C and 650 °C due
to carbon combustion, along with a minor loss below 120 °C due to moisture removal.

The residual mass after heating the samples in air at 1000 °C is typically less than 5%
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by weight, indicating the absence of significant amounts of inorganic residues but that
the ash in HTbx may be retained during the activation process. Thermal stability of the
activated carbons was found to be influenced by the activation temperature, with
samples activated at 700 °C having a maximum burn-off temperature of 600 °C
compared to up to 650 °C for carbons activated at 800 °C. This demonstrates the
impact of activation temperature on thermal stability, with higher activation
temperatures resulting in greater thermal stability, in line with previous research.% -
33 Interestingly, the TGA curves of activated carbons obtained under the same
activation conditions (activation temperature and KOH/HTbx ratio) are nearly
identical with similar thermal stability regardless of the differences in the
carbonisation temperature of the carbonaceous matter.

80 - 80 - —— HTb300
Raw-HTb —— HTb350
< ~ —— HTb450
< 60+ X 60- —— HTb550
= 5
() b
= 40 O 40
=
20 - 20 -
0 0

— 1T v T T T T T 7 — 71 r T T T r T 73
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)

Figure 3.2. Thermogravimetric analysis (TGA) curves of (A) raw-HTb, (B) biomass-
derived carbonaceous matter air-carbonised at various temperatures (300, 350, 450
and 550 °C).
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Figure 3.3. Thermogravimetric analysis (TGA) curves of activated carbons derived from
Hookah Tobacco-derived carbonaceous matter air-carbonised at various temperatures.

The XRD patterns of HTbx carbons are presented in Figure 3.4. The patterns revealed
a broad peak at 2—theta of 22° and 44°, corresponding to the positions at which the
(002) and (100) diffractions arising from graphene stacks are expected. This suggests
that the HTbx carbons have some degree of graphene-like stacking, which is greatly
reduced or lost for the activated carbons due to the disruptive nature of the activation
process. Interestingly, the carbonisation temperature did not seem to have any
significant or consistent effect on the level of graphene stacking observed in the XRD
patterns. The XRD analysis of the activated carbons (Figure 3.5, Figure 3.6, Figure
3.7 and Figure 3.8) revealed a lack of prominent peaks associated with graphene
stacking, which is in line with the anticipated effect of activation in disrupting graphitic
domains.* 1 However, it is worth noting that the carbon generated from the HTb300
precursor (lower carbonisation temperature) showed some degree of graphene-like
stacking, as evidenced by the presence of a prominent peak at a 2-theta of 26.5°.
Overall, the XRD patterns of the activated carbons are primarily amorphous, which is
typical of KOH activated carbons.® 1234
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Figure 3.4. XRD pattern of biomass-derived HTBx carbonaceous matter air-
carbonised at various temperatures (x = 300, 350, 450 or 550 °C).
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Figure 3.5. XRD patterns of HTb300-derived activated carbons.
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Figure 3.6. XRD patterns of HTh350-derived activated carbons.
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Figure 3.7. XRD patterns of HTb450-derived activated carbons.
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Figure 3.8. XRD patterns of HTb550-derived activated carbons.

To monitor morphology changes and the effect of carbonisation temperatures on
activated carbons, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) analysis were performed. The resulting SEM and TEM images of
representative activated carbons are presented in Figure 3.9 and Figure 3.10.
According to the SEM images, the morphology of the activated carbons is
characterised by irregularly shaped particles with sharp corners, which is typical of
activated carbons.* 1% 35 The carbonisation temperatures and KOH/HTbx ratio appear
to have an impact on the morphology of the activated carbons. Activated carbons
generated from carbonaceous matter carbonised at low temperatures and/or activated
at a low KOH/HTbx ratio of 2 (Figure 3.9) exhibit a greater degree of surface
roughness, indicating a microporous structure. Figure 3.10 displays representative

TEM images of HTbx-4800 samples. The pore channel geometry and connectivity are
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similar for all four samples, indicating a highly porous material. The TEM images
reveal that sample HTb450-4800 has larger pores than HTb300-4800, which is
consistent with the fact that the former was prepared at a higher carbonisation
temperature and achieved a higher level of activation, which should generate larger

pores.
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Figure 3.9. SEM images of HTbx-yT activated carbons derived from Hookah Tobacco
following flash air-carbonisation and activation with KOH; x = air carbonisation
temperature, y = KOH/HTbx carbon ratio, and T is activation temperature.
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Figure 3.10. TEM images of HTbx-derived activated carbons activated at
KOH/HTbx ratio of 4 and at 800 °C.
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3.3.3 Porosity and textural properties

The nitrogen sorption isotherms and the pore size distribution (PSD) curves of the
activated carbons are displayed in Figure 3.11, Figure 3.12, Figure 3.13 and Figure
3.14. The isotherms are fully or predominantly type 1, which implies that most of the
carbons are primarily microporous; the activated carbons have a high amount of
nitrogen adsorbed at P/Po < 0.1, suggesting significant levels of microporosity.
However, as the air-carbonisation temperature increases, the slope of the adsorption
knee region (at relative pressure, P/Po, between 0.1 — 0.3) increases very slightly in
some cases and becomes broader indicating the formation of somewhat larger pores.®
3" The quantity of nitrogen adsorbed, which is an indicator of the level of porosity
generated, varies based on the (i) air-carbonisation temperature of the HTbx precursor
(i) amount of KOH used, i.e., KOH/HTbx ratio (2 or 4), and (iii) activation
temperature. For any given activation conditions (KOH/HThbx ratio and temperature),
the nitrogen sorption isotherms in most cases indicate a greater level of porosity for
activated carbons derived from HTbx carbons air-carbonised at higher temperature. As
the carbonisation temperature and/or activation severity increased (i.e., higher
amounts of KOH and activation temperature), the quantity of nitrogen adsorbed by the
activated carbons always increased. It is noteworthy, however, that HTb300-derived
activated carbons (Figure 3.11), with the exception of HTb300-4800, exhibit little
variation in the shape of their isotherms, which are characterised by a sharp adsorption
knee at a very low relative pressure (P/Po ~ 0.01). This indicates the presence of a
significant proportion of microporosity and the absence of pores larger than the
micropore range (up to 20 A). The exception, sample HTb300-4800, was obtained
under more severe activation conditions, and exhibited much higher nitrogen
adsorption with a broadening in the knee, indicating the presence of some larger
micropores and some degree of mesoporosity. Upon increasing the carbonisation
temperature to 350 °C, the HTh350-derived activated carbons, show an increase in the
amount of nitrogen adsorbed with relatively sharp adsorption knee maintained at all
activation conditions. A similar trend is observed for the isotherms of activated
carbons derived from HTh450 and HTb550 (Figure 3.13 and Figure 3.14) but with
higher amounts of nitrogen adsorbed. At KOH/HTbx ratio of 2, HTh450 and HTb550
derived carbons still retain high microporosity but the pores are wider compared to
those of HTb300 or HTb350 derived samples. At KOH/HTbx ratio of 4, HTh450 and
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HTb550 derived carbons display significant mesoporous development, which is

evident from the broadening of the knee in the isotherms and the high amount of

nitrogen adsorption.
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Figure 3.11. Nitrogen sorption isotherms (A, C) and corresponding pore size
distribution curves (B, D) of HTb300-derved activated carbons.
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Figure 3.12. Nitrogen sorption isotherms (A, C) and corresponding pore size
distribution curves (B, D) of HTb350-derved activated carbons.
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Figure 3.13. Nitrogen sorption isotherms (A, C) and corresponding pore size
distribution curves (B, D) of HTb450-derved activated carbons.
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Figure 3.14. Nitrogen sorption isotherms (A, C) and corresponding pore size
distribution curves (B, D) of HTb550-derved activated carbons.
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Pore size distribution (PSD) curves provide further insight into the pore size of the
activated carbons as shown in Figure 3.11, Figure 3.12, Figure 3.13 and Figure 3.14.
The pore size distribution of the activated carbons shifts towards larger pore sizes with
increase in the air-carbonisation temperature and/or activation severity. Specifically,
the PSD curves for HTb300-activated carbons (Figure 3.11B and D) exhibit a sharp
peak centered at ~5 A, indicating the presence of ultramicropores. Upon increasing the
activation temperature for samples HTb300-2T (from 600 to 800 °C), a second peak is
observed at ~9 A following by collapsing in the wider pore for samples HTb300-4T
with broader peaks ranging from 10 to 30 A at higher seversity activation. Increasing
the carbonisation temperature to 350 °C, cause a peak to appear in other position in the
PSD curves at ~9 A, indicating the presence of supermicroporous features, which
further broadening up to 20 A at higher activation conditions (Figure 3.12B and D).
The HTb450 and HTh550 activated carbons (Figure 3.13 and Figure 3.14, B and D)
exhibit a much broader PSD curve, with two distinct peaks centered at ~9 A and ~30 A,
depending on the seversity of the activation indicating the presence of both micropores

and mesopores.

Table 3.2 presents the textural properties of HTbx-derived activated carbons. In
general, the textural properties of the resulting activated carbons are strongly
influenced by the carbonisation temperature. The total surface area and total pore
volume typically increase with rising carbonisation temperature to a maximum at
450 °C and then slightly decrease for activated carbons produced from HTb550.
Sample HTb450-4800 has the highest surface area and pore volume of 3413 m? g and
1.65 cm® g, respectively. The surface area of the HTb300-yT series of sample
(derived from HTb300), was found to range from 402 to 2253 m? g, which range
increased to 1338 to 2799 m? g* for the HTb350-yT series carbons. The surface area
of the HTb450-yT series carbons varied between 1320 and 3413 m? g, while for HTb
550-yT series carbons the surface area range was 1805 to 3123 m? gX. Thus as the
carbonisation temperature rises, the highest surface area attained by the activated
carbons increased from 2253 m? g for the HTh300-yT series to 3413 m? g* for the
HTb450-yT series before a slightly decreasing to 3123 m? g2, for the HTb550-yT
series carbons. Figure 3.15 illustrates the influence of carbonisation temperatures on
the surface area of activated carbon that were prepared under similar conditions. As

the carbonisation temperature increases, the surface area generally rises; for example,
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for samples activated at KOH/HTbx ratio of 2 and 800 °C, the trend is HTb300-2800
(1424 m? g1) < HTb350-2800 (1957 m? g') < HTh450-2800 (3318 m? g™).
However, for the HTb550-derived sample, there is a slight decrease in surface area for
HTb550-2800 to 2439 m? g*. As stated above, a similar trend is evident activation at
at KOH/HTDbx ratio of 4 and 800 °C, i.e., HTb300-4800 (2253 m? g!) < HTb350-4800
(2799 m? g1) < HTh450-4800 (3413 m? g1) > HTb550-4800 (2855 m? g1, as depicted
on Table 3.2. This trend may be attributed to the effect of a combination of factors
including the O/C ratio and ash content of the HTbx precursors. The O/C ratio is
inversely proportional to the ease of activation of the HTbx precursors, while the
amount of ash acts in a converse manner. Indeed the ash in the HTbx precursors may

contain metal residues that may also act as activators.®
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Figure 3.15. The effect of carbonisation temperature on surface area for activated
carbons prepared under similar activation conditions.

The trend of pore volume of the activated carbons is also related to the
carbonisation temperature. The HTb300-yT series has pore volume in the range of
0.18 to 1.08 cm? g%, which range increases to 0.56 to 1.26 cm? g for the HTh350-yT
series, while HTb450-yT series shows an even higher range of 0.56 to 1.65 cm® g*. In
line with trends in surface area, a slight decrease in pore volume is observed for the
HTb550-yT series with pore volume in the range of 0.77 to 1.48 cm® g*. Thus, in line
with the trend in surface area, the pore volume generally increases with carbonisation
temperature. Specifically, the pore volume of samples activated under similar
conditions significantly varies depending on carbonisation temperature, which
emphasises the role of the later (carbonisation temperature) in modulating the textural
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properties of the activated carbons. For example, the pore volume of HTh300-2800 is
0.61 cm® g, while for HTb550-2800 it is 1.03 cm® g!. Regarding the nature of
porosity generated, it is noteworthy that activated carbons prepared at KOH/HTbx
ratio of 2 exhibit a significant proportion of micropore surface area and pore volume,
notwithstanding the increase in overall surface area resulting from the rise in
carbonisation temperature. For example, for HTb300-2T samples, ca. 90% of the
surface area and 80% of the pore volume arise from micropores. This decreases for
HTb300-4T samples to 45 — 85% of the surface area and 36 — 75% of the pore volume
arising from micropores. Similarly, HTb350-2T samples have a high proportion of
micropore surface area at 90%, with the micropore pore volume ranging between 84%
and 90%. Overall, the HTb350-2T samples maintain high levels of micropore surface
area and pore volume, with values of 74 — 80% and 71 — 64%, respectively, even at
the severest activation conditions. Indeed, more genrally, for activation at a
KOH/HTbx ratio of 2, the percentage of surface area and pore volume arising from
micropores is high at ca. 85 — 90% for surface area and 77 — 82% for pore volume.
However, with increase in amount of KOH used (KOH/HTbx ratio of 4), and
especially at higher activation temperature, the activated carbons also show some
mesoporosity, resulting in a decrease in the proportion of microporosity. In this way
the overal proportion of microporosity is lower; 28 — 60% for micropore surface area
and 20 — 51% for micropore volume for HTb450-4T samples, and 38 — 69% and
30 — 60%, respectively for HTh550-4T samples.

The foregoing discussion highlights the significant impact of carbonisation
temperature on the textural properties of activated carbons derived from HTbx.
Overall, the porosity analysis indicates that the textural properties are dependent on
both the carbonisation temperature of the precursor and the activation conditions.
Increasing the carbonisation temperature and severity of activation generates carbons
with higher overall porosity, with a varying mix of microporosity and mesoporosity.
The observed trend is consistent with previous studies on the effect of carbonisation
temperature on the porosity and textural properties of activated carbons derived from

various biomass sources,8-20 36,39
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Table 3.2. Textural properties of HTbx-derived activated carbons (x = carbonisation
temperature). The values in parenthesis are the percentage of surface area or pore
volume arising from micropores.

BET surface area Pore Volume Surface
Sample m: g’ _ cm’g” _ dg‘;‘;ﬁy
Total Micro Total Micro (m? cm’3)
HTb300-2600 402 375 (93) 0.18 0.14 (78) 2233
HTb300-2700 1330 1221 (92) 0.57 0.47 (83) 2333
HTb300-2800 1424 1233 (87) 0.61 0.49 (80) 2334
HTb300-4600 460 389 (85) 0.20 0.15 (75) 2300
HTb300-4700 953 708 (74) 0.43 0.28 (65) 2216
HTb300-4800 2253 1008 (45) 1.08 0.39 (36) 2086
HTb350-2600 1338 1220 (91) 0.56 0.47 (84) 2389
HTb350-2700 1847 1692 (92) 0.77 0.65 (84) 2399
HTb350-2800 1957 1747 (89) 0.84 0.69 (82) 2330
HTb350-4600 1742 1387 (80) 0.78 0.55 (71) 2233
HTb350-4700 2073 1588 (77) 0.91 0.62 (67) 2278
HTb350-4800 2799 2066 (74) 1.26 0.81 (64) 2221
HTb450-2600 1320 1185 (90) 0.56 0.46 (82) 2338
HTb450-2700 2137 1862 (87) 0.93 0.72 (77) 2298
HTb450-2800 3318 940 (28) 1.58 0.33 (21) 2100
HTb450-4600 2530 1518 (60) 1.18 0.60 (51) 2144
HTb450-4700 3031 1633 (54) 1.41 0.63 (45) 2150
HTb450-4800 3413 960 (28) 1.65 0.33 (20) 2069
HTb550-2600 1805 1589 (88) 0.77 0.63 (82) 2344
HTb550-2700 1960 1744 (89) 0.84 0.68 (81) 2333
HTb550-2800 2439 2069 (85) 1.03 0.82 (80) 2368
HTb550-4600 2458 1685 (69) 1.11 0.66 (60) 2214
HTb550-4700 3123 1198(38) 1.48 0.45 (30) 2110
HTb550-4800 2855 1160 (41) 1.34 0.43 (32) 2131
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Previous studies have found that the surface area density (SAD) of activated carbons,
which is the ratio of total surface area to total pore volume, correlates with the balance
between microporosity and mesoporosity, with the former favouring high SAD values.
The SAD may in turn be used to predict the packing density of activated carbons.® 1%
16 As can be seen from Table 3.2 the SAD of the present carbons is within a narrow
range of 2086-2399 m? cm3, and generally higher than that reported for most activated
carbons.® 1% 33 35,40 gpecifically, the SAD range of the HTh300-yT series is between
2086 and 2334 m? cm?, while that of HTb350-yT series is between 2221 and
2399 m? cm=. The SAD range of the HTb450-yT series is between 2069 and
2338 m? cm, and that of HTb550-yT series is between 2110 and 2344 m? cm™. Given
their high SAD, these carbons are expected to have a high packing density. To get
more insight, the packing density was measured for activated carbons obtained under
similar activation conditions (KOH/HTbx ratio and activation temperatures) but
generated at varying carbonisation temperatures. To facilitate an interesting
comparison, only samples with high overall surface area (i.e., HThx2800 and
HTbx4800 carbons) that may be suitable for methane storage were considered for

further investigation

3.3.4 Gas uptake measurements

To further study the effect of air-carbonisation temperatures on the pore development,
surface area and packing density of the resulting activated carbons, their performance

was explored for CO. uptake and methane storage.

3.3.4.1 CO2 uptake

The CO: uptake isotherms of the HTbx-yT samples are show in Figure 3.16, Figure
3.17, Figure 3.18, Figure 3.19, and Table 3.3 summarises the uptake capacity at
0.15 bar, 1 bar and 20 bar. The CO. uptake at 0.15 bar is a critical measure of likely
performance for capturing CO> from post-combustion flue gas streams from fossil fuel
power stations, which typically contain ca. 15% COg, along with N2 (70-75%) and
water (5-7%). In general, the CO> uptake isotherms of HTbhx-2T carbons demonstrate
saturation at 20 bar, while HTbx-4T samples show no sign of saturation at 20 bar,
suggesting they have the potential for higher storage capacity at higher pressures. As
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discussed above, the porosity of HTbx-2T carbons is primarily characterised by
micropores, while the HTbhx-4T samples have larger micropores and small mesopores
of size up to ca. 30 A depending on the carbonisation temperature of the precursor
from which they are derived. Analysis of the porosity data and CO> uptake indicates
that the CO» uptake at low pressures (0.15 and 1 bar) is largely influenced by pore size,
rather than total surface area. The uptake data confirms that activated carbons with
narrow micropores are more effective at creating strong interactions between CO>
molecules and the adsorbents, resulting in higher uptake compared to those with larger
micropores and mesopores. 74! The CO, uptake of HTbx-2T carbons at 1 bar varies
between 3.1 and 4.9 mmol g for HTh300-2T, is in the range of 4.8 — 5.2 mmol g™ for
HTh350-2T, 3.5 to 4.9 mmol g* for HTb450-2T, and between 4.2 and 4.7 mmol g*
for HTb550-2T. It is clear that the CO> uptake at 1 bar is affected by the carbonisation
temperatures of the carbonaceous matter (HTbx), i.e., for samples activated under the
same activation conditions (amount of KOH and temperature) but generated from
carbonaceous matter carbonised at different temperatures, the CO2 uptake at 1 bar
varies. The CO uptake at 1 bar for the sample obtained at the lowest carbonisation
temperature (HTh300-2700) is 4.9 mmol g, which increases to 5.2 mmol g upon
increasing the carbonisation temperature (HTb350-2700). Further increases in
carbonisation temperature result in a slight decrease in the uptake to 5.0 mmol g for
HTh450-2700 and 4.6 mmol g* for HTb550-2700. These findings show that since the
porosity of the carbons is largely influenced by the carbonisation temperature, the later
can be used as a tool to enhance the CO; uptake. The uptake of 5.2 mmol g at 1 bar
and 25 °C for HTb350-2700 is amongst the highest ever reported for activated
carbons. 10 16: 2L 4257 Interestingly, the uptake of HTb350-yT samples for any given
activation conditions is the highest suggesting that carbonisation at 350 °C is
conducive for targeting high performance for low pressure CO uptake. It is clear to
see that the enhanced performance of the HTh350-yT samples is due to their high
proportion of microporosity as shown in Table 3.2. Overall, the activated carbons
described in this chapter demonstrate exceptional performance in terms of gravimetric
CO; uptake at 1 bar and 25 °C, which is comparable or even superior to that of the
current standard porous carbons. 0 16214257 However, the HThx-derived carbons have
the added advantage of being produced at a lower and milder carbonisation
temperature, and using a low cost precursor (waste tobacco), which adds to their

attraction with respect to being environmentally friendly.
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Figure 3.16. CO> uptake isotherms at 25 °C of HTb300-derived activated carbons
prepared at KOH/HTb300 ratio of 2 (A and B) or 4 (C and D).
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Figure 3.17. CO> uptake isotherms at 25 °C of HTb350-derived activated carbons
prepared at KOH/HTb350 ratio of 2 (A and B) or 4 (C and D).
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Figure 3.18. CO> uptake isotherms at 25 °C of HTb450-derived activated carbons
prepared at KOH/HTb450 ratio of 2 (A and B) or 4 (C and D).
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Figure 3.19. CO> uptake isotherms at 25 °C of HTb550-derived activated carbons
prepared at KOH/HTb550 ratio of 2 (A and B) or 4 (C and D).
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Table 3.3. CO, uptake isotherms at 25 °C of HTbx-derived activated carbons.

COz2 uptake (mmol g?)

Sample
0.15 bar 1 bar 20 bar
HTb300-2600 1.8 3.1 4.7
HTb300-2700 2.0 4.9 10.2
HTb300-2800 1.3 4.8 13.9
HTb300-4600 1.0 2.1 4.0
HTb300-4700 1.6 3.3 8.4
HTb300-4800 1.3 3.9 17.4
HTb350-2600 1.6 5.0 10.8
HTb350-2700 14 5.2 13.8
HTb350-2800 1.2 4.8 151
HTb350-4600 1.1 4.1 14.4
HTb350-4700 1.0 4.2 18.5
HTb350-4800 0.9 4.0 20.0
HTb450-2600 1.3 4.9 13.6
HTb450-2700 1.2 5.0 16.2
HTb450-2800 0.8 35 24.3
HTb450-4600 0.8 3.7 194
HTb450-4700 0.8 3.7 22.9
HTb450-4800 0.7 3.3 23.5
HTb550-2600 1.2 4.7 14.7
HTb550-2700 1.2 4.6 15.7
HTb550-2800 0.9 4.2 19.7
HTb550-4600 0.9 3.7 19.2
HTb550-4700 0.7 3.1 21.5
HTb550-4800 0.6 3.0 20.5
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At a lower pressure of 0.15 bar, which is particularly relevant as indicator for
performance in capturing COz from post-combustion flue gas streams, the
HTbx-2T carbons exhibit remarkable performance with uptake ranging from
0.8 to 2.0 mmol g* depending on the carbonisation temperature. Carbons activated at
800 °C show the lowest uptake, which is consistent with the trend of decreasing uptake
as pore size increases, regardless of variations in total surface area and pore volume.
The CO- uptake of samples produced from carbonaceous matter carbonised at lower
temperatures of 300 and 350 °C, with a KOH/HTbx ratio of 2, exhibit remarkable
performance due to the abundance of micropores. The uptake of HTb300-2T carbons
is as follows: 1.8, 2.0, and 1.3 mmol g for HTb300-2600, HTb300-2700, and
HTb300-2800, respectively, while the uptake of HTb350-2T carbons is 1.6, 1.4, and
1.2 mmol g? for HTbh350-2600, HTb350-2700, and HTb350-2800, respectively.
Carbons produced from carbonaceous matter carbonised at higher temperatures of
450 and 550 °C, which have a higher surface area and slightly larger pore size, exhibit
lower CO> uptake at 0.15 bar within the range of 0.75 — 1.34 mmol g* for HTb450-2T
and between 0.93 and 1.22 mmol g* for HTb550-2T carbons. In general, the activated
carbons obtained from low carbonisation temperature carbonaceous matter tend to be
highly microporous with pores of size 5— 8 A and thus exhibit exceptional CO, uptake
at 0.15 bar of 1.8 mmol g* for HTb300-2600, 2.0 mmol g* for HTbh300-2700,
1.6 mmol g* for HTb350-2600, and 1.4 mmol g for HTh350-2700. Such CO; uptake

is exceptional and comparable or higher than most reported porous materials. 4 71012
16, 21, 33-36, 40, 42-60

The uptake of HTb300-2700 and HTb350-2700 is exceptionally high, making them
some of the best carbons for low pressure CO> uptake at ambient temperature. The
CO; uptake at 0.15 bar and 1 bar for HTb300-2700 and HTb350-2700 samples,
respectively, with values of 2.0 and 1.4 mmol g* at 0.15 bar and 4.9 and 5.2 mmol g
at 1 bar and 25 °C, is exceptional and placing them at the very upper limit of observed
CO2 uptake for all porous materials.* 7+ 10. 12,16, 21, 33-36, 40, 42-60 The reason behind this is
the high level of microporosity (92% of surface area and 84% of pore volume) and a
relatively high surface area for such highly microporous materials. This combination
of porosity is unique and is rarely seen in porous carbons, which usually have low
uptake values at low pressures. The samples have uptake as high as 2.0 mmol g*

at 0.15 bar and 5.2 mmol g at 1 bar, which matches the best reported values to date,
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namely, 5.4 mmol g for HCC2700,% 5.8 mmol g for compactivated carbons derived
from sawdust,®® 5.67 mmol g* for fern-derived carbons,®® and 5.5 mmol g* for
compactivated carbons derived from polypyrrole.®” However, samples with the highest
surface area capture the largest amounts of CO. at 20 bar. Therefore, HTh450-2800
and HTbh450-4800, with surface area of 3318 and 3413 m? g, respectively, show
impressive CO, uptake of 24.3 and 23.5 mmol g at 20 bar. Interestingly, the high
uptake at 20 bar is accompanied by attractive storage capacity at lower pressures of
0.8 mmol g* at 0.15 bar and 3.6 mmol g* at 1 bar for HTb450-2800, and
0.7 mmol g* (0.15 bar) and 3.3 mmol g* (1 bar) for HTb450-4800.

The overall picture that emerges is that the present activated carbons demonstrate
excellent performance in terms of gravimetric CO. uptake, which comparable or
superior to that of the current benchmark porous carbons, with the added advantage of
being prepared at a lower and milder carbonisation temperature and from waste
biomass. This work highlights the significance of carbonisation temperature in
enhancing pore characteristics and the feasibility of tailoring pores to achieve an

optimal size for gas uptake applications.
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3.3.4.2 Methane storage

Methane storage isotherms of the HTbx-yT samples were obtained and analysed to
gain insights into the relationship between the air-carbonisation temperature, pore
structure, packing density, and the methane storage capacity. In general, activated
carbons with a high surface area and well-developed microporosity along with some
level of mesoporosity exhibit better methane storage performance at moderate to high
pressure (35-100 bar).% 1 16 36, 61-65 A high volume of micropores is crucial for
effective adsorption of methane molecules, while some level of mesoporosity
contributes to efficient sorption kinetics. The mix of porosity exhibited by some of the
HTbx-derived activated carbons appears to be suitable for achieving considerable
methane storage at medium pressures. Taking into account the importance of overall
surface area, pore volume, and packing density in determining methane uptake, this
study focused on HTbx-2800 and HTbx-4800 set samples. The methane uptake
measurements provided a direct determination of the excess uptake in mmol g*. By
considering the methane density at specific temperatures and pressures, as well as the
total pore volume of the adsorbent, the total storage capacity of methane was calculated

as detailed in the preceding chapters.

Figure 3.20 displays the excess methane uptake isotherms of the HTbx-2800 and
HTbx-4800 carbons. The methane storage capacity of the activated carbons at 35, 65,
and 100 bar is summarised in Table 3.4. At low pressure, the methane uptake typically
increases with increasing pressure, reaching a saturation point at ca. 80 bar. It was
observed that the HTbx-2800 samples, characterised by their high microporosity,
demonstrated superior methane storage capacity at low pressure compared to the
HThbx-4800 samples, which have a combination of larger micropores and mesopores.
The excess methane uptake follows the trend in surface area for both the HTbx-2800
and HTbx-4800 carbons, i.e., HTb300-2800 < HTb350-2800 < HTh450-2800 >
HTb550-2800 for the HTbx-2800 samples, and HTb300-4800 < HTb350-4800 <
HTb450-4800 > HTb550-4800 for the HTbx-4800 samples. Essentially, the excess
methane uptake increases with carbonisation temperatures between 300 °C and
450 °C, and then decreases for carbons generated from carbonaceous matter
carbonised at 550 °C. This can be attributed to the effect of air-carbonisation
temperature, which leads to an enhancement in the overall textural properties and an

increase in surface area as the air-carbonisation temperature increases up to 450 °C.
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Upon further increase in air-carbonisation temperature to 550 °C, a slight decrease in
excess methane uptake is observed. The excess methane uptake at 35 bar of the
HTbx-2800 carbons is in the range of 8.6 — 13.1 mmol g, and increased to the range
of 9.3 — 15.3 mmol g* at 65 bar, and rose further to 9.3 — 15.9 mmol g* at 100 bar.
While that of HTbx-4800 carbons is between 8.6 and 12.1 mmol g at 35 bar,
10.1 — 14.3 mmol g* at 65 bar, and 10.6 —14.9 mmol g™* at 100 bar. The HTb450-2800
and HTb450-4800 carbons displayed the highest excess methane uptake at 100 bar of
15.9 and 14.9 mmol g, respectively, owing to their high surface area. This suggests
that for our synthesis conditions, carbonisation at 450 °C may be considered as optimal
with respect to generating carbons with enhanced methane storage.
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Figure 3.20. Excess gravimetric methane uptake isotherms at 25 °C of HTbx-2800
and HTbx-4800 activated carbons.
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Table 3.4. Excess gravimetric methane uptake of HTbx-2800 and HTbx-4800

activated carbons.

sample Density  Excess gravimetric uptake (mmol g1) or (g g1)2
(g cm®) 35 bar 65 bar 100 bar
HTb300-2800 0.786 8.6 (0.14) 9.3 (0.15) 9.0 (0.15)
HTb350-2800 0.754 9.5 (0.15) 10.1 (0.16) 9.8 (0.16)
HTh450-2800 0.465 13.1 (0.21) 15.3 (0.25) 15.9 (0.26)
HTb550-2800 0.715 11.4 (0.18) 12.5 (0.20) 12.5 (0.20)
HTb300-4800 0.587 8.6 (0.14) 10.1(0.16)  10.6 (0.17)
HTb350-4800 0.526 11.4 (0.18) 12.8 (0.21) 13.0 (0.21)
HTb450-4800 0.452 12.1 (0.19) 14.3 (0.23) 14.9 (0.24)
HTb550-4800 0.495 112 (0.18)  13.1(0.21)  13.6(0.22)

%The values in parenthesis are the excess gravimetric methane uptake donated as g g*

Figure 3.21 displays the total gravimetric methane uptake isotherms of the HThx-2800
and HTbx-4800 carbons, and the uptake at 35, 65, and 100 bar is summarised in Table
3.5. The uptake of the HTbx-2800 carbons ranges from 9.7 to 15.5 mmol g at 35 bar,
11.2 to 19.9 mmol g? at 65 bar, and 11.9 to 23.4 mmol g* at 100 bar. Whereas, the
uptake of the HTbx-4800 carbons is as follows: 10.3 — 14.5 mmol g* at 35 bar,
13.3-19.1 mmol g* at 65 bar, and 15.7 — 22.7 mmol g* at 100 bar. These values
correspond to g g* uptake at 100 bar of 0.19, 0.22, 0.38, and 0.28 for HTb300-2800,
HTb350-2800, HTb450-2800, and HTb550-2800, respectively, and 0.25, 0.31, 0.37,
and 0.32 for HTb300-4800, HTb350-4800, HTb450-4800, and HTb550-4800,
respectively. It is worth noting that, at 100 bar, the g g™ uptake approaches the US
DOE target of 0.5 g g, particularly for samples HTb450-2800 and HTb450-4800.
This remarkable total gravimetric uptake is comparable to, or even surpasses, that of
the best benchmark materials reported to date. !t 16 36. 6264, 66-78 Thege results further
emphasise the critical role of air-carbonisation temperature in fine-tuning and
modulating the textural properties of the adsorbents, thereby enhancing their

performance in gas uptake applications.
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Figure 3.21. Total gravimetric methane uptake isotherms at 25 °C of HTbx-2800 and
HTbx-4800 activated carbons.

Table 3.5. Total gravimetric methane uptake of HTbx-2800 and HTbx-4800 activated
carbons.

sample Density Total gravimetric uptake (mmol g2) or (g g1)?
(g cm®) 35 bar 65 bar 100 bar

HTb300-2800 0.786 9.7 (0.16) 11.1(0.18)  11.9(0.19)
HTb350-2800 0.754 10.8(0.17)  125(0.20)  13.7(0.22)
HTb450-2800 0.465 155(0.25)  19.9(0.32)  23.4(0.38)
HTb550-2800 0.715 12.9(0.21)  156(0.25)  17.4(0.28)
HTb300-4800 0.587 10.3(0.16)  13.3(021)  15.7(0.25)
HTb350-4800 0.526 133(021)  165(027)  19.0(0.31)
HTb450-4800 0.452 145(0.23)  19.1(0.31)  22.7(0.37)
HTb550-4800 0.495 132(021)  17.0(027)  20.0(0.32)

The values in parenthesis are the total gravimetric methane uptake donated as g g.
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The quantity of methane adsorbed per unit volume (volumetric methane uptake) is a
crucial parameter when considering methane gas storage applications. The US DOE
has established a volumetric methane uptake target of 263 cm® (STP) cm™ at 25 °C
and moderate pressure, ranging from 35 to 100 bar. The packing density of an
adsorbent, in conjunction with its gravimetric uptake, significantly influence the
volumetric uptake. A high packing density allows for more adsorbent material to be
compacted within a limited storage space, such as a tank, effectively increasing the
volumetric uptake. Due to the variability of the textural properties and the packing
density of the present activated carbons, which are modulated by changes in air-
carbonisation temperatures, they should exhibit excellent performance due to
optimised balance between packing density, pore volume, and a mix of porosity.
A high pore volume and a mix of porosity, resulting from optimal air-carbonisation,
provides more space for methane molecules to adsorb, thereby contributing to the
overall storage capacity and enabling efficient adsorption/desorption Kinetics.
However, it is essential to maintain a balance between microporosity and
mesoporosity, as a combination of both types of pores contributes to efficient sorption
kinetics and volumetric methane storage.” Figure 3.22 shows the volumetric methane
storage isotherms, and Table 3.6 provides a summary of the uptake at various
pressures. Additionally, Table 3.6 presents the working capacity, which is the
deliverable methane calculated as the difference in uptake between 5 bar and the
storage pressure (35, 65, or 100 bar). Notably, the volumetric uptake isotherms of the
activated carbons in Figure 3.22 display no saturation at 100 bar, suggesting that these
carbons may store even greater quantities of methane at pressures exceeding 100 bar.
The exception is for the HTh300-2800 and HTbh350-2800 carbons, which appear to
approach saturation due to their relatively lower surface area. In general, the non-
saturated isotherms of these carbons contrasts with most benchmark MOFs, which
usually reach saturation at ca. 80 bar.” 8 The activated carbons, despite variations in
their surface areas, demonstrate exceptional volumetric methane storage capacity at
100 bar and 25 °C, as shown in Table 3.6. The capacities are 210, 232, 243, and 278
cm?® (STP) cm for HTb300-2800, HTb350-2800, HTb450-2800, and HTh550-2800,
respectively, and 206, 224, 230, and 221 cm? (STP) cm for HTh300-4800, HTb350-
4800, HTh450-4800, and HTbh550-4800, respectively, as shown in Table 3.6. The data
demonstrates the impact of air-carbonisation temperature on the packing density of the

resulting activated carbons. The packing density of the present carbons critically
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contributes to achieving high volumetric uptake, even for carbons with moderate
surface area. Specifically, carbons derived from low carbonisation temperature
precursors (HTb300-2800, HTb350-2800, HTh300-4800, and HTb350-4800) exhibit
high packing density, as shown in Table 3.6, resulting in excellent volumetric uptake
of 210, 232, 206, and 224 cm?® (STP) cm™3, respectively, despite their moderate surface
area of 1424, 1957, 2253, and 2799 m? g%, respectively. This is ascribed to a positive
effect of limiting the mesoporosity of the carbons, which in turn results in an increase
in the packing density. On the other hand, the volumetric uptake of activated
carbons obtained from high carbonisation temperature precursors (HTbh450-2800,
HTh550-2800, HTh450-4800, and HTbh550-4800) falls within a range that is similar
to those derived from low temperature precursors, being 243, 278, 230, and 221
cm?® (STP) cm’3, respectively, despite their higher surface area of 3318, 2439, 3413,
and 2855 m? g1. This is attributed to the balance achieved between surface area and
packing density in these carbons, which is essential for efficient methane sorption
kinetics and volumetric methane storage. The volumetric uptake observed for the
present carbons, which takes into account the packing density that experimentally

determined, is one of the highest reported to date for both carbon and MOF materials.*
38, 61-64, 72, 74, 78, 79, 81-87
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Figure 3.22. Total volumetric methane uptake at 25 °C of HTbx-2800 and HTbx-
4800 activated carbons.
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Table 3.6. Total volumetric methane uptake and working capacity of HTbx-2800 and
HThx-4800 activated carbons.

Density Total volumetric uptake (cm?® (STP) cm™)
Sample

(g cm®) 35 bar 65 bar 100 bar
HTb300-2800 0.79 170 (84) 195 (109) 210 (124)
HTb350-2800 0.75 182 (94) 212 (124) 232 (145)
HTh450-2800 0.47 162 (106) 208 (152) 243 (188)
HTb550-2800 0.72 207 (117) 249 (159) 278 (189)
HTb300-4800 0.59 135 (86) 174 (125) 206 (157)
HTb350-4800 0.53 157 (96) 195 (133) 224 (162)
HTb450-4800 0.45 147 (100) 193 (145) 230 (182)
HTb550-4800 0.50 146 (95) 188 (137) 221 (170)

The volumetric working capacity in parenthesis (i.e., deliverable methane), is calculated as the
difference in storage capacity at 5 bar and the uptake pressure (35, 65 or 100 bar).

The working capacity is an important measure for efficient methane uptake, which is
the efficiency of materials to deliver the stored gas between two finite pressures. The
working capacity is influenced by the porosity of the adsorbent. While the
microporosity is important for achieving high packing density and thus high
volumetric uptake, it also favours high methane uptake at low pressure, potentially
reducing the deliverable methane. Therefore, to achieve high working capacity, a
combination of microporosity and mesoporosity is essential, along with high packing
density. Table 3.6 summarises the volumetric working capacity, of the HTbx-2800
and HTbx-4800 carbons. For a 100 to 5 bar pressure swing, the capacities are 124,
145, 188, and 189 cm? (STP) cm™ for HTb300-2800, HTb350-2800, HTh450-2800,
and HTh550-2800, respectively, and 157, 162, 182, and 170 cm® (STP) cm? for
HTb300-4800, HTbh350-4800, HTh450-4800, and HTbh550-4800, respectively. The
increase in the overall working capacity is also in the line with increasing carbonisation
temperature, which is due to enhancement in mesoporosity of the carbons. This finding
reveals a further role of carbonisation temperature in modulating the porosity of the

activated carbons towards efficient methane uptake, and deliverable methane.
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3.4 Conclusion

The effect of air-carbonisation temperature of hookah tobacco (HTb) derived
carbonaceous matter (HTbx, where X is carbonisation temperature) on the textural
properties of HTbx-derived activated carbons, along with their performance toward
gas adsorption, was investigated. The investigation involved modifying the following
parameters: i) carbonisation temperature (T = 300, 350, 450 and 550 °C), ii) amount
of activating agent amount (KOH/HTbx, mass ratio of 2 or 4), and iii) activating
temperatures (T = 600, 700 or 800 °C). The HThx carbonaceous matter displayed high
C content that increased with the carbonisation temperature ranging from 63 to
77 wt%, while the oxygen content decreased, resulting in varying O/C ratios of
between 0.245 and 0.37. These variations on the O/C were reflected in the textural
properties of the activated carbons and their performance in gas storage. The carbons
have surface area ranging from 402 to 3413 m? g and pore volume in the range of
0.18 — 1.65 cm™ g with porosity that can be tailored for suitability in various
applications. The activated carbons derived from low carbonisation temperature are
dominated by a highly microporous (5-20 A) structure, which is suitable for capturing
CO- from post-combustion at low pressure at 25 °C, with uptake of up to 2.0 and 5.2
mmol g at 0.15 and 1 bar, respectively. Due to the possibility of controlling the O/C
ratio of the precursors, activated carbons with tailored properties (i.e., high surface
area, high packing density and mix of microporosity and mesoporosity) were
synthesised for enhanced methane CHs storage. A good balance between gravimetric
methane uptake and volumetric uptake was achieved with uptake of 0.37 g g** and
278 cm® (STP) cm3, respectively. This indicates that air-carbonisation temperature
can be a crucial factor in modulating the porosity of activated carbons. Overall, the
findings demonstrate the potential of flash air-carbonisation as a simple and
sustainable method for producing high-quality activated carbon from biomass sources,
and provides new insights into the role of carbonisation temperature in controlling the

porosity of activated carbons.
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Chapter 4

Modulating The Porosity of N-doped Carbon Materials
for Enhanced CO; Capture and Methane Uptake

Abstract

N-doped carbons with judiciously modulated porosity have been successfully prepared
via the addition of melamine or urea as a N source to an activation mixture containing
biomass-derived carbonaceous matter of low O/C ratio (air-carbonised date seed,
Phoenix dactylifera, ACDS), and potassium hydroxide (KOH) as an activating agent.
To access a broad range of surface area and mix of porosity characteristics, a series of
carbons were prepared by varying the following; (i) the amount of added N-containing
melamine or urea (at melamine or urea/ACDS ratio of 1 or 2), (ii) the KOH/ACDS
ratio (2 or 4), and (iii) activation temperature (600, 700, or 800 °C). We found that
the N added to the activation mix acts both as an N-dopant and porogen, with the later
effect enabling formation of larger pores, which extended the pore size distribution
into the mesopore region. Furthermore, the presence of N acts to increase the surface
area and provides carbons with tuneable porosity (with respect to the mix of
microporosity and mesoporosity) and variable packing density, all of which may be
tailored towards suitability of the carbons for enhanced uptake of CO> and methane.
The activated carbons have significant N content of up to 18 wt%, surface area of up
to 3646 m? g%, and pore volume that reaches 2.1 cm® g. Depending on the preparation
conditions and resulting mix of micro/mesoporosity, the carbons show excellent low
pressure CO; capture at 25 °C of 1.7 mmol g* at 0.15 bar and 4.7 mmol g at 1 bar.
The porosity and packing density of the carbons may also be directed towards excellent
methane storage; gravimetric uptake of up to 0.42 g g at 25 °C and 100 bar,
volumetric storage capacity of up to 266 cm® (STP) cm™ at 25 °C and 100 bar, and a
working capacity (for 100 to 5 bar pressure swing) of 196 cm® (STP) cm,
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4.1 Introduction

The surface area and overall porosity of any adsorbent are important factors by which
the total amount of gas adsorbed can be determined. Hence, exploring new approaches
for the synthesis of porous carbons has been a long-term goal in preparing activated
carbons with the properties desired to exhibit good performance in energy-related
applications. It is well-established that the textural properties and elemental
composition of activated carbons are greatly influenced by the type and amount of the
activating agent, activation temperature, and the nature and elemental composition of

the carbonaceous precursor.*

Among the various chemical activation agents, KOH is widely used due to its
effectiveness in controlling the surface area and porosity of the resulting carbon via
adjustment of the activation conditions, namely the amount of KOH and the activation
temperature.>®> Carbons obtained via this method can exhibit high surface area
(> 2800 m? g%), and their pore size can be tuned between ultramicropores/micropores
and small mesopores.® ” However, although these carbons have shown advantages in
certain applications, especially at low-pressure adsorption, their use in energy-related
applications at high-pressures remains limited, due to limits on their mesoporosity.% °
Only a few examples of precursors, such as polypyrrole,® imidazolium-based ionic
liquids,'® zeolite-templated carbons,'* or graphene,!> have shown activated
materials with a high level of mesoporosity when activated with KOH. For example,
Sevilla, et al. reported ultra-high surface area carbons (3000-3500 m? g1) derived from
direct activation of polypyrrole (PPy) with varying amounts of potassium hydroxide
(KOH).®

Regarding the role of the elemental composition of precursors in tailoring the surface
area and porosity of activated carbons, researchers in the Mokaya group have
demonstrated that it is possible to customise the porosity through a systematic selection
of precursors based on their chemical composition.* 3 * For instance, Balahmar and
Mokaya explored the use of pre-mixed precursors (PPy and sawdust) to control, tailor
and enhance the porosity of activated carbons.* Highly porous carbons were prepared
with surface area higher than that achievable from the single use of any of the
precursors (PPy or sawdust). This is directly linked to the modification of the O/C ratio

and the incorporation of nitrogen from polypyrrole. For example, Altwala and Mokaya
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synthesised activated carbons from air-carbonised date seeds (with a very low O/C
ratio of 0.156) and investigated their textural properties and methane uptake.!® They
found that precursors with a low O/C ratio have a high resistance to activation and
therefore tend to yield significant microporosity and high packing density. However,
such low O/C ratio precursors are only able to generate activated carbons with
relatively low surface area due to their high resistance to activation. This means that
the gravimetric methane uptake of activated carbons derived from such precursors
tends to be low since methane storage at moderate to high pressure (35 to 100 bar) is
very dependent on surface area. However, despite their low gravimetric uptake, their
high packing density (arising from their highly microporous nature) means that they
have attractive methane volumetric uptake of up to 222 cm? (STP) cm™ at 25 °C and
35 bar.t® This finding was explored further in a study that showed a greater degree of
control over porosity and surface area by premixing of polypyrrole (PPy), which
readily activates, with precursors of different O/C ratios, which are resistant to
activation, namely, air carbonised date seed, ACDS, (O/C ratio of 0.156) and so-called
CNL carbon (O/C ratio of 0.185).* The premixing of precursors enabled the
preparation of carbons with simultaneously optimum porosity and high packing
density making them suitable for methane uptake to the extent that they achieved
attractive combinations of gravimetric and volumetric methane uptake; 0.36 g g* and
260 cm® (STP) cm™ and 0.46 g g* and 229 cm® (STP) cm™, at 25 °C and 100 bar.*3
The careful mixing of the PPy with ACDS or CNL plays a key role in influencing the
ratio of microporosity to mesoporosity in the resultant carbons. More specifically it
was found that the level of mesoporosity was proportional of the amount of PPy (N-
containing) in the mixture during the activation step whereas the mesopore size
increased with the PPy/ACDS or PPy/CNL ratio.*®* On other hand, having higher
amounts of CNL or ACDS than PPy (for example at ratio 2:1) resulted in a decrease

in the mesoporosity on the carbons and their surface area.*®

Given the behaviour of PPy under activation conditions (i.e., susceptibility to
activation), it is now apparent that the presence of N in the framework of carbonaceous
matter plays an important role towards achieving high surface area. The surface area
and porosity of activated carbons can be increased further by adding so-called
mediators, such as melamine and urea, to the precursors, before activation.” 1® 7 For

example, Fuertes and Sevilla prepared high-surface area carbons via the KOH-
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activation of hydrochar, using melamine as a mediator.!® The use of melamine
generated mesoporosity, which in turn contributed to increasing the surface area of the
resulting carbons.*® While a large surface area is important for high-pressure gas
storage, the materials must exhibit other characteristics to be suitable for methane
uptake. For instance, when materials have a high surface area and pore volume, the
packing density decreases, causing a decrease in volumetric gas uptake.'® Hence, in
order to obtain a material with suitable properties for methane adsorption, the
adsorbent should exhibit a balance between possessing a high surface area, mix of

microporosity/mesoporosity, and a high packing density.

The primary objective of the work presented in this chapter was to synthesise activated
carbons with judiciously modulated porosity, appropriate for methane storage, by
adding a mediator, specifically a N-containing additive to the precursor during
activation. In an attempt to enhance both the porosity and packing density, a precursor
with a low O/C ratio, namely air-carbonised date seeds (Phoenix dactylifera),
designated as ACDS, which is known to be resistant to activation, was utilised.'® The
low oxygen content of the ACDS carbon was expected to favour activated carbons
with a high packing density, while the presence of a N-containing additive would work
to increase the surface area. This combination is expected to generate activated carbons
with high surface area, tuneable porosity (micropore/mesopore mix), and variable
packing density. The interplay between these three factors was expected to yield
carbons with a range of desirable properties suited for CO2 and/or methane storage.

4.2 Experimental Section

4.2.1 Synthesis of N-doped carbons

Air carbonisation. Date seeds (Phoenix dactylifera) were used as the starting material
for this study. Before use, the date seeds were washed with deionized water and dried
in an oven at 80 °C. 5 g of the washed date seeds were placed in an alumina boat and
introduced to a horizontal tube furnace, which was then heated to 400 °C at a heating
ramp rate of 10 °C min** under 100 cm® min flow of nitrogen atmosphere. Once at
400 °C, the date seeds were exposed to a flow of air for 5 minutes, and then the furnace
was allowed to cool down under a flow of nitrogen gas. The carbonaceous material
obtained by this process was collected and ground with a mortar and designed as
ACDS (air-carbonised date seeds).
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Chemical activation. The air-carbonised date seed (ACDS) carbon was chemically
activated with KOH in the presence of melamine as a N source. In a typical procedure,
the ACDS carbon was thoroughly mixed in an agate mortar with appropriate amounts
of KOH (at KOH/ACDS weight ratio of 2 or 4) and melamine (at melamine/ACDS
weight ratio of 1 or 2). Subsequently, the mixture was placed in an alumina boat and
heated in a horizontal furnace to the desired temperatures of (600, 700 or 800 °C) at a
heating ramp rate of 3 °C min™! under a nitrogen gas flow and held at the target
temperature for 1 h, following which the samples were allowed to cool down to room
temperature under a nitrogen atmosphere. The resulting activated carbons were then
thoroughly washed by stirring in an aqueous solution of HCI (10%) at room
temperature to remove any residual inorganic salts. Note, precautions should be taken
when washing a nitrogen-containing precursor and potassium salts, as hazardous
amount of toxic potassium cyanate (KOCN) or potassium cyanide (KCN) could be
produced. The carbons were then repeatedly washed with deionised water until neutral
pH (pH ~ 7) was achieved for the filtrate, and then dried overnight at 100 °C in an
oven. The activated carbons are denoted as DSMxT-y, where x is the KOH/ACDS
weight ratio, T is the activation temperatures (600, 700 or 800 °C), and y is the
melamine/ACDS weight ratio. For comparison purposes, two activated carbons were
produced in the presence of urea (at urea/ACDS weight ratio of 1 or 2) instead of
melamine at KOH/ACDS ratio of 4 and 800 °C. These activated carbons were
designated as DSU4800-1 or DSU4800-2, where U indicates use of urea, 4 is the
KOH/ACDS ratio, 800 is the activation temperature (800 °C), and 1 or 2 are the
urea/ACDS ratio. It is important to note that activation of melamine and urea was

attempted, and that they yielded no activated carbons, as shown in Figure 4.1.
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KOH/Melamin )H/U atio 4

Figure 4.1. Photograph of the attempted activation of melamine and urea.

4.2.2 Materials Characterisation

An Exeter Analytical CE-440 Elemental Analyser Instrument was used for CHN
elemental analysis. A TA Instruments SDT Q600 analyser were used to perform
Thermogravimetric analysis (TGA) in ambient air (100 mL/min) conditions at heating
ramp rate of 10 °C min. Powder XRD analysis was performed using a PANalytical
X'Pert PRO diffractometer with a Cu-Ka light source (40 kV, 40 mA), a step size of
0.021, and step time of 50 s. Porosity analysis and textural properties of the activated
carbons were determined using nitrogen sorption analysis (at -196 °C) using a
Micromeritics 3FLEX sorptometer. The samples were degassed under vacuum for
16 h at 240 °C prior to analysis. The surface area was calculated using the Brunauer—
Emmett-Teller (BET) method applied to nitrogen sorption isotherms according to
Rouquerol rules, in the relative pressure (P/Po) range of 0.02-0.22. The relative
pressure range used to calculate surface area was maintained so that the multipoint
BET fitting produced a positive y-axis intercept (i.e., C > 0) and Vass(1 - P/Po)
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increased with P/Po. The total pore volume was determined from the total nitrogen
adsorbed at a relative pressure near saturation (P/Po =~ 0.99). The micropore surface
area and micropore volume were obtained via t-plot analysis. The pore size
distributions (PSDs) were determined by applying the Non-local density functional
theory (NL-DFT) method to the nitrogen adsorption data with the assumption of a slit
pore model. Scanning electron microscopy (SEM) images were obtained using a JEOL
7000F FEG-SEM microscope. Transmission electron microscopy (TEM) images were
obtained using a JEOL 2100F instrument operating at 200 kV and equipped with a
Gatan Orius CCD for imaging. Prior to analysis, the carbon samples were suspended
in distilled water and dispersed onto lacey carbon support films.

4.2.3 Gas (CO2 & CHa) Uptake Measurements

Using a Hiden Isochema Intelligent Gravimetric Analyser (IGA-003), CO. uptake
measurements of the carbons were determined in the pressure range of 0—20 bar at
room temperature. The methane uptake was determined using a Hiden Isochema
XEMIS analyser at 25 °C and a pressure range of 0-100 bar. In all cases, the carbons
were degassed at 240 °C for several hours before performing the measurement of the
gas uptake.

4.3 Results and Discussion

4.3.1 Yield and elemental compositions of N-doped carbons

The yields and elemental composition of the raw date seeds, air carbonised date seeds
(ACDS), and activated carbons are summarised in Table 4.1 and Table 4.2. The
elemental composition of the raw date seeds reveals a high C content and relatively
low O content with an O/C ratio of ~ 0.66, which is one of the lowest observed for
biomass sources where typical values are between 0.75 and 1.0.3> When biomass is
subjected to air-carbonisation (AC), the O/C ratio of the resulting carbonaceous matter
IS reduced to a greater extent than for other carbonisation methods, namely,
hydrothermal carbonisation (HTC) or conventional pyrolysis.® For this reason we
adopted flash air-carbonisation to convert the raw date seeds to carbonaceous matter
(ACDS). Following air-carbonisation, the C content increased from 49.4 wt% for the
raw date seeds to 76.7 wt% for the ACDS carbon. On the other hand, the apparent O
content decreased from 43.5 wt% for the raw date seeds to 17.5 wt% for the ACDS
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carbon, while the H content decreased from 6 wt% to 3.8 wt%. Thus the O/C ratio of
the ACDS is 0.171, which is on the very low end for biomass-derived carbonaceous
matter.*®

Table 4.1. Yield and elemental composition of raw date seeds, air-carbonised date

seeds (ACDS) and N-doped activated carbons prepared at melamine or urea/ACDS
ratio of 1.

Sample [:V'til/j] C[%] HI[%] N[%] O[%] (O/C) (N/C)
Raw DS - 494 6.0 11 435 0660 0.019
ACDS 50 767 38 20 175 0171  0.022
DSM-1 - 515 40 360 85 0124 0.599
DSU-1 - 461 53 262 224 0364  0.487

DSM2600-1 40 73.4 1.5 8.4 16.7 0.171  0.098

DSM2700-1 31 78.6 0.9 7.2 13.3 0.127  0.079

DSM2800-1 25 86.9 0.1 2.5 10.5 0.091 0.025

DSM4600-1 32 74.8 0.5 4.6 20.1 0.202  0.053

DSM4700-1 28 78.0 0.3 3.8 17.9 0.172  0.042

DSM4800-1 16 90.0 0.0 0.8 9.2 0.077  0.008

DSU4800-1 21 92.6 0.1 0.5 6.8 0.055 0.005
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Table 4.2. Yield and elemental composition of raw date seeds, air-carbonised date
seeds (ACDS) and N-doped activated carbons prepared at melamine or urea/ACDS
ratio of 2.

Sample [:V'til/j] C[%] HI[%] N[%] O[%] (O/C) (N/C)
Raw DS - 494 6.0 11 435 0660 0.019
ACDS 50 767 38 20 175 0171 0.022
DSM-2 - 437 42 475 46 0079 0932
DSU-2 - 382 58 336 224 0440 0.754

DSM2600-2 33 67.7 1.5 18.0 12.8 0.142  0.228

DSM2700-2 28 72.5 0.9 14.9 11.7 0.121 0.176

DSM2800-2 23 77.3 0.7 10.1 11.9 0.115 0.112

DSM4600-2 25 4.7 1.3 7.4 16.6 0.167  0.085

DSM4700-2 18 76.0 0.6 7.0 16.4 0.162  0.079

DSM4800-2 10 89.6 0.2 1.2 9.2 0.077  0.012

DSU4800-2 9 90.5 0.0 0.5 8.9 0.074  0.005

Another important aspect to consider is the chemical composition of the pre-mixed
precursor material following addition of melamine or urea to the ACDS. As shown in
Table 4.1 and Table 4.2 the elemental composition of the premixed precursors
changes drastically compared to the ACDS. The nominal N content increases
significantly as expected, meaning that the proportion of C and O reduce. For the
activated carbons, at melamine/ACDS ratio of 1, is between 0.8 and 8.4 wt%
depending on the severity of activation. At melamine/ACDS ratio of 2, the activated
carbons have N content of between 1.2 to 18.0 wt%, which is remarkably high. The N
content of the activated carbons decreases with rise in activation temperature and/or
amount of KOH used. For example, the N content of DSM2600-1 is 8.4 wt%, which
reduces to 2.5 wt% for DSM2800-1, and 4.6 wt% for DSM4600-1. In this way, the

N/C ratio decreases at higher activation temperature as shown in Figure 4.2. In
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general, the C content of the activated carbons increases compared to that of the
precursor, which is accompanied by a decrease in N, H and O, except that some
samples activated at the lowest temperature show a decrease in their C content
associated with their very high N content. Thus, the C content of activated carbons
derived from DSM-1 increased from 73.4 wt% for DSM2600-1 to 90.0 wt% for
DSM4800-1 wt%, while the H and O contents decreased from 1.5 and 16.7 wt% to
0 and 9.2 wt%, respectively. For DSM-2 derived carbons, the C content increases from
67.7 wt% (DSM2600-2) to 89.6 wt% (DSM4800-2), while the H content decreases
from 1.5 to 0.2 wt% and the O content lowers from 12.8 to 9.2 wt%.
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Figure 4.2. The N/C atomic ratio of activated carbons as a function of the activation
temperature.

The yields of the samples are summarised in Table 4.1 and Table 4.2. The flash air-
carbonisation of raw date seeds resulted in a 50% yield of carbonaceous matter (i.e.,
ACDS carbon). On the other hand, when melamine is added to the KOH/ACDS
mixture, the yield of activated carbon decreased. For the carbons obtained DSM-1, the
yield is between 16 and 40 wt% and for those derived from DSM-2, the yield is
between 10 and 33 wt%. The lower yield, especially at high activation temperature
may be ascribed to the decomposition of endogenic carbon nitride. The presence of

melamine during the activation increased the susceptibility of the ACDS carbon to
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activation, meaning that the mechanism of activation is likely different from that of N-
free precursors.” 17 2022 |n contrast to the N-free pathway, different behaviour is
usually observed when N heteroatoms are present in the precursor. At elevated
temperatures, the K* salts etch N species, resulting in N loss from the surface by the
formation of inorganic salts (KOCN or KCN) according to (Eq. (4-1 and (4-2).2%: %
The strength of interaction between N and K* depends on how much of each is present
in the precursor. This is consistent with the elemental compositions of the activated
carbons and shows that the overall loss of N, especially for high temperature

activation, is related to the K/melamine ratio (N:K") during the activation process.

K2COs + C-N — KOCN + —COzK (4-1)

KOCN + C — KCN + CO (4-2)

Altogether, it appears that K* attacks surface N species easily and preferentially, even
when there are large amounts of surface O.? This provides further evidence that the
activation mechanism involves a surface-mediated etching reaction which has the

effect of decreasing the overall yield of the carbons.

4.3.2 TGA analysis and the morphology of N-doped carbons

TGA was carried out to ascertain the purity of the carbons and their thermal stability.
The TGA curves of the activated carbons are displayed in Figure 4.3 and Figure 4.4,
and as can be seen, the carbons are stable up to temperatures of 500 °C. All samples
show an initial weight loss below 100 °C, which is attributed to the evaporation of
adsorbed moisture. This is followed by a significant weight loss in a single step as a
result of carbon combustion. In general, the carbons have residual mass close to nil,
indicating that they are mostly composed of carbonaceous material with minimal, trace

or nil amounts of inorganic material.
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Figure 4.3. TGA curves of N-doped activated carbons prepared at KOH/ACDS ratio
of 2 or 4 at 600, 700 or 800 °C and melamine/ACDS ratio of 1.
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Figure 4.4. TGA curves of N-doped activated carbons prepared at 800 °C and
KOH/ACDS ratio of 4 and various amounts of melamine or urea.
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The X-ray diffraction (XRD) patterns of the samples are displayed in Figure 4.5 and
Figure 4.6. The XRD patterns show the typical broad peak at theta = 24.7° and at
theta = 43° assigned to (002) and (100) diffractions of graphitic carbon, respectively.
The intensity of these broad peaks reduced when the amount of activating agent was
increased, as shown in Figure 4.6(D), which supports the fact that the K* favoured to
attack the N atoms present in the samples, which leads to greater amorphisation. The
morphology of the N-doped carbons was analysed by scanning electron microscopy
(SEM) and high-resolution transition electron microscopy (HRTEM). The SEM
images of representative N-doped activated carbons are shown in Figure 4.7. The
images of carbons obtained at a low ratio of KOH/ACDS ratio reveal a conchoidal
morphology. Carbons prepared at higher KOH/ACDS have rough-surfaced
morphology. The HRTEM images (Figure 4.8) reveal a disordered porous structure,

which is typical for activated carbons.
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20°

Figure 4.5. Powder XRD patterns of raw date seeds (Raw-DS) and air-carbonised
dated seeds (ACDS).
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Figure 4.6. Powder XRD patterns of N-doped carbons activated at KOH/ACDS ratio
2 or 4 with melamine or urea as dopants.
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Figure 4.7. SEM images of selected N-doped activated carbons.
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Figure 4.8. TEM images of selected N-doped activated carbons.
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4.3.3 Porosity and textural properties

The nitrogen sorption isotherms and corresponding pore size distribution (PSD) curves
of activated carbons prepared at melamine or urea/ACDS ratio of 1 are shown in
Figure 4.9 and Figure 4.10. The type of isotherms of this set of samples appeared to
depend on the amount of the activation agent (KOH/ACDS) and/or the activation
temperature. Thus, as shown in Figure 4.9, carbons obtained at a KOH/ACDS ratio
of 2 exhibit type I isotherms indicative of microporosity but with a broader adsorption
“knee” for samples prepared at higher activation temperature (e.g. DSM2800-1). The
broadening in the adsorption knee indicates the presence of larger pores (micropores
and small mesopores), as confirmed by the PSD curves in Figure 4.9B. The isotherms
of samples prepared at KOH/ACDS ratio of 4 are either type | (DSM4600-1 and
DSM4700-1) or show a greater proportion of mesoporosity at higher activation
temperature (DSM4800-1) as shown in Figure 4.10. The isotherms of DSM4600-1
and DSM4700-1 are primarily type | but with a broader adsorption knee, indicating
the presence of larger micropores. Upon increasing the temperature to 800 °C, the
isotherm shape and quantity of nitrogen adsorbed for samples (DSM4800-1 and
DSU4800-1) altered from type | (microporous) to type IV (mesoporous nature).
Interestingly, the isotherms of DSM4800-1 and DSU4800-1 even though they were
prepared from different additives, melamine and urea, respectively. The near
mesoporous nature of DSM4800-1 and DSU4800-1 contrasts with the microporous
nature of carbons prepared from activation of ACDS alone.®’ Clearly, the presence of
melamine and urea, which introduce N to the activation mix, has the effect of
increasing the susceptibility of the ACDS carbon to activation thus generating larger
pores with dimensions in the large micropore and small mesopore range as shown in
Figure 4.10B.
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Figure 4.9. Nitrogen sorption isotherms (A) and pore size distribution curves (B) of
N-doped activated carbons prepared at melamine/ACDS ratio of 1 and KOH/ACDS
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Figure 4.10. Nitrogen sorption isotherms (A) and pore size distribution curves (B) of
N-doped activated carbons prepared at melamine or urea/ACDS ratio of 1 and
KOH/ACDS ratio of 4.

137



Thesis

The nitrogen sorption isotherms and PSD curves of activated carbons prepared at
melamine or urea/ACSD ratio of 2 are shown in Figure 4.11 and Figure 4.12. In
general, except for samples generated at a high severity of activation (DSM4800-2 and
DSU4800-2), all samples show a type | isotherm, typical of microporous materials,
with most nitrogen adsorption occurring at very low relative pressure (P/Po < 0.01).
The total amount of nitrogen adsorbed (i.e., level of porosity) rises as (i) activation
temperature increases from 600 to 800 °C, and/or (ii) the amount of KOH increases
from KOH/ACDS ratio of 2 to 4. Carbons prepared at a KOH/ACDS ratio of 2 (Figure
4.11) are microporous although with a broad knee for DSM2800-2. For the carbons
prepared at KOH/ACDS ratio of 4 (Figure 4.12), the isotherms for DSM4600-2 and
DSM4700-2 are typically microporous while those for DSM4800-2 and DSU4800-2,
on the other hand, shift towards significant mesoporosity (i.e., isotherms of type V-
character). Overall, the isotherms of carbons generated at a melamine/ACDS ratio of 1
are very similar to those generated at melamine/ACDS ratio of 2, although the former
suggest higher levels of porosity. This suggest that use of excessive amounts of N-

dopants, i.e., melamine/ACDS ratio beyond 1, does not significantly alter the porosity.
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Figure 4.11. Nitrogen sorption isotherms (A) and pore size distribution curves (B) of
N-doped activated carbons prepared at melamine/ACDS ratio of 2 and KOH/ACDS
ratio of 2.
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Figure 4.12. Nitrogen sorption isotherms (A) and pore size distribution curves (B) of
N-doped activated carbons prepared at melamine or urea/ACDS ratio of 2 and
KOH/ACDS ratio of 4.

The porosity depicted in Figure 4.9(B) and Figure 4.12(B) clearly shows that the
N:K ratio plays an important role in pore formation (porogenesis) of the resulting
carbons. For the DSMXxT-1 carbons, porosity levels range from microporous to
mesoporous depending on the amount of KOH and activating temperature. For
samples DSM2600-1, DSM2700-1 and DSM2800-1, the porosity falls in between
micro/supermicroporous to small mesoporous (1.0-2.5 nm pores), with moderate N
content retained in the carbons. For samples activated with higher amounts of KOH
(KOH/precursor a ratio of 4), there was a greater loss in N content accompanied by
the formation of larger pores. Bimodal pore size distributions are seen in these
samples, with a smaller percentage of micropores centred at ca. 0.8 nmand 1.1 nm and
a much greater proportion of mesopores centred at ca. 2.5 nm, as shown in Figure
4.9(B). Thus the proportion of mesopores in DSM2T-1 carbons is lower than for
DSMA4T-1 samples, which may be ascribed to greater formation of K>COs (see
equations 4-1 and 4-2 in page 130) leading to more etching out of N species with the

overall effect of increasing the porosity generated.

139



Thesis

On the other hand, at melamine/ACDS ratio of 2, there is an increase in the N content
relative to the K in the mixture (i.e., rise in N/K ratio), meaning that there is in effect
an excess amount of N, which is then retained in the activated carbon at amounts of up
to 18 wt% as shown in Table 4.2. A higher amount of N can also lead to the formation
of KCN, which is an unreacted species.?* This unreacted species can result in a
decrease in porosity at apparently high N content.?! The resulting carbons, DSM2600-
2, DSM2700-2, and DSM2800-2, have ultra-microporous characteristics with pores
centred at 0.5 to 1.1 nm and hardly any pores larger than 2 nm. At melamine/ACDS
ratio of 2, and higher KOH, the lowering in the N:K ratio resulted in the removal of
more N species from the carbons for samples DSM4T-2. For activation at 600 °C and
700 °C, samples DSM4600-2 and DSM4700-2 reveal a micro- and supermicropore
structure with a size distribution dominated by 1.2 nm pores and some small
mesopores. Samples DSM4800-2 and DSU4800-2, on the other hand, exhibit a pore
size distribution very comparable to DSM4800-1 and DSU4800-1, with mesopores
centred at 2.7 nm. It appears that when higher amounts of melamine are used, KOH
serves as the limiting agent and as a result significant N content was retained in the

carbons, which limited the overall porosity.

The level of porosity in the resulting carbons can be interpreted as follows: The
decomposition of KOH to K2COs occurs at high temperatures. When N heteroatoms
are present during the synthesis of the activated carbons, different pathway is taken
during the activation process. As shown in equation (4-1), the KoCO3 attacks the N-C
on the surface of the ACDS carbon, resulting in the formation of N adducts (KOCN)
at ca. 600 °C and the formation of some porosity. Sevilla, et al. found that the
intermediate KOCN is a reactive form, and upon further heating, the KOCN works as
an oxidising agent and can create significant porosity, as seen in equation (4-2). Thus,
the enhancement observed in the mesopore region takes place at 700 °C, which is the
temperature at which the decomposition of K>COs with N-C occurs. This is
accompanied by a decrease in the yield of product, from 40% at 600 °C (sample
DSM2600-1) to 31% at 700 °C (sample DSM2700-1), and a reduction in N content
(Table 4.1). Further increase in activation temperature from 700 to 800 °C largely
enhances the proportion of pores of size ~ 3 nm, accompanied by a drop in the carbon
yield to 16% for DSM4800-1. As more N atoms are involved in the reaction and

removed by the etching reaction with K2COs, larger pores are generated alongside with
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small proportion of micropores. However, when the N content is very high and a low
amount of KOH is used (DSM2T-2), the amount of generated K>CO3z works as a
limiting agent, resulting in excess N content remaining in the resulting carbons.
Altogether, in this way, the melamine acts as both an N-dopant and a structure-
directing agent (porogen) by extending the size distribution of the pores into the

mesopore region.

The textural properties of the N-doped activated carbons are given in Table 4.3, and
show that the surface area and pore volume range from moderate to ultra-high
depending on the amount of N-dopant and the severity of activation. For samples
prepared at a melamine/ACDS ratio of 1, the surface area ranges from 1029 m? g* for
DSM2600-1 to 2536 m? g* for DSM2800-1, and from 2226 m? g for DSM4600-1 to
3360 m? g for DSM4800-1, while the equivalent sample prepared in presence of urea
(DSU4800-1) has the highest surface area of 3646 m? g. A similar patterns is
observed for the pore volume, varying from 0.43 to 1.18 cm® g for DSM2T-1
samples, 1.06 to 1.84 cm® g* for DSM4T-1 samples, and reaching 2.05 cm® g* for
DSU4800-1. When the amount of melamine was increased, the surface area and pore
volume decreased at any given activation conditions. DSM2T-2 carbons have surface
areas ranging from 340 m? g for DSM2600-2 to 1161 m? g for DSM2800-2 and
pore volume of 0.15 cm® g* and 0.56 cm® g%, respectively. Carbons prepared with a
high amount of KOH (DSM4T-2) had a larger surface area and pore volume of
1322 m? g* and 0.59 cm® g for DSM4600-2, which increased to 3138 m? g and
1.75 cm® gt for DSM4800-2. Sample DSU4800-2, which was prepared in the presence
of urea, has the highest surface area (3270 m? g) and pore volume (1.79 cm?® g2) in
this group of samples. In general, the samples prepared in the presence of urea
(DSU4800-y) generated carbons with a higher surface area than their counterparts
(DSM4800-y), prepared with melamine. This is because melamine has a bulk N
content of ~ 67 wt% compared to 46 wt% for urea, meaning a higher N/K ratio for the
former. It is noteworthy that the retained N content follows the trend DSM4800-2 >
DSU4800-2 > DSM4800-1 > DSU4800-1, which is consistent with their surface areas
of 3138, 3270, 3360 and 3646 m? g*. Thus DSU4800-1 has the lowest N/K ratio
among all samples in this study and the highest surface area and pore volume, which
may be attributed to the ideal ratio of N/K where significant amount of N are consumed

during the activation. Interestingly, the significant increase in the surface area from
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modest to ultra-high is consistent with the decreasing N content (N/C) in the samples,
which, as described above, means more N was involved in the creation of the surface

area and porosity.2 22

The surface area density (SAD) of the carbons, defined as the ratio of surface area to
pore volume, is shown in Table 4.3. The SAD shows a clear correlation with the nature
of porosity, and decreases at higher levels of mesoporosity. For melamine/ACDS ratio
of 1, the SAD ranges between 2393 and 2149 m? cm™ for DSM2T-1 carbons, and
between 2100 m? cm2and 1826 m? cm™ for DSM4T-1 carbons. For melamine/ACDS
ratio of 2, the SAD ranges from 2267 to 2073 m? c¢m™ for DSM2T-2 carbons and
2241 to 1793 m? cm3 for DSM4T-2 samples. The DSU4800-1 sample, which has the
highest surface area, had surface area density of 1779 m? cm™, which is the lowest

observed in this study due to a high level of mesoporosity.
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Table 4.3. Textural properties of N-doped activated carbons prepared at melamine or
urea/ACDS ratio of 1 or 2, KOH/ACDS ratio of 2 or 4, and activation temperature of

600, 700, or 800 °C.

BET surface area/  Pore Volume / Surface ) Volumetric
2 1 3 -1 PaCklng
m-g cm® g area o surface
Sample - : .. density ;
Total Micro Total Micro density (g om?) area
D ) Y ) R o B (m? om?)
DSM2600-1 | 1029 891(87) 0.43 0.35(82) 2393 0.89 916
DSM2700-1 | 1859 1441(78) 0.82 0.58 (71) 2267 0.74 1376
DSM2800-1 | 2536 1513 (60) 1.18 0.60 (57) 2149 0.65 1648
DSM4600-1 | 2226 1690 (76) 1.06 0.67 (63) 2100 0.68 1514
DSMA4700-1 | 2672 1712 (64) 1.28 0.68 (53) 2088 0.59 1577
DSM4800-1 | 3360 510(15) 1.84 0.15(8) 1826 0.45 1512
DSU4800-1 | 3646 578 (16) 2.05 0.19(9) 1779 0.41 1495
DSM2600-2 | 340 295(87) 0.15 0.12(80) 2267 - -
DSM2700-2 | 635 484 (76) 0.30 0.20(67) 2117 - -
DSM2800-2 | 1161 756 (65) 0.56 0.32 (57) 2073 - -
DSM4600-2 | 1322 1113(84) 0.59 0.44 (75) 2241 - -
DSM4700-2 | 1989 1383(70) 0.93 0.57 (61) 2139 - -
DSM4800-2 | 3138 400 (13) 1.75 0.14(8) 1793 0.43 1349
DSU4800-2 | 3270 366 (11) 1.79 0.11(6) 1827 0.41 1341

The values in parentheses represent the proportion of micropores, and® is the
proportion of micropore volume. Surface area density (SAD)® defined as the ratio of
surface area to pore volume. To calculate the packing density?, a known quantity of
carbon was compressed in a 1.3 cm die at 7 MPa for 10 minutes. Multiplying the
surface area by the packing density yields the volumetric surface area'.
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4.3.4 Gas uptake
4.3.4.1 CO2 uptake

Given the broad range of porosity for the present carbons, their potential use as stores
for carbon capture and storage (CCS) was investigated at 25 °C and a pressure range
of 0-20 bar. Figure 4.13 and Figure 4.14 show the CO uptake isotherms for
DSMxT-1 carbons along with sample DSU4800-1, and Table 4.4 summarises the CO;
uptake (mmol g) at various pressures (0.15 bar, 1 bar and 20 bar). The CO2 uptake at
1 bar (Figure 4.13B) for DSM2T-1 carbons is very attractive and ranges from
4.3 mmol g! (DSM2600-1) to 4.6 mmol g' (DSM700-1) with a decrease to
4.1 mmol g for DSM2800-1. For DSM4T-1 carbons (Figure 4.14B), the CO, uptake
is lower and in the range 3.2-4.1 mmol g* as a consequence of lower levels of
microporosity. This trend confirms that the CO. uptake at low pressure is dependent
on the pore size of the adsorbent rather than the overall surface area, which is in line
with previous reports that low pressure CO2 uptake is determined by the preponderance
of narrow micropores.?®?® At uptake pressure of 20 bar, however, the situation is
reversed, and the CO storage capacity of DSM4T-1 carbons is higher due to the
greater dependence of uptake on the total surface area. The CO: uptake of
DSM4800-1 and DSU4800-1 at 20 bar is as high as 24.9 and 24.7 mmol g, but still
not at saturation point, meaning that these samples can store more CO; at higher
pressures (Figure 4.13, Figure 4.14 and Table 4.4). At uptake pressure of 0.15 bar,
DSM2T-1 carbons show attractive CO, uptake of 1.67 mmol g* for DSM2600-1,
1.37 mmol g for DSM2700-1 and 0.97 mmol g* for DSM2800-1 as shown in Figure
4.13 and Table 4.4. The trend to lower CO> uptake for DSM2800-1 is due to pore
widening. It is worth noting that CO> uptake at 25 °C and 0.15 bar of 1.67
mmol g for DSM2600-1 is among the highest reported for any porous material.?* 2¢-
43 The uptake for DSM4T-1 samples is lower and ranges between 0.63 and 1.05 mmol
gt, which is to be expected due to their lower levels of microporosity. Overall, the
uptake of CO> at low pressures of 0.15 bar and 1 bar is strongly affected by the pore

size, with the narrow microporous carbons exhibiting higher uptake.
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Figure 4.13. CO, uptake isotherms at 25 °C of N-doped activated carbons prepared
at melamine/ACDS ratio of 1 and KOH/ACDS ratio of 2.
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Figure 4.14. CO, uptake isotherms at 25 °C of N-doped activated carbons prepared
at melamine or urea/ACDS ratio of 1 and KOH/ACDS ratio of 4.
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Table 4.4. CO> uptake at 25 °C and various pressures (0.15, 1 and 20 bar) of N-doped
activated carbons prepared at melamine or urea/ACDS ratio of 1 and KOH/ACDS ratio
of 2 or 4.

CO; uptake (mmol g%

Sample
0.15 bar 1 bar 20 bar
DSM2600-1 1.67 4.3 9.8
DSM2700-1 1.37 4.6 15.0
DSM2800-1 0.97 4.1 19.6
DSM4600-1 1.05 4.1 17.9
DSM4700-1 0.92 4.0 21.3
DSM4800-1 0.63 3.2 24.9
DSU4800-1 0.63 3.2 24.7

The CO. uptake isotherms of DSMxT-2 carbons and DSU4800-2 are shown in Figure
4.15and Figure 4.16. Table 4.5 summarises the CO, storage capacity of these samples
at various pressures (0.15, 1 and 20 bar). At 1 bar (Figure 4.15B and Figure 4.16B),
the storage capacity of DSM2T-2 carbons increases from 2.5 mmol g** for DSM2600-
2 to 3.4 mmol g* for DSM2800-2, whereas carbons derived from harsh activation
conditions (DSMA4T-2) show uptake of ~3.2 mmol g for DSM4800-2 and DSU4800-
2, which rises to 4.7 and 4.3 mmol g for samples obtained at lower activation
temperatures of 600 °C and 700 °C, respectively. The highest uptake at 1 bar and 25
°C of 4.7 mmol g? is observed for DSM4600-2. All the samples approach saturation
at 20 bar (Figure 4.15A and Figure 4.16A) with the exception of DSM4800-2 and
DSU4800-2. The lower uptake for some samples at 20 bar is attributed to the use of a
higher amount of melamine, which leads to the generation of N-rich carbons, which is
accompanied by lowering the surface area and narrower pores.?? On the other hand,
the CO. uptake at very low pressure of 0.15 bar (Figure 4.15B and Figure 4.16B) is
very attractive and in a narrow range between 1.22 and 1.32 mmol g for DSM2T-2
carbons, with the highest uptake registered for the sample DSM2700-2. It is interesting
to note that the uptake for samples prepared with a KOH/ACDS ratio of 2 was nearly
matched regardless of activation temperature and N content. The CO uptake for
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samples activated at a KOH/ACDS ratio of 4 is more varied; 1.58 mmol g* for
DSM4600-2 and 1.20 mmol g* for DSM4700-2, and decreases to between 0.69 and
0.65 mmol g* for DSM4800-2 and DSU4800-2, respectively. The lowering in the
uptake for DSM4800-2 and DSU4800-2 is expected due to their wider porosity, which
is evidence that the uptake at low pressure is not determined by the surface area but
mainly by the pore size of the adsorbent. Notably, DSM4600-2 had the highest CO>
uptake at 0.15 and 1 bar of 1.58 and 4.7 mmol g2, respectively. This uptake is amongst
the highest ever reported for N-doped carbon materials, which show a great promise

as post-combustion CO- storage materials.?* 2643
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Figure 4.15. CO> uptake isotherms at 25 °C of N-doped activated carbons prepared
at melamine/ACDS ratio of 2 and KOH/ACDS ratio of 2.
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Figure 4.16. CO. uptake isotherms at 25 °C of N-doped activated carbons prepared
at melamine or urea/ACDS ratio of 2 and KOH/ACDS ratio of 4.

Table 4.5. CO; uptake at 25 °C and various pressures (0.15, 1 and 20 bar) of N-doped
activated carbons prepared at melamine or urea/ACDS ratio of 2 and KOH/ACDS ratio

of 2 or 4.
CO2 uptake (mmol g1)
Sample

0.15 bar 1 bar 20 bar
DSM2600-2 1.22 2.5 4.5
DSM2700-2 1.32 3.0 6.6
DSM2800-2 1.26 34 9.6
DSM4600-2 1.58 4.7 12.2
DSM4700-2 1.20 4.3 16.0
DSM4800-2 0.69 3.3 23.4
DSU4800-2 0.65 3.2 24.4
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4.3.4.2 Methane storage

Porous materials must possess the appropriate combination of micro- and
mesoporosity, large surface area, and high packing density in order to effectively store
methane at moderate to high pressure (35-100 bar). The presence of optimal
microporosity is important to enhance the packing density, which is key for enhanced
volumetric methane uptake, while mesoporosity is essential for facilitating the sorption
kinetics and improving the working capacity or deliverable methane for pressure swing
processes. b 13 15254448 The high surface area of the present carbons (Table 4.3), and
the mix of their microporosity and mesoporosity suggest that they may be suitable
stores for methane. The excess methane uptake was directly determined at pressures
between 0 and 100 bar and 25 °C. The uptake at pressures of 35, 65 and 100 bar was
the emphasis as they offer a practical measure of performance that has been
extensively used in earlier research, which therefore simplifies direct comparisons to
the current state-of-the-art materials. 13 1% 254448 The total methane uptake capacity
was calculated from the excess data by considering the methane density and the total

pore volume of the adsorbing carbons according to the following equation:

Or = Opxc + depa X Vr (4-3)

Where: &ris total methane uptake (g g2), G is excess methane uptake (g %), densis
methane density (g cm™) at any given pressure at 25 °C, and V4 is total pore volume
(cm3g1) of the activated carbon. The density of methane (dtus) was obtained from the
National Institute of Standards and  Technology (NIST)  website
(https://www.nist.gov/).

Figure 4.17 shows the excess CH4 uptake isotherms at 25 °C for a selection of
samples, and the methane storage capacity at 35, 65, and 100 bar is summarised in
Table 4.6. In general, the excess methane uptake is proportional to the surface area,
and the isotherms are completely reversible with no hysteresis. It is apparent that the
excess uptake sharply increased at low pressure and then shows a gradual increase at
pressures above 60 bar, which indicates that storage capacity approaches saturation at
pressure of ca. 60 bar. Figure 4.17A shows the uptake of representative DSMxT-1
carbons that have sufficiently high surface area to be of interest as methane stores.

These samples have high methane storage capacity, with greater storage for
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samples that have higher surface area, i.e., DSM2700-1 < DSM4600-1 < DSM2800-1
< DSM4700-1. For instance, the excess uptake at 35 bar is in the range of
8.5-10.9 mmol g%, and increased to 9.5-12.4 and 9.8-12.7 mmol g* at pressures of
65 and 100 bar, respectively. On the other hand, the excess methane uptake of samples
obtained under severe activation conditions (DSM4800-1, DSM4800-2, DSU4800-1
and DSU4800-2), show higher methane uptake, as shown in Figure 4.17B and Table
4.6. The methane storage capacity of these carbons is in a very narrow range. For
example at 35 bar, the uptake is between 12.2 and 13.0 mmol g%, and ranges from 14.5
to 15.5 mmol g*at 65 bar, which further increases to between 14.8 and 16.3 mmol g™
at 100 bar. The excess methane uptake of 13.0 mmol g at 25 °C and 35 bar DSU4800-
1 is among the highest ever reported for any porous materials and demonstrates the
capability of the present carbons for methane storage at moderate pressure.t3 15 25 44-
% Generally, the highest excess methane uptake at 25 °C and 100 bar is for the samples
with the highest surface area (DSU4800-1 and DSM4800-1) at 16.3 and 15.5 mmol g
! respectively. It can be inferred from the excess uptake that samples prepared with a
low N/K ratio store more methane than those prepared at higher ratio. This is an
indication that the strategy of adding N-containing additives, as structure-directing
agents, to the ACDS precursor enhances the methane storage capacity.
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Figure 4.17. Excess gravimetric methane uptake isotherms at 25 °C of N-doped
activated carbons prepared at KOH/ACDS ratio of 2 or 4 and melamine or
urea/ACDS ratio of 1 or 2.

Table 4.6. Excess gravimetric methane uptake at 25 °C and pressures of 35, 65 and
100 bar of N-doped activated carbons prepared at KOH/ACDS ratio of 2 or 4 and
melamine or urea/ACDS ratio of 1 or 2.

Excess gravimetric methane uptake (mmol g) or (g g)?

Sample
35 bar 65 bar 100 bar
DSM2700-1 8.5 (0.14) 9.5 (0.15) 9.8 (0.16)
DSM2800-1 10.9 (0.17) 12.4 (0.20) 12.7 (0.21)
DSM4600-1 9.5 (0.15) 10.8 (0.17) 11.0 (0.18)
DSM4700-1 11.1 (0.18) 12.8 (0.21) 13.3(0.22)
DSM4800-1 12.5 (0.20) 14.8 (0.24) 15.5 (0.25)
DSM4800-2 12.2 (0.19) 14.5 (0.23) 15.2 (0.24)
DSU4800-1 13.0 (0.21) 15.5 (0.25) 16.3 (0.26)
DSU4800-2 12.4 (0.20) 14.5 (0.23) 14.8 (0.24)

*The values in parenthesis are the excess gravimetric methane uptake donated as (g g%).
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Figure 4.18 shows the total gravimetric methane uptake isotherms of samples
DSM2700-1, DSM2800-1, DSM4600-1, DSM4700-1, DSM4800-1, and DSM4800-2,
as well as those of DSU4800-1 and DSU4800-2 that were prepared with added urea.
Table 4.7 provides a summary of the total gravimetric methane uptake at 35, 65, and
100 bar. The total methane storage for carbons produced at milder conditions was 9.7,
12.6, 11.1 and 13.0 mmol g* (at 35 bar), 11.9, 15.8, 13.9 and 16.6 mmol g* (at 65 bar),
and 13.7, 18.3, 16.0 and 19.4 mmol g (at 100 bar), respectively, for DSM2700-1,
DSM2800-1, DSM4600-1 and DSM4700-1. At 35 bar, the total methane uptake of
carbons produced under harsher activation conditions is 15.3 and 14.8 mmol g* for
DSM4800-1 and DSM4800-2, respectively, while for DSU4800-1 and DSU4800-2,
the total uptake is 16.1 and 15.1 mmol g2, respectively. At 65 bar, the total methane
uptake is 20.2 and 19.6 mmol g* for DSM4800-1 and DSM4800-2, respectively, and
increases further to 24.2 and 23.5 mmol g* at 100 bar. While the total uptake is 21.5
and 19.7 mmol g* at 65 bar, and 26.0 and 23.4 mmol g at 100 bar for DSU4800-1
and DSU4800-2, respectively. At 100 bar and 25 °C, the uptake of some carbons
(0.39 and 0.38 g g* for DSM4800-1 and DSM4800-2, and 0.42 and 0.37 g g for
DSU4800-1 and DSU4800-2, respectively, is close to the DOE target. The N-doping
process results in carbons with remarkable gravimetric methane adsorption that either
matches or exceeds those previously reported to date for carbon or MOF materials.™
15, 44-48, 20, 51, 54-61 Fyrthermore, the gravimetric uptake of all the present carbons is

higher than that of carbons prepared from ACDS only.®
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Figure 4.18. Total gravimetric methane uptake isotherms at 25 °C of N-doped
activated carbons prepared at KOH/ACDS ratio of 2 or 4 and melamine or
urea/ACDS ratio of 1 or 2.
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Table 4.7. Total gravimetric methane uptake at 25 °C and pressures of 35, 65 and
100 bar of N-doped activated carbons prepared at KOH/ACDS ratio of 2 or 4 and
melamine or urea/ACDS ratio of 1 or 2.

Total gravimetric methane uptake (mmol g*) or (g g)?

Sample
35 bar 65 bar 100 bar
DSM2700-1 9.7 (0.16) 11.9 (0.19) 13.7 (0.22)
DSM2800-1 12.6 (0.20) 15.8 (0.25) 18.3 (0.29)
DSM4600-1 11.1 (0.18) 13.9 (0.22) 16.0 (0.26)
DSM4700-1 13.0 (0.21) 16.6 (0.27) 19.4 (0.31)
DSM4800-1 15.3 (0.25) 20.2 (0.32) 24.2 (0.39)
DSM4800-2 14.8 (0.24) 19.6 (0.31) 23.5 (0.38)
DSU4800-1 16.1 (0.26) 21.5 (0.35) 26.0 (0.42)
DSU4800-2 15.1 (0.24) 19.7 (0.32) 23.4 (0.37)

*The values in parenthesis are the total gravimetric methane uptake donated as (g g2).

In addition to the impressive gravimetric methane storage capacity achieved, the
volumetric uptake (i.e., cm® (STP) cm™), which is the amount of methane that can be
held by the adsorbent per unit of tank volume, is an important parameter for methane
storage performance from a practical perspective. The volumetric uptake is largely
determined by the packing density of the adsorbent and the gravimetric uptake. If an
adsorbent has a higher packing density, it could potentially allow more of it to be filled
in a given tank, which in turn increases the volumetric capacity. The United States
Department of Energy (U.S. DOE) has established a goal for volumetric methane
uptake at 25 °C and pressure (i.e., 35-100 bar) of 263 cm® (STP) cm™ to facilitate
widespread use. The total volumetric methane uptake isotherms are shown in Figure
4.19, and Table 4.8 provides a summary of the uptake at pressures of 35, 65 and 100
bar. It is interesting to note that the volumetric uptake isotherms do not show any
saturation at 100 bar. This indicates that the present carbons might be able to store
considerably more methane at pressures higher than 100 bar. In contrast, it has been
found that most benchmark MOFs reach saturation at pressures of ca. 80 bar.>" %2 This
could be explained by the fact that the presence of mesopores in these carbons

facilitates enhanced gas uptake at higher pressures and also allows for rapid adsorption
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and desorption rates.®? For the carbons obtained at milder activation conditions
(DSM2700-1, DSM2800-1, DSM4600-1 and DSMA4700-1), at 35 bar, the total
volumetric methane uptake (cm® (STP) cm™) varies from 161 to 184, while it is
between 154 and 138 for those obtained under harsher conditions (DSM4800-y and
DSU4800-y). The highest volumetric methane uptake capacity at 35 bar, observed for
DSM2800-1 at 184 cm® (STP) cm, is amongst the best reported for porous
materials.> 48 83-65 At 65 bar, the uptake is between 198 and 230 for DSM2700-1,
DSM2800-1, DSM4600-1 and DSM4700-1, and in the range of 181 to 203 for
DSM4800-y and DSU4800-y. At 100 bar, DSM2700-1, DSM2800-1, DSM4600-1,
and DSMA4700-1 carbons have total methane uptake of 227, 266, 244, and
256 cm?® (STP) cm3, respectively, and DSM4800-1, DSM4800-2, and DSU4800-1 and
DSU4800-2 have total methane uptake of 244, 226, 239, and 214 cm? (STP) cm™. The
best volumetric uptake performance at 100 bar is observed for sample DSM2800-1 at
266 cm?® (STP) cm3, which exceeds the DOE target and outperforms or is comparable
to the best porous materials (activated carbons or MOFs).13 47-48:51 On the other hand,
it is interesting to note that, at 25 °C and 100 bar the volumetric uptake of the
DSU4800-1 carbon is just ~ 9% lower than that of the target uptakes (0.5 g g* and
263 cm?® (STP) cm®) for gravimetric and volumetric uptake, i.e., 0.42 g g*
and 239 cm® (STP) cm™, respectively. The outstanding performance of DSU4800-1
samples can be attributed to a well-balanced combination of porosity and packing
density as a result of an optimal N:K ratio during synthesis. Overall, however, the
volumetric uptake obtained by the activated carbons in this study is among the highest
values recorded for carbons or MOF materials so far, based on experimentally obtained

packing density values.13' 44-46, 48-50, 52-54, 63-70

The working capacity, i.e., the efficacy of materials to deliver the stored gas between
two finite pressures, is more important than the total storage capacity. The efficiency
of this process is largely dependent on the type of porosity. Highly microporous
materials are expected to absorb a large amount of methane at lower pressures
(e.g., 5 bar), thereby reducing their working capacity. Thus, to achieve high working
capacity, the mix microporosity and mesoporosity is important; the former is critical
for high packing density, while the latter plays an important role in minimising the
uptake at lower pressure, leading to an increase in the working capacity of the

materials. Deliverable methane, or volumetric working capacity, calculated by

155



Thesis

subtracting the storage at release pressure of 5 bar from the uptake at 35, 65 or 100 bar,
is given in Table 4.8 The volumetric working capacity, for a 100 to 5 bar pressure
swing, reaches 196, 195, 195, and 193 cm?® (STP) cm™ for samples DSM4700-1,
DSM2800-1, DSM4800-1 and DSU4800-1, respectively. It's interesting that the
volumetric capacities of DSM4800-1 and DSU4800-1 are almost the same as for
DSM2800-1, even though the later has the highest total volumetric uptake of
266 cm® (STP) cm™. This is ascribed to the presence of greater mesoporosity in
DSM4800-1 and DSU4800-1, which lowers the uptake at 5 bar.? It is noteworthy that
the present carbons have volumetric working capacities approaching the values of the
best MOFs (i.e., monolithic monoHKUST1 and monoUiO-66_D), which are
considered to be 50% better than any powder MOF.#": €8
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Figure 4.19. Excess and total volumetric methane uptake isotherms at 25 °C of
N-doped activated carbons prepared at KOH/ACDS ratio of 2 or 4 and melamine or
urea/ACDS ratio of 1 or 2.
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Table 4.8. Total volumetric methane uptake and working capacity of N-doped
activated carbons prepared at KOH/ACC ratio of 2 or 4 and melamine or urea/ACDS

ratio of 1 or 2.

Total volumetric methane uptake (cm?® (STP) cm™)

Sample
35 bar 65 bar 100 bar
DSM2700-1 161 (92) 198 (129) 227 (158)
DSM2800-1 184 (113) 230 (159) 266 (195)
DSM4600-1 169 (105) 212 (148) 244 (180)
DSM4700-1 171 (111) 219 (159) 256 (196)
DSM4800-1 154 (105) 203 (154) 244 (195)
DSM4800-2 143 (97) 189 (143) 226 (180)
DSU4800-1 148 (102) 197 (151) 239 (193)
DSU4800-2 138 (93) 181 (136) 214 (169)

The values in parentheses are volumetric working capacity (i.e., deliverable methane),

which is calculated by subtracting the storage pressure at 5 bar.

157



Thesis

4.4 Conclusion

N-doped carbons with well controlled porosity were achieved through the addition of
N-containing additives (melamine or urea) to an activation mixture containing KOH
as an activating agent and carbonaceous matter derived from biomass, i.e., air-
carbonised date seed, Phoenix dactylifera, ACDS. Depending on the preparation
conditions and by varying the amount of melamine or urea, the amount of activating
agent, and the activation temperature, carbons with a wide range of surface area and
porosity properties were generated. The activated carbons feature a large N content,
which can reach up to 18 wt%, with surface area of between 340 to 3646 m? g and
pore volume in the range of 0.15 to 2.1 cm® g™*. It was observed that the N added to
the activation mix serves as both an N-dopant and a structure-directing agent (porogen)
by extending the size of pores generated into the mesopore region. This study provides
evidence that N-containing additives can play a key role determining the structural
properties of the resulting carbons, and their use during activation acts to increase the
susceptibility of the ACDS carbon to activation. It appears that K* from the KOH
reacts with surface N species readily, leading to a significant increase in the surface
area, which is accompanied with a lowering of the N content of the carbons.
Furthermore, the presence of N provides activation pathways to carbons with a unique
combination of textural properties (surface area, mix of microporosity and
mesoporosity and packing density) that can be tuned for towards suitability for
enhanced uptake of CO, and methane. Depending on the preparation conditions and
resulting mix of micro/mesoporosity, the carbons show excellent low pressure CO>
capture at 25 °C of 1.7 mmol g* at 0.15 bar and 4.7 mmol g at 1 bar. At 25 °C and
100 bar the methane uptake of one of the best performing carbons (DSU4800-1) is
only ca. 9% lower than the target uptakes (0.5 g g* and 263 cm?® (STP) cm™®) at
0.42gg* and 239 cm® (STP) cm™, respectively. The impressive performance is
attributed to the balanced combination of porosity and packing density as a result of

an optimal ratio of N:K during the activation process.
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Chapter 5

Ultra-high surface area ionic-liquid-derived carbons that
meet both gravimetric and volumetric methane storage
targets

Abstract

Natural gas, whose main ingredient is methane, is an alternative fuel for vehicular
transport due to its lower carbon emission compared to petroleum based fuels.
Methane storage for vehicular use may be achieved in porous materials, but to date,
there is no material that meets the required gravimetric and volumetric targets for such
use. To address this challenge, we explore carbonised N-rich and O-poor (i.e. low O/C
ratio) crosslinkable imidazolium-based ionic liquids as precursors for porous carbons.
On activation, the carbonised ionic liquid yields activated carbons with surface area
and pore volume of up to ~4000 m2 g* and 3.3 cm? g%, respectively, along with high
packing density. Here we show that the carbons have excellent methane uptake of up
to 0.53 g g* and 289 cm® (STP) cm™, respectively, at 25 °C and 100 bar, which
surpasses both gravimetric and volumetric storage targets required for vehicular

transport.
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5.1 Introduction

5.1.1 lonic liquids as carbon precursors

Recently, ionic liquids (ILs), which consist of an organic cation and an inorganic
anion, have gained much attention as a new class of carbon precursors owing to their
combination of remarkable physicochemical properties.'* Since ionic liquids are
composed entirely of ions and coupled with their carbon-rich nature, they are
becoming very promising candidates as carbon precursors with the following
advantages. First, due to their ionic structure and high electrostatic interaction between
charges, ILs exhibit negligible vapor pressure and high thermal stability, significantly
reducing mass loss during carbonisation processes.> ® Second, in comparison to
polymer precursors (e.g., polyacrylonitrile’, poly(furfuryl alcohol), and phenolic
resins) that require long scale and complicated synthesis beside their limited solubility
and solid-state, the carbonisation of a small amount of ILs is simple and easy to
handle.® This facilitates the carbonisation process, leading to reduced time
consumption and lower costs. Third, the homogeneous incorporation of nitrogen and
carbon atoms in situ into the carbon materials (when using some nitrogen-containing
ILs) eliminates the need for doping agents.® Fourth, the low melting points of ILs under
atmospheric conditions (i.e., below 100 °C or even below room temperature) and their
liquid state enable them to wet most surfaces effectively and form seamless and
homogeneous carbon films, suitable for various applications.® Fifth, one key advantage
of ionic liquids is the structural diversity that can be tweaked to meet different
requirements by a smart selection of ILs cation and anion offering additional
possibilities for controlling over structures and properties of carbon materials at the

molecular level.?

For instance, IL with nitrogen-containing cations and CI~ or BF4™ anion results in a
hydrophilic IL, but its combination with PFg~ results in a hydrophobic IL.2° The
unusual compositions with different properties of ILs have led to an explosion in their
use in many different potential applications, including as green ionic solvents in green
chemistry and clean technology, in electrochemical applications such as (Li-ion
batteries®, supercapacitors®?, sensors, solar panel, and fuel cells)*?, catalysts or catalyst

supports, and recently as a new family of precursors for carbon-based materials. 4
8, 12-15
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5.1.2 Previous studies of ionic liquids as carbon precursors

Typically, conventional carbon materials are in a solid-state which rising up the
difficulty of using them as a coating agent on substrates Furthermore, non-polymer
liquid molecules could be used as an alternative method, but due to the low vyield
obtained and their high volatility, they might not be suitable. To overcome these
difficulties, ILs, which are liquid at room temperature, are being used as a relatively
new method for the synthesis of carbon materials. The presence of certain functional
groups into ILs precursors is a fundamental structural prerequisite that enables cross-

linking during thermal treatment.

There have been several successful instances where cyano- or nitrile-functionalised
ionic liquids have improved carbon yields. For example, Lee, et al. attempted to
develop IL-based carbon precursor by adding nitrile functionality onto imidazolium
backbones.? For this purpose: 1-cyanomethyl3-methylimidazolium ([MCNIm]*) and
1,3-bis(cyanomethyl)imidazolium ([BCNIm]*) have been prepared. It was found that
the thermal stability of this class of ILs strongly depends on the nature of the anion,
and significant yields were observed for all nitrile-functionalised ionic liquids.?
Further, they demonstrated that carbonaceous materials derived from bulky anions
feature high surface areas suggesting the key role of the anion on the
structural morphology. For example, the surface area of [BCNIm]CI precursor is only
15.5 m? g1, while for the same cation paired with [Tf.N]  and [beti]” anions possessed
high surface areas (640 m? g & 662 m? g™, respectively).? In a later study, Lee, et al.
and his team focused on anions because they are more easily designed to bear multiple
crosslinkable components.t They used for this study [C(CN)s]" anion, which is
expected to be more favourable to undergo crosslinking reactions during the
carbonisation process than those from cations. The [C(CN)z] anion was introduced to
three different types of cations, which are (1-ethyl-3-methylimidazolium [EMIm]*,
1-butyl-3methylimidazolium [BMIm]™, and 1-decyl-3-methylimidazolium
[C10MIm]*).! Significant carbonisation yields were achieved for all these three

studied precursors.

In another study, Fulvio, et al. reported a mixture of two ILs containing different
anions namely: 1-butyl-3-methylimidazolium tricyanomethanide ([BMIm][C(CN)z3])
and 1-ethyl-3-methylimidazolium tetracyanoborate ([EMIm][B(CN)4]).X® The
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porosity and surface area of the carbonaceous matter were controlled proportionally to
reach the maximum surface area of 528 m? g*X. However, the nitrogen content found

to decrease to 4.0 wt%.16

To enrich this, the study conducted by Zhang, et al. need to be included in this
discussion.®® In this study, N-doped mesoporous porous carbon material has been
prepared and originated from ionic liquid, 1-cyanomethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) imide ((MCNIm]*[Nf.T]") via carbonisation method.® It
was found that the ionic liquid does not only act as a precursor for carbon materials,
but also as a nitrogen source for the prepared carbon materials. The materials showed

a high nitrogen-content of 18 wt% and a surface area of and 865 m?g.

Based on this discussion, all authors attempted to study the use of ionic liquids as a
new class for nitrogen-rich carbon precursors from various perspective. However, no
study has shown that or attempted to investigate the activation effect on the ionic liquid
precursors. In this chapter, we will study and investigate the carbonisation and
activation effect on chosen IL (1-butyl-3-methylimidazolium tricyanomethanide
([BMIM][C(CN)3]) precursor and its potential applications for methane capture and

storages.

5.2 lonic liquid-derived activated carbon for methane storage

The continuous emission of greenhouse gases into the atmosphere, largely driven by
rapid global development that has relied on the accelerated use of fossil fuels, has
raised concerns over the impact on the environmental, and on climate and global
ecosystems. In particular, the concentration of CO», the largest contributor to global
warming, has reached unprecedented levels in the atmosphere.l’” The need for
alternative fuels to enable a transition away from conventional petroleum is becoming
more urgent in order to meet the mitigation target set by international pledges, such as
the Paris Agreement, to reduce atmospheric CO; levels.® Efforts are currently
focussed on the development of environmentally-friendly and low cost technology that
will enable both the remediation of environmental damage caused by rising CO> levels
and the transition to cleaner fuels.!®22 An example of an alternative fuel is natural gas
(NG), which primarily consists of methane (~ 70%). NG has recently received a great
deal of interest as an alternative fuel for vehicular transport due to its abundance and

lower carbon emissions.?? 22 However, the use of NG as fuel for mobile applications
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faces challenges associated with storage and transportation due to a gaseous nature
under ambient conditions.?! 2426 Conventionally, NG is stored as compressed natural
gas (CNG) in high-pressure vessels (> 250 bar), which pose safety concerns. NG may
also be stored as liquefied natural gas (LNG) under cryogenic conditions. However,
LNG technology is limited by high costs of compression and is therefore impractical
for use in vehicles. On the other hand, adsorbed natural gas (ANG) technology, which
involves adsorption onto solid materials, is promising and can circumvent the
difficulties of CNG and LNG by combining much lower pressures than those needed
for CNG along with the possibility of achieving sufficient storage at room temperature,
unlike LNG. Successful application of ANG technology relies on the development of
adsorbent materials that are effective for methane storage. In this regard, a variety of
porous materials have been investigated, including metal-organic frameworks
(MOFs)?2 27 zeolites?® and porous carbons.?® *° The latter, particularly activated
carbons, have gained increasing interest due to several factors, including low cost,
excellent chemical and mechanical stability, and tunability of their textural

properties.31-34

The storage of methane in zeolites tends to be limited by their low to moderate surface
area; they can store up to ca. 10 mmol g* of methane at 100 bar and 25 °C.?% On the
other hand, due to their much higher surface area and pore volume, MOFs can achieve
greater gravimetric methane uptake.?> 2" For example, at 23 °C, it has been reported
that methane storage in MOFs can reach 25 and 33 mmol g* at 65 and 100 bar,
respectively.?” However, the low packing density of MOFs means their volumetric
uptake does not attain the required levels.?> 2" The packing density of MOFs may be
increased via compaction, but such densification has deleterious effects on the
gravimetric storage capacity and consequently does not improve the volumetric
uptake.?? 2" Porous carbons, on the other hand, can achieve high surface area and, due
to their high mechanical stability, can also be compacted without loss of porosity and
gravimetric uptake capacity for methane. The ideal porous carbon would need to have
both high porosity (Surface area and pore volume) and packing density. Such a
combination, while possible for porous carbons, would be difficult to achieve for

zeolites or MOFs.

The textural properties of activated carbons are determined by the type and amount of

activating agent, the activation temperature, and the nature and elemental composition
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of the carbonaceous precursor from which they are derived.3? Regarding the impact of
the nature of the carbonaceous precursor, we have recently shown that it is possible to
tailor the porosity of activated carbons by systematic selection of precursors on the
basis of their elemental composition.?® 3> 3¢ We explored the use of pre-mixed
precursors (e.g., polypyrrole and sawdust) to control, tailor and enhance the porosity
of activated carbons.®® More specifically, we have shown that the nature of the
carbonaceous precursor and in particular the elemental composition can determine
susceptibility to activation.?® 30 32 3¢ Knowledge of the link between the elemental
composition of a carbon precursor and susceptibility to activation is important as it can
enable predicting of the textural parameters of the resulting activated carbon (i.e.,
proportion and level of microporosity and mesoporosity). We have shown that the
oxygen/carbon (O/C) atomic ratio of a precursor can play a role in determining
susceptibility to pore formation following activation. Precursors with high O/C ratio
are more susceptible to activation and may result in activated carbons with a high
surface area but with greater levels of mesoporosity and wider pores. On the other
hand, carbonaceous matter with a low O/C ratio have high resistance to so-called over-
activation and thus offer more control over textural properties and favour the formation
of micropores. However, such low O/C ratio precursors are only able to generate
activated carbons with relatively low surface area due to their high resistance to
activation. This means that the gravimetric gas (e.g., methane) uptake of activated
carbons derived from such precursors tends to be low since gas storage at moderate to

high pressure (35 to 100 bar) is very dependent on the surface area of the adsorbent.?®
30

The presence of N in the framework of a carbonaceous precursor also plays a role in
determining the textural properties of activated carbons. For example, it has been
demonstrated that the porosity of activated carbons can be tuned by adding N-
containing additives to carbonaceous precursors, in a manner that allows achievement
of high surface area and tailoring of the balance between microporosity and
mesoporosity.3”* The presence of N in precursors can therefore function as an in-situ
porogen and favour generation of carbons with high mesoporosity and high surface
area but which have low packing density. In a sense the presence of N can have the
opposite effect to that of low O/C ratio. While the presence of N favours generation of

high mesoporosity and high surface area, a low O/C ratio acts in a reverse manner and
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favours the formation of microporous carbons with moderate surface area but high
packing density. In order to optimise both the gravimetric and volumetric uptake of
methane, a suitable carbon material would ideally have high surface area, a mix of
mesoporosity and microporosity, and as high a packing density as possible. Such a mix
of properties is most likely to be achieved from a precursor that contains high amounts
of N along with a low O/C ratio.

In this work we show that by careful selection of a suitable precursor it is possible to
prepare activated carbons with a combination of attractive properties not previously
achieved without the need to premix precursors or the use of added doping agents. We
report on a class of carbon precursor, derived from ionic liquids, that allows for
porosity control towards high surface area but without excessive diminution of
microporosity and packing density. Recently, ionic liquids (ILs), which consist of an
organic cation and an inorganic anion, have gained much attention as a new class of
carbon precursors.? 3154142 Since ionic liquids are composed entirely of ions, coupled
with their carbon-rich nature, they are very promising candidates as carbon precursors
with the following advantages: i) because of their structure and high electrostatic
interaction between electrical charges, they exhibit negligible vapour pressure and
high thermal stability leading to reduced mass loss during carbonisation processes,
ii) the homogeneous incorporation of nitrogen and carbon atoms in situ into the carbon
materials when using ILs with N-containing motifs, which eliminates the need for
using doping agents, and iii) structural diversity that can be modified to meet various
requirements by the smart selection of IL cation and anion thus offering additional
possibilities for control over structures and properties of carbon materials at the
molecular level. We show that careful carbonisation of ILs can yield carbonaceous
matter that possesses a significant amount of N and in addition has a low O/C ratio.
We explore the porosity of the of carbons prepared from the IL-derived carbonaceous
matter using carefully selected protocols, and probe the impact of the presence of N
on both the storage capacity and manner of methane adsorption. The expectation,
which is proven here, is that such precursors can generate porous carbons with both
high porosity and high packing density, a combination that is suitable for optimising

both the gravimetric and volumetric storage of methane.

170



Thesis

5.3 Experimental section
5.3.1 Materials

The following chemicals were used as received, 1-butyl-3-methylimidazolium
tricyanomethanide, ([BMIm][C(CN)s]), (TCI), and potassium hydroxide (KOH),
(Sigma-Aldrich). lonic liquid-derived activated carbons (IL-ACs) were thermally
prepared in two steps, namely, carbonisation followed by activation. Firstly, for the
carbonisation, the required amount of [BMIm][C(CN)z], in an alumina boat, was
placed in a horizontal tube furnace and heated, at a heating ramp rate of 10 °C min™,
to 800 °C and held for 1 h under an inert (N2 gas) atmosphere. The furnace was then
allowed to cool to room temperature under a flow of N2 gas. The resulting
carbonaceous matter was designated as IL-C (IL = ionic liquid, and C = carbonised).
Secondly, the IL-C carbon was chemically activated as follows; IL-C was added to
KOH at KOH/IL-C ratio of 2, 4, or 6 in an agate mortar and thoroughly mixed. The
mixture was then placed in an alumina boat and heated in a furnace under a flow of N2
gas (100 mL mint) at ramp rate of 5 °C min™* to the target temperature (700, 800, or
900 °C) and held for 1 h. The furnace was then allowed to cool to room temperature
under a flow of N2 gas. The resulting activated carbons were washed with 1 M HCI by
stirring at room temperature, followed by washing with deionised water until the
filtrate achieved neutral pH (i.e., pH ~ 7). The carbons were then dried in oven
at 120 °C. The activated carbons were designated as (IL-ACXT, where x is the
KOH/IL-C mass ratio, and T is the activation temperature (in °C). Thus, a carbon
activated at a KOH/IL-C ratio of 4 and at 800 °C is designated as IL-AC4800. The
packing density of the carbons was determined by pressing a known amount of carbon
ina 1.3 cm die at pressure of 7 MPa for 5 min. The packing density was then calculated
from the mass and volume of the resulting pellet/disc.

5.3.2 Materials Characterisation

Thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600
analyser under flowing air or N2 conditions (100 ml min) and heating ramp rate of
10 °C min. Powder XRD patterns were obtained using a PANalytical X’Pert PRO
diffractometer with Cu-Ka radiation (A= 1.5418 A) (40 kV, 40 mA), 0.02 step size
and 5 s step time between 2° and 80°. Elemental analysis (CHN) was performed on an
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Exeter Analytical CE-440 Elemental Analyser. Nitrogen sorption (at -196 °C)
isotherms and textural properties of the activated carbons were determined using a
Micromeritics 3Flex sorptometer. Prior to analysis, the carbons were degassed at
300 °C for 16 h under vacuum. The surface areas were calculated using the Brunauer—
Emmett—Teller (BET) method using the nitrogen adsorption data in the relative
pressure (P/Po) range between 0.05-0.30. Total pore volume was determined from
the amount of nitrogen adsorbed at a relative pressure of 0.99. The micropore surface
area and micropore volume were estimated by t-plot analysis. The porosity measures
(surface area and pore volume) were also calculated using the Non-Local Density
Functional Theory (NLDFT) model. Furthermore, to ensure consistency of the
porosity measures, BET surface identification (BETSI) was also performed for which
the minimum number of points in the linear region was 10, with a minimum r? of 0.995,
and Rouquerol criterion maximum error of 20%.3*° More details about the BETSI
method can be found at https://github.com/fairen-group/betsi-qui. The PSDs were

calculated using the SAIEUS software and the 2D-NLDFT heterogeneous surface

kernel with a fitting parameter, A of 5 for all isotherms.

Infra-red spectroscopy (FTIR) was performed using a Bruker ALPHA FTIR
Spectrometer. Scanning electron microscopy (SEM) images were obtained using a
JEOL 7000F FEG-SEM microscope. Transmission electron microscopy (TEM)
images were obtained using a JEOL 2100F instrument operating at 200 kV and
equipped with a Gatan Orius CCD for imaging. Prior to analysis, the carbon samples
were suspended in distilled water and dispersed onto lacey carbon support films. For
X-ray photoelectron spectroscopy (XPS), a Kratos AXIS ULTRA with a
monochromated Al K X-ray source (1486.6 eV) was used at 10 mA emission current
and 12 kV anode potential. To avoid surface charging, a charge neutralizer filament
was utilised. The analysis chamber pressure was lower than 5 x10°° Torr. Each sample
was analysed in three different areas. XPS spectra were analysed using CasaXPS™
software (version 2.3.22PR1.0), with the Kratos sensitivity factors to derive atomic
percentage values from the peak regions. The binding energies of the high-resolution

spectra were calibrated by setting C-1s to 284.6 eV.
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5.3.3 Methane uptake measurements

Methane uptake was determined using a Hiden Isochema XEMIS Analyser. Sample
masses were at least 30 mg, and the mass measurement precision of XEMIS is 0.1 pg
with a mass stability of 1 ug. CHa (BOC, purity 99.9995%) isotherms were measured
up to 100 bar. The pressure precision for any isotherm point is 0.02% at any point, and
the base vacuum pressure is < 1 x 107° mbar. Equilibrium uptake was determined by
identifying the asymptote of rate of change in uptake after a relaxation of 99%
(tolerance 2%). Data was sampled at an interval of 1 s. Prior to isotherm measurement,
samples were degassed in-situ at 240 °C (ramp rate 10 °C min™?) for at least 4 h until

sample mass was stable.

Isosteric enthalpies Qs of adsorption were calculated from the methane uptake
isotherms using the Whittaker method,*® for which a specific python module was
created in pyGAPS.#” Owing to the Pointlsotherm and Modellsotherm classes in
pyGAPS, calculations requires only an isotherm as an input because physical
parameters (such as critical point, triple point, and saturation pressures) are
automatically calculated from the identity of the adsorbate and analysis temperature.
In the case of a supercritical isotherm, a pseudo-saturation pressure is calculated. Due
to the fact that the Whittaker method requires determination of enthalpy of
vaporisation of the adsorbate, the module returns the values of Qst only at loadings
corresponding to pressures between the critical and saturation pressures. For
convenience, the module can also output a plot of Qs vs loading. For this work, Toth
was found to fit the isotherms best so this model was used in the Whittaker Qst

calculations.

5.4 Results and discussion

5.4.1 Nature of ionic and composition of liquid-derived carbons

The ionic liquid, 1-butyl-3-methylimidazolium tricyanomethanide (Figure 5.1) was
chosen as starting material due to a combination of factors so as to achieve the desired
properties in the carbonisation products. The ionic liquid is rich in N (C12H15Ns), and
the high electrostatic interaction between the ions leads to negligible vapour pressure
and high thermal stability, minimising mass loss during carbonisation. The

imidazolium based-cation can induce high surface area in any resulting carbons, while
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the nitrile group (tricyanomethanide) favours the formation of 3D-connected
frameworks via cross-linking during pyrolysis. The yield and elemental composition
of the samples are summarized in Table 5.1. We first noticed that, due to the high
thermal stability of the [BMIM][C(CN)s] ionic liquid, the carbonaceous matter has a
graphite-like appearance and feel (Figure 5.2). This is attributed to the presence of the
[C(CN)s] anion, which does not decompose completely at high temperature showing
a yield for IL-C of ~30 wt%. This yield is comparable to that of biomass following
hydrothermal carbonisation.3 %% 4% The molar N/C ratio of the ionic liquid is 0.42 with
N content of 30 wt%, which is consistent with the molecular formula (C12H15Ns). After
carbonisation at 800 °C, the N content of IL-C remains high at 19.3 wt%. The C
content increases from ca. 62 wt% for the IL to 69 wt% for IL-C, while the O content
rises from 2.1 wt to 10.7 wt%. The H content decreases drastically from 6.6 wt% for
the IL to 0.9 wt% for IL-C. It is interesting to note that the O/C ratio of IL-C is,
therefore, very low at 0.116, which is one of the lowest reported for any activatable
carbonaceous precursor.?® ¥ This means that IL-C achieves the unusual elemental
composition of having both a high N content (19.3 wt%) and very low O/C ratio
(0.116). We are not aware of any previous study that has deliberately targeted such
carbonaceous matter as precursor for activated carbons or conducted a systematic

exploration of its activation.
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Figure 5.1. The chemical structure of butyl-3-methylimidazolium tricyanomethanide
(C12H15Ns), CAS number 878027-73-7.
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Figure 5.2. Photograph of the IL after carbonisation at 800 °C.
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Table 5.1. Yield and elemental composition of ionic liquid (IL), carbonised ionic
liquid (IL-C), and corresponding IL-C-derived activated carbons (IL-ACXT).

Sample Yield[wt%] C[%] H[%] N[%] O[%] (O/C) (N/C)?
IL - 616 66 297 21 0026 0482
IL-C 28 691 09 193 107 0116 0.279
IL-AC2700 46 722 06 67 205 0213 0.093
IL-AC2800 33 879 05 16 100 0085 0.018
IL-AC2900 17 900 02 03 95 0079 0.004
IL-AC4700 34 832 08 23 137 0124 0.027
IL-AC4800 29 936 01 05 58 0047 0.005
IL-AC4900 16 929 00 04 67 0054 0.004
IL-AC6700 23 866 04 23 107 0093 0.027
IL-AC6800 18 903 08 02 87 0072 0002
IL-AC6900 13 960 00 02 38 0030 0.001

aAtomic ratio.

In general, the yields of the activated carbons depend on the amount of KOH and the
activation temperature such that for samples activated at 900 °C, the yields vary from
17 to 13%, while at 700 °C the yield is between 46 and 23%. For samples activated at
800 °C the yield is in the range of 33 to 18 wt%. The activated samples show a high C
content, which increases from ca. 69 wt% for IL-C to between 72 and 96 wt% for IL-
ACs. The highest C content (96 wt%) was observed for the most severely activated
sample (IL-AC6900), while the lowest (72 wt%) was for the least severely activated
(IL-AC2700). The N content of the activated carbons decreases as the activation
temperature or amount of KOH rises, and ranges from 6.7 wt% for the sample activated
under the mildest conditions (IL-AC2700) to 0.2 wt% for the most severely activated
carbons (IL-AC6800 and IL-AC6900). These results indicate that a high amount of N

is lost during activation, which can be attributed to the fact that N is oxidised and
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eliminated more readily than carbon during the activation process, which is the genesis
of its action as in-situ porogen.”® The H and O content vary less drastically on

activation but generally decrease with increasing severity of activation.

The thermal stability of the IL, IL-C, and the IL-AC activated carbons was probed via
TGA, and the resulting curves are shown in Figure 5.3. The IL was thermally treated
at 800 °C with a ramp rate of 10 °C min under an inert atmosphere of (N flow of
100 ml min) for 1 h. The TGA curve of the IL are consistent with the carbonisation
yield of ca. 30 wt%. The purity (in terms of being purely carbonaceous with no
inorganic components) and thermal stability of IL-C and IL-ACs were probed under
air flow of 100 ml mint. The TGA curves indicates high thermal stability up to at least
500 °C, followed by almost complete mass loss between 500 — 750 °C, due to
combustion of carbon. The IL-ACs burn off at roughly the same temperature,
indicating that they are similar in terms of the nature of their carbon. The activated
carbons were burnt off with hardly any residual mass, which indicates that they are

fully carbonaceous.
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Figure 5.3. Thermal stability and purity of ionic liquid, IL-C and activated carbons.
TGA curves of the ionic liquid (thermally treated under N2 gas), and IL-C and some
IL-C derived activated carbons (IL-ACXT), which were thermally treated in air.
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Powder X-ray diffraction was used to study the structure and purity (in terms of
absence of any crystalline inorganic phases) of IL-C and activated carbons. The XRD
pattern of IL-C (Figure 5.4) shows a well-developed graphitic stacking peak at 26 of
~ 26°, which is assigned to the (002) diffraction of graphitic carbon. A further weak
peak is observed at 26 of ~ 44° which is the (100) diffraction arising from graphene
stacks. The intensity of these peaks reduced greatly on activation of IL-C (Figure 5.4).
Carbons activated under milder conditions (e.g., IL-AC2700) still show the peaks,
which are much broader. For the other samples, no graphitic peaks were observed,
which indicates that the nature of the carbon is amorphous. This is consistent with the

expectation that activation should break up any graphitic domains.
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Figure 5.4. Powder XRD patterns of carbonised ionic liquid (IL-C) and IL-ACXT

activated carbons prepared at KOH/IL-C ratio of 2, 4 or 6, and activation temperature

of 700, 800 or 900 °C. (x = KOHY/IL-C ratio, T is activation temperature).
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The surface structure and morphology of IL-C and IL-AC carbons were explored using
scanning electron microscopy (SEM) so as to illustrate the structural transformation
following carbonisation and activation. The SEM images of IL-C appear to show a
non-porous surface morphology (Figure 5.5), which agrees with the expected low
porosity of the carbonised product. In contrast, the SEM images for IL-AC carbons
(Figure 5.6 and Figure 5.7) suggest well developed porous structures. Transmission
electron microscopy (TEM) was used to further probe the microstructural differences
between IL-C and IL-ACs. The TEM images of IL-C reveal a graphitic structure
(Figure 5.8) which agrees well with the XRD pattern (Figure 5.4). The formation of
a graphitic carbon can be attributed to the dynamic trimerization of nitrile group based-
anion during carbonisation.*® On the other hand, the TEM images of IL-ACs (Figure
5.9) are similar to each other and reveal amorphous carbon structures, which is
consistent with the XRD patterns and the expected break up of graphitic domains
during activation. Overall, however, the morphology of the IL-AC carbons is similar

to that previously reported for activated carbons.3!-3

Figure 5.5. SEM images of the carbonised ionic liquid (IL-C).
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Figure 5.6. SEM images of the ionic liquid-derived activated carbons; IL-AC2700,
IL-AC2800 and IL-AC4700.
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Figure 5.7. SEM images of the ionic liquid-derived activated carbon I1L-AC4800.
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Figure 5.8. TEM images of carbonised ionic liquid (IL-C).
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Figure 5.9. TEM images of activated carbons IL-AC2800, IL-AC4800 and IL-
AC6800.
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X-ray photoelectron spectroscopy (XPS) is useful in determining the elemental
composition of a material and the chemical state of any elements present. The XPS
wide scan spectra of IL-ACXT carbons and IL-C are compared in Figure 5.10. The
spectrum of IL-C revealed a high N content, which is consistent with the elemental
composition (Table 5.1). The content of N reduced after activation and the reduction
was greater at higher activation temperature/and or amounts of KOH. The high
resolution N1s-XPS spectra (Figure 5.11) show that the N has the following bonding:
The N environment in IL-C is dominated by pyridine-N (peak at 398.4 eV) and
quarternary-graphitic N (peak at 401.0 eV).*® For IL-AC2700 (Figure 5.11) there are
three peaks ascribed to pyridinic N (N-6 at 398.9 eV), quaternary N (N-Q at 401.1 eV)
and oxidized N (N-X at 405.3 eV). The intensity of N-6 peak decreased after
activation, which is in agreement with previous reports.>! It is likely that the activation
Is responsible for generating the oxidised-N group. The XPS spectrum of IL-AC4900,
which was prepared under harsh conditions, appeared to show no N content in

agreement with the elemental composition data (Table 5.1).
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Figure 5.10. X-ray photoelectron spectroscopy (XPS) of IL-C and activated carbons.
Wide scan XPS spectra of carbonised ionic liquid (IL-C) and IL-ACXT activated
carbons.
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Figure 5.11. High-resolution XPS spectra showing N 1s peaks for carbonised ionic
liquid (IL-C), and IL-AC2700 activated carbon.

In order to clarify on the mechanism underlying the conversion of the IL to IL-C and
finally to the activated carbons, we performed Fourier transform Infra-red
spectroscopy (FTIR) of all the respective species in the transformation chain. The IR
spectrum of the 1-butyl-3-methylimidazolium tricyanomethanide ionic liquid (Figure
5.12) exhibits peaks at 2960 cm™ and 2870 cm™, which arise from C-H stretching
vibrations of the alkyl chain. The peak at ca. 3100 cm™ can be attributed to the
stretching mode of the aromatic C-H bonds of the imidazolium cation. The strong peak
at 2156 cm? arises from stretching vibrations of the C=N bonds of the
tricyanomethanide moiety. The peaks within the fingerprint region (600 — 1500 cm™)
can be attributed to the imidazolium ring, i.e., stretching and bending vibrations of the
aromatic structure. The peaks at 1570 cm™ and 1450 cm™ are due to C=C and C=N
stretching, while those at 750 cm™ and 620 cm™ are due to C-N stretching.
Interestingly, the spectra of IL-C (Figure 5.12) shows some retained features in the
fingerprint region due to retention of the imidazolium backbone in the carbonaceous
matter. Interestingly, these ‘imidazolium backbone’ features are transferred to the IL-
ACXT activated carbons (Figure 5.13). Importantly, however, the spectra of IL-C and
the IL-ACXT activated carbons do not show the sharp tricyanomethanide (C=N) peak
expected at 2156 cm™. These observations are important in clarifying the mechanism
of conversion of the IL to the IL-C carbonaceous matter and finally to the IL-ACXT
activated carbons especially with regard to role of the imidazolium backbone and the
N in the anionic fragments. The IR spectra are consistent with the assumption that the

N in the anionic fragments serves as a source of N within the carbonised IL (IL-C),
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which is then available to influence the nature of porosity developed in the activated

carbons. On the other hand, the imidazolium backbone serves as a main C source for

the activated carbons along with any carbon arising from the alkyl chains.
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Figure 5.12. IR spectra of (top) 1-butyl-3-methylimidazolium tricyanomethanide
ionic liquid, and (bottom) the carbonised ionic liquid (IL-C).
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Figure 5.13. IR spectra of carbonised ionic liquid, IL-C, compared to that of IL-C
derived activated carbon, IL-ACXT, where x is KOH/IL-C ratio (2,4 or 6), and T is
activation temperature (700, 800 or 900 °C). A comparison of the IR spectra of
sample IL-AC4800 before and after methane uptake is also shown.
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5.4.2 Porosity of ionic-liquid derived activated carbons

The IL-C carbon had limited porosity with surface area and pore volume of 40 m? g*
and 0.03 cm® g?, respectively. The nitrogen sorption isotherm and pore size
distribution of IL-C (Figure 5.14) confirm that the IL-C carbon is very lowly porous
with hardly any developed pores. The nitrogen sorption isotherms and corresponding
pore size distribution (PSD) curves of the activated carbons are shown in Figure 5.15.
For IL-AC2T, the isotherm changes from type | (microporous) to type IV
(mesoporous) with increase in activation temperature. This change is reflected in the
pore structure of the activated carbons by the formation of wider pores as shown by
the PSD curves (Figure 5.15 and Figure 5.16), which indicate the presence of
micropores and small mesopores. For KOH/IL-C ratio of 4 or 6 (Figure 5.15 and
Figure 5.16), predominantly mesoporous carbons with isotherm type 1V are produced
at all activation temperatures. Thus, unlike IL-AC2T carbons, the IL-ACAT and
IL-AC6T samples are predominantly mesoporous but with a significant proportion of
microporosity. The adsorbed nitrogen levels, as per the isotherms, are significantly
higher than the average for activated carbons.3* %> 53 We attribute the enhanced
porosity to the presence of N in the IL-C precursor. However, it is also noticeable that
despite the enhanced porosity, the isotherms and PSD curves still show that some
microporosity is retained even under the harshest activating conditions. We attribute
the retention of some microporosity to the mitigating effect of the low O/C ratio of
IL-C. The mix of microporosity and mesoporosity is also reflected in whether the
isotherms show hysteresis. The isotherms of IL-AC2700, IL-AC2800, IL-AC4700 and
IL-AC6700, which are the relatively more microporous samples, do not show any
hysteresis loop. The rest of the samples show type H2 hysteresis loop, which can arise
from hierarchical porosity, which is consistent with their higher level of mesoporosity
accompanied with a significant proportion of microporosity. The size of the hysteresis
loops appears to increase with the level of mesoporosity. Overall, the hysteresis loops
are consistent with slit-shaped pores and the nature of connectivity expected for

activated carbons.
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carbonised ionic liquid (IL-C).
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Table 5.2 summarises the textural parameters of the activated carbons. The surface
area of the activated carbons is high to ultra-high in the range 1803 to 3995 m? g,
depending on the severity of activation. In general, the surface area rises when the
activation temperature increases from 700 to 800 °C, followed by a slight reduction at
900 °C, which is in line with the "overactivation” concept.®* The surface area for
IL-AC2T (IL-AC2700, IL-AC2800 and IL-AC2900) carbons is 1803, 2619 and
2534 m? g1, respectively, which shows a clear impact of the activation temperature
and that 800 °C offers the optimum conditions for maximising the surface area. For
IL-ACAT carbons (IL-AC4700, IL-AC4800 and IL-AC4900) the surface area
increased to 3662, 3995 and 3818 m?2 g1, respectively. Further increase in amount of
KOH resulted in decrease in surface area to 2567, 3394 and 3135 m? g%, respectively
for IL-AC6700, IL-AC6800 & IL-AC6900 carbons. The carbons have high pore
volume that ranges from 1.35 to 3.3 cm® g, except the sample IL-AC2700
(0.81 cm? g1). The surface area and pore volume are amongst the highest ever reported
for any precursor under any given activation conditions. Indeed, to the best of our
knowledge, IL-AC4800 has one of the highest surface areas of any activated carbons
reported to date.?® 4% 258 The level of microporosity in the carbons depends on the
severity of activation, and generally decreases at higher activation temperature
and KOH/IL-C ratio. Thus, whilst IL-AC2T carbons are predominantly microporous
(57 — 79% of surface area and 45 — 72% of pore volume arising from micropores),
IL-ACAT show a mix of micro and mesoporosity, and IL-AC6T are mesoporous in
nature. Similar to recently described polypyrrole-derived carbons, IL-C appears to be
susceptible to the creation of larger pores and mesoporosity, suggesting that, despite
having a low O/C ratio, it is considerably less resistant to activation due to a high N

content,3* 53.54
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Table 5.2. Textural properties of ionic liquid-derived IL-ACXT activated carbons.

Micropore ] ) Volumetric
Surface Pore  Micropore Surface area Packing
surface ] ) surface
Sample area volume  volume® density®  density¢
ey ey @y e gomd) o
me g cm® g cm® g m*cm’ cm’
VU ey Y ’ ’ (m? cm)
IL-AC2700 1803 1424 (79) 0.81 0.58(72) 2226 0.76 1370
IL-AC2800 2619 1853 (71) 1.35  0.80 (60) 1940 0.50 1310
IL-AC2900 2524 1433 (57) 1.46  0.66 (45) 1729 0.39 984
IL-AC4700 3662 1745 (48) 2.23  0.79(35) 1642 0.49 1794
IL-AC4800 3995 1523 (38) 3.30 0.81(25) 1210 0.39 1558
IL-AC4900 3817 1172 (31) 297  0.64 (22) 1285 0.31 1183
IL-AC6700 2567 1322 (52) 1.50 0.6 (40) 1711 0.56 1438
IL-AC6800 3394 1305 (38) 2.40  0.71(30) 1414 0.37 1256
IL-AC6900 3135 876 (28) 281 0.61(22) 1116 0.31 972

2\/alues in parenthesis are % of surface area from micropores. *Values in parenthesis
are % of pore volume from micropores. “Surface area density is obtained as ratio of
total surface area to total pore volume. 9The packing density was determined by
pressing a given amount of carbon in a 1.3 cm die at pressure of 7 MPa for 5 min.
*Volumetric surface area determined as surface area x packing density.

Recently, there has been some discussion on the effectiveness of the use of the BET
equation in reproducibly calculating the surface area of porous materials.>® A round-
robin study involving a large number of research groups found significant variability
in the BET surface area calculated from identical nitrogen sorption isotherms.> To
address such variability, the study developed a computational method, namely BET
surface identification (BETSI), that was claimed to more accurately and
unambiguously determine the BET surface area of porous materials.> Therefore, to
ensure consistency of our porosity measures, we calculated the surface area of the
activated carbons using the BETSI method wherein the minimum number of points in

the linear region was 10, with a minimum r? of 0.995, and Rouquerol criterion
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maximum error of 20% (Table 5.3). For completeness, we also analysed the porosity

and calculated the porosity measures (surface area and pore volume) using the Non-

Local Density Functional Theory (NLDFT) model. The comparative porosity data
from BET, BETSI and NLDFT analysis (Table 5.4) shows that our BET values are
very close to the BETSI derived surface area, which signifies their veracity. Most of

our BET values are within 1% of the BETSI surface areas, which validates our porosity

calculation protocols. The surface area obtained via the NLDFT method is lower than

that of from BET and BETSI methods. However, the trends in surface area are

retained.

Table 5.3. Parameters for the determination of BETSI surface area for IL-ACXT

carbons.
BETSI om
Sample surfacz:e _allrea Points r? Slope Intercept C (cm? g™ STP)
(m=g”)
IL-AC2700 1783 10  0.9998 0.002436 5.005x 10° 488 410
IL-AC2800 2519 10  0.9991 0.001724 4.964 x 10° 348 579
IL-AC2900 2521 10  0.9999 0.001716 1.154x10° 149 579
IL-AC4700 3545 10  0.9976 0.001215 1.334x10° 92 814
IL-AC4800 3978 10  0.9995 0.001069 2.469 x 10° 44 914
IL-AC4900 3748 10  0.9985 0.001141 2.005x10° 58 861
IL-AC6700 2545 10  0.9998 0.001691 1.923x10° 89 585
IL-AC6800 3405 10  0.9998 0.001252 2.639 x 10° 49 782
IL-AC6900 3156 10  0.9996 0.001347 3.275x10° 42 725
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Table 5.4. Measures of porosity of IL-ACXT carbons. Classical measures (BET
surface area (Aset) and pore volume (Vsp)), and NLDFT measurements, (NLDFT
surface area (AnLprr) and NLDFT pore volume (Vniprr)) are accompanied, in
parenthesis, by the surface area or pore volume arising from micropores and the
proportion taken up by micropores as a percentage of the total. The middle column
shows the BETSI surface area.

BETSI
Sample Ager (M?gY) Ve (cm3 g surfacearea  Antorr(M?g?l)  Viworr (cmig?)
(m*g?)
IL-AC2700 1803 (1424,79%) 0.81 (0.58, 72%) 1783 1489 (1421, 95%) 0.74 (0.65, 88%)
IL-AC2800 2619 (1853,71%) 1.35 (0.80, 60%) 2519 1993 (1727, 87%) 1.23(0.86, 70%)
IL-AC2900 2524 (1433,57%) 1.46 (0.66, 45%) 2521 1915 (1528, 80%) 1.33 (0.77, 58%)
IL-AC4700 3662 (1745,48%) 2.23 (0.79,35%) 3545 2391 (1661, 70%) 2.04 (0.96, 47%)
IL-AC4800 3995 (1223,31%) 3.30 (0.81, 25%) 3978 2647 (1266, 48%) 3.07 (0.72, 24%)
IL-AC4900 3817 (1172, 31%) 2.97 (0.64, 22%) 3748 2547 (1365, 54%) 2.75 (0.76, 28%)
IL-AC6700 2567 (1322,52%) 1.50 (0.60, 40%) 2545 1837 (1404, 76%) 1.37 (0.74, 54%)
IL-AC6800 3394 (1305,38%) 2.40 (0.71,30%) 3405 2244 (1280, 57%) 2.22 (0.73, 33%)
IL-AC6900 3135 (876,28%) 2.81 (0.61,22%) 3156 2131 (976, 46%)  2.63 (0.54, 21%)

Recent reports have shown that there is a link between the ratio of surface area to pore
volume ratio, i.e., the surface area density (SAD), and the tendency to generate
micropores rather than larger pores.®®* Microporous materials have high SAD, which
can then reduce with the introduction of mesopores. A strong linear correlation has been
demonstrated between the O/C of a precursor ratio and surface area density of the resulting
carbons.® This means that SAD is a good indicator of the susceptibility or resistance
to activation of any carbonaceous precursor.®® 3% The SAD of the IL-ACXT carbons
(Table 5.2) covers a wide range from 1116 to 2226 m? cm™, and is dependent on the
activation conditions (KOH/IL-C ratio and activation temperature). To further clarify
on the contrasting effects of the presence of N and low O/C ratio on the activation
behavior of IL-C, we compared it with other forms of carbonaceous matter that have
been used as starting material for activated carbons (Table 5.5). The carbonaceous

matter include air-carbonised carbon from biomass (date seed,>® CNL1 carbon,
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cloves,®® sawdust®?), hydrothermally carbonised hydrochar from biomass (starch,%?
cellulose hydrochar,%% 8 sawdust,® 52 lignin,% jujun grass,®® Camellia Japonica,®
cloves®), hydrochar from fresh cigarette filters,>® hydrochar from smoked cigarette
filters,> raw sawdust,% hydrochar from cellulose acetate,®® and also carbon nanotube
composites,®” and polypyrrole.* It is interesting to note that IL-C has the lowest O/C
ratio amongst the wide range of carbonaceous matter (Table 5.5), which suggests that
IL-ACXT carbons should exhibit comparatively high SAD. Thus, we compared (Table
5.6 and Table 5.7) the SAD of selected IL-AC carbons with that of similarly activated
(in terms of KOH/precursor ratio and activation temperature) carbons from the other
carbonaceous matter (Table 5.5). The expectation is that the IL-AC carbons should
have the highest SAD under any given activations conditions on account of their low
O/C ratio. In general, there is a clear linear relationship between the O/C ratio and
SAD as has previously been demonstrated.®® However, the IL-AC samples, both IL-
AC4700 and IL-AC4800, do not follow this trend (Figure 5.17 and Figure 5.18).
Whilst the expectation is that the IL-AC samples should have the highest SAD
amongst the suite of carbons, the reality is that their SAD is much lower. This
anomalous behavior is explained by the counter effect of the high N content in IL-C.
This behavior reveals the unique nature of the IL-C carbon, which is the genesis for
generating ultra-high surface area carbons that still possess significant microporosity.
These observations confirm that careful selection of the carbonaceous precursor can
allow tailoring of the porosity of activated carbons. In the present case, it is clear that
knowledge of the link between N-content and O/C ratio of a precursor and SAD can
be a basis for the preparation of carbons with tailored or targeted porosity for specific

applications.

The packing density of the IL-AC carbons (Table 5.2) reflects their micro/mesoporous
nature. The packing density reduces as the overall porosity rises but still remains
comparatively high. The volumetric surface area (defined as surface area x packing
density) of the carbons in Table 5.2 shows some interesting trends. The volumetric
surface areas of IL-AC2T carbons is in the range 984 and 1370 m? cm™ and for
IL-ACAT it is between 1183 and 1794 m? cm3 while for IL-AC6T carbons it ranges
from 972 to 1438 m? cm. The volumetric surface area of IL-AC2T carbons is limited
by their relatively low surface area, while that of IL-AC6T is limited by low packing
density. On the other hand, samples IL-AC4700 and IL-AC4800 have the highest
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volumetric surface area of, respectively, 1794 and 1558 m? cm, due to their high
surface area and moderate packing density. Such volumetric surface area is amongst
the highest reported for any porous materials.>® *> %873 Although some MOFs such as
NU-1501-Al have been reported to have volumetric surface area as high as
2060 m? cm3, it is likely that such values are overestimated due to the fact that they
are calculated using the crystallographic density of the MOFs instead of the packing
density.” The performance of porous materials in gas storage, and especially methane
uptake, has recently been linked to their volumetric surface area.?® 30 60 68 The
expectation, therefore, is that the IL-AC samples that have high volumetric surface
area (e.g. IL-AC4700 and IL-AC4800) would exhibit attractive methane uptake at
pressures of 35 to 100 bar on both a gravimetric basis (due to high surface area and
pore volume) and volumetric basis (due to enhanced packing density and volumetric

surface area).
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Table 5.5. Elemental composition of IL-C carbon compared to other carbonaceous
precursors, namely, flash air-carbonised date seed (ACDS), flash air-carbonised
sawdust (ACSD), flash air-carbonised cloves (ACSD), CNL1 carbon (CNL1), raw
sawdust (SDD), cloves hydrochar (HCC), sawdust hydrochar (SD), lignin hydrochar
(LAC), jujun grass hydrochar (ACGR), Camelia Japonica hydrochar (ACCA),
cellulose hydrochar (C), cellulose acetate hydrochar (CA), starch hydrochar (S), fresh
cigarette filter hydrochar (FF)), smoked cigarette filter hydrochar (SF), carbon
nanotube composites (CN) and polypyrrole (Py).

Carbonaceous precursor C [%] H [%] O [%] (O/IC)*  Reference
IL-CP 69.1 0.9 10.7 0.116  This work
Flash air carbonised date seed (ACDS) 78.5 4.0 16.3 0.156 14
Flash air carbonised sawdust (ACSD) 72.4 3.2 24.2 0.251 48
Flash air carbonised cloves (ACC) 66.1 4.3 27.7 0.310 47
CNL1 carbon (CNL1) 7.7 3.1 19.2 0.185 46
Raw sawdust (SDD) 46.4 5.8 47.8 0.773 53
Cloves hydrochar (HCC) 62.1 6.3 30.1 0.360 47
Sawdust hydrochar (SD) 57.4 5.6 37.0 0.483 19,49
Lignin hydrochar (LAC) 66.6 5.1 28.3 0.319 51
Jujun grass hydrochar (AGGR) 55.8 5.7 38.5 0.517 52
Camellia Japonica hydrochar (ACCA) 49.1 5.2 45.7 0.698 52
Cellulose hydrochar (C) 69.5 6.2 24.4 0.263 49,50
Cellulose acetate hydrochar (CA) 66.2 3.9 29.9 0.339 50
Starch hydrochar (S) 68.8 6.6 24.6 0.269 49
Fresh cigarette filter hydrochar (FF) 63.6 4.2 32.2 0.380 43
Smoked cigarette filter hydrochar (SF)¢  68.5 5.7 24.8 0.272 43
Carbon nanotube composites (CN)¢ 45.1 1.5 52.6 0.875 54
Polypyrrole (Py)®f 44,5 3.0 39.9 0.672 18

aAtomic ratio. °IL-C contains 19.3 wt% N. °Smoked cigarette filter hydrochar contains
1 wit% N. 9The CNT composites contained 0.8 wt% N, and therefore a nominal O
content of 52.6% obtained as O = 100-C-H-N, which gives O/C ratio of 0.875.
®Polypyrrole contained 12.6 wt% N. "Polypyrrole has nominal O content of 39.9%
obtained as O = 100-C-H-N, which gives O/C ratio of 0.672.
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Table 5.6. Textural properties and surface area density of IL-AC carbons activated at
800 °C and KOHY/IL-C ratio of 4 compared to similarly activated carbons derived from

a variety of carbonaceous precursors. See Table 5.5 for description of the precursors.

Surface area

Precursor Sample SUEESE ireaa Pore VS IuIn e density OIC ratio of Reference
g) (cm®g™) (m2 cm?) precursor

IL-C IL-AC4800 3995 (1223) 3.30(0.81) 1211 0.116 This work
ACDS  ACDS4800 2609 (1825) 1.10(0.70) 2372 0.156 14
ACSD  ACSD-4800 2610 (1892) 1.15(0.74) 2270 0.251 48
ACC ACC4800  3175(2568) 1.65(1.17) 1924 0.310 47
CNL1 CNL1-4800 2183 (1886) 1.05(0.84) 2079 0.185 46
SDD SD4800D 2980 (478)  2.10 (0.30) 1419 0.773 53
HCC HCC4800 3116 (2190) 1.75(0.98) 1781 0.360 47
SD SD4800 2783 (694)  1.80 (0.36) 1546 0.483 19,49
LAC LAC4800 3235(1978) 1.77 (0.93) 1828 0.319 o1
ACGR  ACGR4800 2957 (1578) 1.72(0.75) 1719 0.517 52
ACCA  ACCA4800 3537 (2557) 1.85(1.21) 1912 0.698 52

C C-4800 2125 (1707)  0.98 (0.74) 2168 0.263 49,50
CA CA-4800 2864 (2662) 1.32 (1.17) 2170 0.339 50

FF FF-4800 4113 (2075)  1.87 (0.79) 2199 0.380 43

SF SF-4800 2393 (1810) 1.09 (0.70) 2195 0.272 43
CN CN4800 3802 (33) 2.98 (0.22) 1276 0.875 54

Py Py4800 3450 (1910) 2.57 (1.22) 1342 0.672 18

The values in the parenthesis refer to: 2micropore surface area and "micropore volume.
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Table 5.7. Textural properties and surface area density of IL-AC carbons activated at
700 °C and KOHY/IL-C ratio of 4 compared to similarly activated carbons derived from

a variety of carbonaceous precursors. See Table 5.5 for description of the precursors.

Surface area

Precursor ~ Sample SUEESE ireaa Pore V?? IuIn e density OIC ratio of Reference
g) (cm®g™) (m2 cm?) precursor

IL-C IL-AC4700 3662 (1745)  2.23(0.79) 1642 0.116 This work
ACDS ACDS4700 2192 (1871)  0.93(0.74) 2357 0.156 14
ACC ACC4700 2773 (2431)  1.42(1.01) 1953 0.310 47
CNL1 CNL1-4700 1280 (1191)  0.65 (0.56) 1969 0.185 46
HCC HCC4700 2743 (2267)  1.35(1.05) 2032 0.360 47
SD SD4700 2252 (2088)  1.03(0.91) 2186 0.483 19,49
LAC LAC4700 2038 (1832)  1.00 (0.84) 2028 0.319 o1
ACGR ACGR4700 3144 (2753)  1.56 (1.23) 2015 0.517 52
ACCA ACCA4700 2983 (2500)  1.50(1.14) 1987 0.698 52

C C-4700 2370 (2201)  1.08 (0.94) 2194 0.263 49,50
CA CA-4700 3771 (3484)  1.75(1.54) 2155 0.339 50

S $4700 2194 (2082)  1.01(0.92) 2172 0.269 49

FF FF-4700 2803 (1901)  1.23(0.73) 2279 0.380 43

SF SF-4700 2512 (2019)  1.20 (0.91) 2093 0.272 43
CN CN4700 3202 (1106)  2.14 (0.20) 1496 0.875 54

Py Py4700 3568 2.46 (0.28) 1450 0.672 18

The values in the parenthesis refer to: @micropore surface area and Pmicropore volume.
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Figure 5.17. Surface area density of activated carbons as a function of the O/C ratio
of the precursor carbonaceous matter. All activations were performed at 800 °C at
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Figure 5.18. Surface area density of activated carbons as a function of the O/C ratio
of the precursor carbonaceous matter. All activations were performed at 700 °C at

KOH/precursor ratio of 4.
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5.4.3 Methane storage of ionic-liquid derived activated carbons

To achieve efficient methane storage at medium to high pressures (35 — 100 bar),
porous materials should possess a combination of micropores and mesopores and have
high surface area. Given their unique properties with regard to porosity and packing
density, the IL-AC carbons are potentially excellent candidates for achieving
substantial methane storage at moderate to high pressures. The methane storage
capacity was measured at 25 °C and pressures ranging from 0 to 100 bar. Uptake at
35, 65, and 100 bar was the main focus of this study since these pressures have been
used to evaluate performance of porous materials in many earlier research efforts and
therefore provide a convenient basis for comparing the performance of the present
carbons to that of the state-of-the-art materials.?% 24 26.29. 68, 70-75 The methane uptake
measurements determined the excess storage capacity. The total methane storage
capacity was then calculated from the excess uptake data by taking into account the
total pore volume of the activated carbon, along with the density of methane at any

given temperature and pressure. The following equation was applied:
Or = Opxc + (depa X Vr)

Where, &ris the total methane uptake (g g1), e is excess methane uptake (g g 1), dena
is methane density (g cm™) at any given pressure and prevailing temperature (25 °C or
0 °C), and Ik is total pore volume (cm®g?) of the activated carbon. The density of
methane (dcn4) under any given temperature and pressure conditions was obtained from
the National Institute of Standards and Technology (NIST) website

(https://www.nist.gov/).

Figure 5.19 shows the excess gravimetric methane uptake isotherms of the activated
carbons. The excess methane storage capacity at 35, 65, and 100 bar is summarised in
Table 5.8. The excess gravimetric uptake shows the following trends; (i) increases as
KOHY/IL-C ratio rises from 2 to 4 and then reduces for samples prepared at a ratio of
6, and (ii) increases as the activating temperature rises from 700 °C to 800 °C and then
slightly decreases for carbons prepared at 900 °C. For example, at 35 bar, the excess
methane uptake of samples IL-AC2700, IL-AC2800 and IL-AC2900 is 8.1, 12.5 and
11.1 mmol g?, respectively, whereas IL-AC4700, IL-AC4800 and IL-AC4900
exhibited higher methane uptake of 11.6, 12.7 and 12.5 mmol g%, respectively. For IL-
AC6700, IL-AC6800 and IL-AC6900, uptake was 9.7, 12.1 and 12.3 mmol g7,
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respectively. Excess methane uptake of IL-AC4800 (12.7 mmol g?) at 25 °C and
35 bar is among the best reported for any porous material.?% 24 26:29. 68, 70-75 At higher
pressures of 65 and 100 bar, the excess methane uptake ranges from 9.5 to
15.7 mmol g and 10.1 to 17.2 mmol g7, respectively, with IL-AC4T samples
possessing the highest methane storage capacity. In general, the performance of the
IL-ACAT samples is superior to the IL-AC2T or IL-AC6T series, which is in line with

the trend in surface area and volumetric surface area (Table 5.2).
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Figure 5.19. Gravimetric methane uptake isotherms. Excess and total gravimetric
methane uptake at 25 °C for IL-ACXT activated carbons.
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Table 5.8. Total and excess gravimetric methane uptake of IL-ACXT carbons at 25 °C.

Gravimetric methane uptake

Sample 35 bar 65 bar 100 bar
(mmolg®)  (gg™) (mmolg®)  (9g™) (mmol g) 99™)
IL-AC2700 | 9.3(8.1) 0.15(0.13)  11.9 (9.5) 0.19 (0.15) 13.9(10.1)  0.23(0.16)
IL-AC2800 | 14.6(125) 0.23(0.20) 18.8(14.9) 0.30(0.24) 21.8(15.4)  0.35(0.25)
IL-AC2900 | 13.3(11.1) 0.21(0.18) 17.5(13.2)  0.28(0.21) 20.9(14.0)  0.34(0.22)
IL-AC4700 | 14.9(11.6) 0.24(0.19) 20.8(14.3) 0.33(0.23) 25.9(15.4)  0.42(0.25)
IL-AC4800 | 17.7(12.7) 0.28(0.20) 25.4(157)  0.41(0.25) 32.8(17.2)  0.53(0.28)
IL-AC4900 | 17.0(125) 0.27(0.20) 24.0(15.3) 0.39(0.25) 30.5(16.5)  0.49 (0.26)
IL-AC6700 | 11.9(9.7)  0.19(0.16) 16.2(11.8)  0.26 (0.19) 19.7(12.6)  0.32(0.20)
IL-AC6800 | 15.6(12.1) 0.25(0.19) 21.2(14.2)  0.34(0.23) 25.7(14.4)  0.41(0.23)
IL-AC6900 | 16.5(12.3) 0.26(0.20) 22.9(14.7)  0.37(0.24) 28.1(14.8)  0.45(0.24)

The total gravimetric methane uptake isotherms are shown in Figure 5.19. Table 5.8
shows a summary of the total gravimetric uptake at 35, 65, and 100 bar. The total
methane uptake for IL-AC2T carbons is in the range of 9.3 — 14.6 mmol g (at 35 bar),
11.9 — 18.8 mmol g* (at 65 bar) and 13.9 — 21.8 mmol g* (at 100 bar), respectively.
The total gravimetric methane uptake at 35 bar ranged from 14.9 to 17.7 mmol g™ for
IL-ACAT carbons and from 11.9 to 16.5 mmol g* for IL-AC6T samples. The total
gravimetric methane uptake by the IL-ACAT carbons is, in particular, higher than that
of other reported carbon materials.?® 2% 76 77 Additionally, the total gravimetric
methane uptake of IL-ACAT carbons at 65 bar ranges from 20.8 to 25.4 mmol g7,
while that of IL-AC6T carbons ranges from 16.2 to 22.9 mmol g*. Total methane
uptake for IL-AC4T carbons at 100 bar varies between 25.9 and 32.8 mmol g*, while
for IL-AC6T samples, the range is 19.7 to 28.1 mmol g*. It is clear that the carbons
prepared at KOH/IL-C, ratio 4 have the highest gravimetric uptake, which is in line
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with their high surface area and pore volume. Indeed, the total gravimetric methane
uptake of IL-AC4800 at 100 bar and 25 °C at 32.8 mmol g is one of the best for any

carbon or MOF material 22,24, 26, 28-30, 60, 70-72, 74-81

The United States Department of Energy (DOE) has set a methane uptake target of
0.5g g* at 25 °C and pressure of 35 to 100 bar. The present IL-AC carbons have
impressive gravimetric storage performance for methane storage, as shown in Table
5.9. In particular, the IL-AC4800 carbon surpasses the DOE gravimetric methane
storage target with uptake of 0.53 g g™ at 100 bar and 25 °C. Such a high gravimetric
absorption matches or exceeds that of the best benchmark materials reported to date.?*
24,26, 28, 29,60, 70-72, 74, 75, 7781 Eyyrthermore, other IL-AC samples (Table 5.9) also have
gravimetric uptake that is very close to the DOE target; 0.42 g g (IL-AC4700),
0.49 g gt (IL-AC4900), 0.41 g g* (IL-AC6800) and 0.45 g g* (IL-AC6900). As far
as we are aware, these are the highest values ever reported for carbons and are
comparable with the top values reported for MOFs, 22 2426, 28, 29,60, 70-72, 74,75, 7781 | f the
high gravimetric uptake of the IL-ACXT activated carbons were accompanied with
high volumetric uptake, it would provide unique and highly useful materials for
methane storage.

Methane storage performance is often measured in terms of the volumetric uptake. The
DOE has set a target of 263 cm?® (STP) cm™ at 25 °C and moderate pressure (i.e., 35 —
100 bar), in addition to gravimetric uptake of at least 0.5 g gX. The gravimetric uptake
and the packing density of an adsorbent are the two most important factors in
determining volumetric uptake. Figure 5.20 displays the excess and total volumetric
methane uptake isotherms and Table 5.9 summarises the total volumetric uptake and
the working capacity (i.e., deliverable methane at 5 bar) for storage at 35, 65, and
100 bar. The working capacity is calculated as the difference between adsorption at
5 bar (delivery pressure) and at uptake pressure (35, 65 or 100 bar). For IL-AC2T
carbons, the total volumetric uptake (cm?® (STP) cm®) was in the range of 118 — 163,
156 — 211 and 187 — 244 at 35, 65 and 100 bar, respectively. For IL-AC6T carbons the
uptake ranges between 115 and 151 at 35 bar, 159 and 205 at 65 bar, and 195 and 249
at 100 bar. The volumetric uptake of IL-AC4700, IL-AC4800 and IL-AC4900 carbons
is even more attractive; 165, 156 and 116, respectively, at 35 bar, 230, 223 and 164,
respectively, at 65 bar, and 287, 289 and 209, respectively, at 100 bar. The IL-ACAT

carbons show no saturation at 100 bar in their total volumetric uptake, which suggests
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that the carbons are capable of storing more methane at higher pressures. This contrasts
with MOFs, which tend to show saturation at ca. 80 bar.8? 8 The volumetric uptake is
amongst the best reported to date for carbon or MOF materials, and is crucially based
on experimentally determined packing density.2? 24-26. 28-30, €0, €8, 70-73, 75-77, 82-85 The
present carbons also show impressive performance in terms of their working capacity,
which is higher than that of most porous materials; the highest deliverable methane for
pressure swing of 100 to 5 bar at 25 °C is for IL-AC4700 and IL-AC4800 at 241 and
248 cm® (STP) cm’3, respectively. More importantly, the present IL-AC carbons, and
in particular sample IL-AC4800, are the first porous materials (carbon or MOF) to
meet both gravimetric and volumetric storage targets at 25 °C,22 24-26,28-30, 60, 68, 70-77, 82-
8 At 100 bar, the volumetric uptake capacity of IL-AC4700, IL-AC4800 and
IL-AC4900 at, respectively, 287, 289 and 209 cm?® (STP) cm3, coupled with their high
gravimetric uptake of 0.42, 0.53 and 0.49 g g%, offer impressive storage combinations

that are superior to any previous reports for porous carbon or MOF materials. 22 2426
28-30, 60, 68, 70-77, 82-85
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Figure 5.20. Volumetric methane uptake isotherms. Excess and total volumetric
methane uptake at 25 °C for IL-ACXT activated carbons.

207



Thesis

Table 5.9. Total volumetric methane uptake and working capacity of IL-ACXT

activated carbons.

Total volumetric methane uptake® (cm® (STP) cm™®)

Sample
35 bar 65 bar 100 bar
IL-AC2700 159 (100) 203 (144) 238 (179)
IL-AC2800 163 (101) 211 (149) 244 (182)
IL-AC2900 118 (78) 156 (116) 187 (147)
IL-AC4700 165 (119) 230 (184) 287 (241)
IL-AC4800 156 (115) 223 (182) 289 (248)
IL-AC4900 116 (84) 164 (132) 209 (177)
IL-AC6700 151 (105) 205 (159) 249 (203)
IL-AC6800 130 (93) 176 (139) 213 (176)
IL-AC6900 115 (83) 159 (127) 195 (163)

®The numbers in parentheses represent the volumetric working capacity (i.e.,
deliverable methane), which is the difference between the gas uptake at pressure of 5
bar and the specified pressure (35, 65, or 100 bar).

Regarding the nature of adsorption of methane, the FTIR spectra of IL-ACXT carbons

(Figure 5.13) indicate that there are no functional groups on the activated carbons

except those associated with remnants of the imidazolium backbone and which give

rise to stretching and bending vibrations of the aromatic structure. FTIR spectra of an

activated carbon taken before and after methane uptake (Figure 5.13) indicates that

the sorption process does not cause any variation in the functional groups on the

surface, i.e., IR spectra remains unchanged. This is consistent with the uptake being

based on physisorption rather than any strong interaction with surface functional

groups.
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From the foregoing discussion, it is clear that the methane uptake is chiefly dependent
on the porosity of the carbons. Further insights on the performance of the carbons may
be obtained from the isosteric heat of adsorption (Qst). Figure 5.21 shows the Qst of
the carbons as a function of methane loading. The Qst is in the range of 23 to 13 kJ/mol
for methane loading of up to 7 mmol g*. The Qst at low coverage, which is the best
guide of the interaction between methane molecules and the carbons is in the range of
23 to 15 kJ/mol. This is within the range (10 - 25 kJ/mol) previously reported for
activated carbons and other porous materials, including MOFs.?* " There seems to be
a correlation between the Qst and pore size of the carbons meaning that the Qst order
is IL-AC2T > IL-ACAT > IL-ACG6T, except for sample IL-AC6700, which shows
anomalously high Qst. The observed correlation between Qst and pore size is
consistent with the fact that smaller pores can enhance the interaction between methane
and the carbon pore walls. However, whilst a high Qst can favour enhanced methane
storage capacity, it can also act to limit the working capacity (deliverable methane)
due to high uptake at low pressure, i.e., the deliverable pressure of 5 bar. Indeed, a
closer look at the data in Table 5.9 indicates that the working capacity of IL-AC2T
carbons is a lower proportion of the total uptake compared IL-AC4T and IL-AC6T
carbons. For example, for a 35 to 5 bar swing the deliverable proportion is ca. 63% for
IL-AC2T compared to at least 71% for IL-ACAT. For a 65 to 5 bar swing, the
deliverable proportion is ca. 71% for IL-AC2T and 80% for IL-ACA4T while for 100
to 5 bar it is 75% and 85% for IL-AC2T and IL-ACAT, respectively. This trend can be
explained by the proportionately higher uptake at 5 bar for the IL-AC2T samples due
to their higher Qst. In this regard, the porosity and Qst of the IL-AC4T carbons appears
to offer a more optimised balance between low pressure uptake and total uptake, which

translates to excellent working capacity.
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Figure 5.21. Isosteric heat of adsorption (Qst) of methane. Qst of methane on IL-
ACXT carbons as a function of uptake, which is given as loading in mmol of methane
per gram of carbon.

To be viable for methane storage, porous materials need to be used over several cycles,
which means that cyclability is an important consideration. We therefore assessed the
performance of one of the best performing carbons, IL-AC4800, over several cycles
(Figure 5.22). The assessment also allowed us to clarify on any impact of compaction
on the methane uptake. In this way, the first use (cycle 1) was measured for powdered
IL-AC4800, i.e., before compaction, while the subsequent cycles (2, 3 and 4) were
measured in pellet form after compaction of the activated carbon at 370 MPa for
10 min in a 1.3 cm (diameter) die. The uptake data over several cycles (Figure 5.22)
show a high level of recyclability with no reduction in storage capacity. Furthermore,
it is also clear that our compaction process had no impact of the methane uptake, which
IS consistent with previous reports on the mechanical stability of high surface area

activated carbons.®°
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Figure 5.22. Cyclability of methane uptake and effect of compaction for sample IL-

AC4800. Cycle 1 was measured for powdered IL-AC4800, i.e., before compaction,

while cycle 2, 3 and 4 were measured after compaction at 370 MPa for 10 minin a

1.3 cm (diameter) die. The data shows a high level of recyclability, and furthermore
that compaction has no impact of the methane uptake.

5.4.3.1 Comparison with benchmark materials

To gain a more complete picture of the performance of the IL-AC carbons, their
methane-storage capacity is compared to that of state-of-the-art benchmark materials
including Nu-1501-Al,”® HKUST-1,"© MOF-5,% Ni-MOF-74,° and PCN-14,2¢ 87 as
shown in Figure 5.23. The methane storage capacity at 65, 80 and 100 bar, both in
terms of total uptake (Table 5.10) and working capacity (Table 5.11) is also compared
to other benchmark materials. What emerges from the comparisons is that the IL-AC
carbons are unique in that they have very attractive uptake both on a gravimetric and
volumetric basis. The performance of the IL-AC carbons stands out given that the
apparently high volumetric uptake of MOFs is based on crystallographic density rather
than packing density. It is known that the actual packing density of MOFs is much

lower than their crystallographic density, meaning that the volumetric uptake implied
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in (Figure 5.23, Table 5.10 and Table 5.11) is likely to be overestimated. Reduction
of the MOF values by at least 25% offers a more realistic estimate of their true
performance (Figure 5.24). However, more recently, monolithic MOFS (monoHKUST-
1 and monoUiO-66_D) have been reported that have high packing density and very
attractive volumetric methane uptake.®® ™ 8 |t is noteworthy that the volumetric
uptake of the best IL-AC carbons is similar to that of the monolithic MOFs but the
carbons have higher gravimetric uptake (Figure 5.25, Table 5.10 and Table 5.11). We
have previously reported on carbons that have higher volumetric uptake than the IL-
AC samples but with lower gravimetric uptake that does not reach the DOE target of
0.5 g g1.29:30.60.88 The pest performance to date in terms of volumetric methane uptake
at 25 °C and 100 bar is for compacted activated carbons derived from clove hydrochar
(CHCC2800, CHCC4700 and CHCC4800) at 339, 334 and 309 cm® (STP) cm,
respectively.®® However, the overall performance of these clove-derived carbons is
limited by their moderate gravimetric uptake.®® Other carbons that perform well in
terms of volumetric uptake, namely, CNL4800, ACDS4800, and PPYCNL124 with
volumetric uptake of 291, 282 and 260 cm?® (STP) cm™ (at 25 °C and 100 bar) also

have low to moderate gravimetric uptake of 0.31, 0.29 and 0.36 g g™, respectively.?®
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Figure 5.23. Comparative methane uptake of IL-AC4T activated carbons. (a) Total
gravimetric methane uptake at 25 °C of IL-ACAT carbons compared to benchmark
MOF materials. (b) Total volumetric methane storage capacity at 25 °C of IL-AC4T
carbons compared to that of MOFs, for which the volumetric uptake was calculated
using crystallographic density. Data for Nu-1501-A is from reference 60, HKUST-1
and Ni-MOF-74 from reference 57, MOF-5 from reference 72 and PCN-14 from
references 73 and 74.
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Table 5.10. Methane uptake of the best performing IL-AC carbons compared to
selected benchmark MOFs and carbons. Volumetric uptake of powder MOFs is
calculated based on crystallographic density rather than packing density. The
references are listed below Table 5.11.

Density 65 bar 80 bar 100 bar
Sample Reference
@em®) (gg?) (em*em®) (gg™) (cm*em?) (gg™) (cm*cm?)

IL-AC4700 0.49 0.33 230 0.37 256 0.42 287 This work
IL-AC4800 0.39 0.41 223 0.46 253 0.53 289 This work
IL-AC4900 0.31 0.39 164 0.43 184 0.49 209 This work
CHCC2800 0.82 0.26 293 0.28 315 0.30 339 1
CHCC4700 0.75 0.27 282 0.29 306 032 334 1
CHCC4800 0.58 032 258 035 279 0.38 309 1
CNL4800 0.67 0.26 241 0.29 269 0.31 291 2
PPYCNL124 0.52 0.30 217 0.33 238 0.36 260 2
PPYCNL214 0.36 0.36 183 0.41 204 0.46 229 2
ACDS4800 0.69 0.25 243 0.27 262 0.29 282 2,3
PPYSD114 0.47 0.32 211 0.35 231 0.39 254 3
AX-21 carbon 0.487 0.30 203 0.33 222 0.35 238 4
HKUST-1 0.881 0.21 263 0.22 272 0.23 281 4
Ni-MOF-74 1.195 0.15 259 0.16 267 0.17 277 4
Al-soc-MOF-1 0.34 0.41 197 0.47 222 5
MOF-210 0.25 0.41 143 0.48 168 6
NU-1500-Al 0.498 0.29 200 0.31 216 0.34 237 7
NU-1501-Fe 0.299 0.40 168 0.46 193 0.52 218 7
NU-1501-Al 0.283 041 163 0.48 190 0.54 214 7
monoHKUST-1 1.06 0.17 261 0.18 278 0.18 275 8
monoUi10-66_D 1.05 0.14 210 0.17 245 0.20 296 9
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Table 5.11. Methane uptake working capacity of the best performing IL-AC carbons
compared to selected benchmark MOFs and carbons. The references are listed below.

Sample 65 bar 80 bar 100 bar Reference
(@g*) (em*cm®) (gg™) (cm*cm?®) (gg?) (cm®cm?®)

IL-AC4700 027 184 030 210 036 241 This work
IL-AC4800 0.34 182 039 212 046 248 This work
IL-AC4900 031 132 035 151 041 177 This work
CHCC2800 0.18 200 020 222 022 246 1
CHCC4700 020 210 022 234 025 262 1
CHCC4800 0.25 197 0.28 218 031 248 1
CNL4800 019 182 022 202 024 224 2
PPYCNL124 0.23 167 0.26 188 029 209 2
PPYCNL214 029 146 0.34 167 039 192 2
ACDS4800 018 171 0.20 189 022 209 2,3
PPYSD114 025 162 0.28 182 032 205 2
AX-21 carbon 023 155 026 174 028 190 4
HKUST-1 0.15 179 0.16 198 0.17 207 4
Ni-MOF-74 0.08 148 0.09 152 0.10 162 4
Al-soc-MOF-1 0.36 176 042 201 5
MOF-210 038 134 045 157 6
NU-1500-Al 0.24 165 0.26 181 029 202 7
NU-1501-Fe 036 151 042 176 048 201 7
NU-1501-Al 0.37 147 0.44 174 0.50 198 7
monoHKUST-1 012 184 013 201 0.13 198 8
monoUi0-66_D 011 167 0.14 202 0.17 253 9
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Figure 5.24. Total volumetric methane uptake at 25 °C of the best performing IL-AC
carbons compared to benchmark MOF materials. The uptake of powder MOFs was
calculated using crystallographic density and a reduction of 25% was applied to
simulate more realistic packing density.
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Figure 5.25. Total volumetric (A) and gravimetric (B) methane uptake at 25 °C of
the best performing IL-AC carbons compared to monolithic MOF materials.
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Most studies on methane storage in porous materials have been performed at ambient
temperature (typically 25 °C), which is considered the most relevant for vehicular
applications. However, other storage conditions have been explored. A notable study
is that of Rozyyev and co-workers who reported on a flexible aromatic network porous
polymer, COP-150, with attractive methane storage at 0 °C.8! The nature of COP-150
is such that it has very low volumetric and gravimetric uptake at 25 °C, which in
combination with a relatively low packing density (0.34 g cm™) mean that it is not
competitive. However, due to flexible porosity, COP-150 has attractive gravimetric
and volumetric methane storage capacity of 0.64 g g and 301 cm® (STP) cm?,
respectively, at 0 °C and 100 bar. To have a fuller picture of the performance of the
IL-AC carbons we measured the methane uptake for IL-ACAT samples at 0 °C (Figure
5.26). As expected the methane uptake at 0 °C is higher than that at 25 °C. At 100 bar,
the total gravimetric methane uptake is 29.7 mmol g* (0.48 g g*) for  1L-AC4700,
37.3 mmol g? (0.60 g g*) for IL-AC800, and 34.8 mmol g* (0.56 g g*) for IL-
AC4900. The volumetric uptake at 100 bar is, therefore, 329 cm® (STP) cm™ for IL-
AC4700, 326 cm?® (STP) cm for IL-AC4800 and 245 cm® (STP) cm™ for IL-
AC4900. Thus, the storage capacity of IL-AC4800 matches that of COP-150 both in
terms of gravimetric and volumetric uptake. The working capacity for IL-AC4800 for
a pressure swing of 100 to 5 bar is 0.5 g g and 273 cm® (STP) cm™, which is
comparable to that of COP-150.
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Figure 5.26. Excess and total gravimetric methane uptake (top) and total volumetric
uptake (bottom) for IL-ACA4T activated carbons at 0 °C.
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5.4.3.2 Link between nature of precursor porosity and enhanced methane uptake

To clarify on the reasons for the high methane uptake of the IL-ACXT carbons,
we compared the porosity and packing density of the best performing sample
(IL-AC4800) to similarly activated carbons from other types of precursors. The other
precursors were chosen so as to represent either extreme when compared to IL-C with
respect to elemental composition and in particular O/C ratio and presence of N. The
selected precursors are air carbonised date seed (ACDS),*® which has low O/C ratio
and hardly any N, and polypyrrole (PPY) that has a higher O/C ratio and high N
content.?® The ACDS precursor has a low O/C ratio (0.156) that is comparable to that
of IL-C (0.116) but hardly any N (Table 5.12). On the other hand, PPY has a higher
O/C ratio (0.349) and high N content (16 wt%) that is comparable to that of IL-C
(19.3 wt%). Thus, in terms of their elemental composition, and in particular O/C ratio
and N content, the ACDS and PPY precursors may be considered as being end
members when compared to IL-C. On activation at 800 °C and KOH/precursor ratio
of 4, the ACDS precursor, which is resistant to activation, generates a predominantly
microporous carbon (ACDS4800) that has high packing density of 0.67 g cm™ and
modest surface area and pore volume (Figure 5.27 and Table 5.13).2% 30 On the other
hand, PPY has greater susceptibility to activation and therefore yields a predominantly
mesoporous carbon (PPY4800) that has low packing density of 0.37 g cm but higher
surface area and pore volume (Figure 5.27 and Table 5.13). Precursors with low
O content (low O/C ratio) are resistant to activation and mainly generate micropores
as we have already demonstrated.!* On the other hand, the presence of N in a carbon
framework introduces weak points and therefore greater susceptibility with respect to
activation, which results in higher levels of activation and larger pores.?®> % Clearly,
the IL-AC4800 carbon achieves much higher porosity compared to both ACDS4800
and PPY4800 (Figure 5.27 and Table 5.13). The high porosity is due to the unique
elemental composition of the IL-C precursor that combines a low O/C ratio and high
N content. It is interesting to note that despite having a much higher surface area and
pore volume, the IL-AC4800 carbon retains a significant proportion of microporosity
and moderate packing density of 0.39 g cm?®. Thus by deliberate choice of the
precursor, we have succeeded in generating an activated carbon with a unique and
difficult to achieve combination of ultra-high porosity and significant microporosity

but without compromising the packing density.
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Table 5.12. Elemental composition of carbonised ionic liquid (IL-C), air-carbonised
date seed (ACDS) and polypyrrole (PPY).

sample | C[%] H[%] N[%] O[%] (O/ICF  (CIN)

IL-C 69.1 0.9 19.3 10.7 0.116 4.18
ACDS 78.5 4.0 2.1 16.3 0.156 43.6
PPY 55.5 2.7 16.0 25.8 0.349 4.04

aAtomic ratio.

2200 A 0.7 3
_ 2000 <( ) (B)
& 5 0.6
k5 1800 | E
© 1600 | S 05
§ 1400 | o
~ S 0.4 4
T 1200 | 3
et >
5 1000 1 -._g 0.3 |
) c
T 800 | g
g 600 ] g 0.2 1
2 400 —— IL-AC4800 <
2 —— PPY4800 0.1

200 —— ACDS4800

0 T T T T OO 1 T T T T T T T T
00 02 04 06 08 10 10 20 30 40 50 60 70 80 90
Relative pressure (P/Po) Pore size (A)

Figure 5.27. Nitrogen sorption isotherms (A) and corresponding pore size
distribution curves (B) of IL-AC4800 compared to similarly activated carbons
prepared from other precursors; ACDS4800 from air-carbonised date seed (ACDS)
and PPY4800 from polypyrrole (PPY).
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Table 5.13. Textural properties of IL-AC4800 compared to similarly activated carbons
prepared from other precursors; ACDS4800 from air-carbonised date seed (ACDS)
and PPY4800 from polypyrrole (PPY).

Micropore

Pore Micropore Packin
Surface area surface P g

Sample 5 1 . ., volume  volume® density®
m area® (m ) ) :
w0 ey ey @omd)

IL-AC4800 3995 1523 (38) 3.30 0.81 (25) 0.39

ACDS4800 2609 1825 (70) 1.10 0.70 (63) 0.69

PPY4800 3279 1320 (40) 2.00 0.62 (31) 0.37

2\/alues in parenthesis are % of surface area from micropores. *Values in parenthesis
are % of pore volume from micropores. “The packing density was determined by
pressing a given amount of carbon in a 1.3 cm die at pressure of 7 MPa for 5 min.

Next, we need to consider how the mix and level of porosity of the three samples
affects their gravimetric methane uptake. This is best achieved by plotting the total
gravimetric methane uptake (Table 5.14) at selected pressures (35, 65 and 100 bar) as
a function of the surface area or pore volume of the carbons (Figure 5.27). The total
gravimetric methane storage capacity at any uptake pressure increases linearly with
both the surface area and pore volume. This finding indicates that the high gravimetric
methane uptake of the IL-AC4800 carbon is due to its ultra-high porosity.
Furthermore, the high gravimetric uptake when combined with the relatively
undiminished packing density means that the IL-AC4800 carbon also exhibits very
attractive volumetric methane storage capacity. On the other hand, ACDS4800 has
high volumetric uptake due to its higher packing density but its overall storage
performance is let down by low gravimetric uptake on account of lower surface area
and pore volume. For PPY 4800, the moderate gravimetric uptake translates to low or
moderate volumetric uptake due to the diminished packing density. The unique nature
of IL-AC4800, in terms of porosity and packing density, means that it achieves both

high gravimetric and volumetric methane storage.
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Table 5.14. Total gravimetric and volumetric methane uptake of IL-AC4800
compared to similarly activated carbons prepared from other precursors; ACDS4800
from air-carbonised date seed (ACDS) and PPY4800 from polypyrrole (PPY).

Total gravimetric (g g*) and volumetric (v/v)® methane uptake

Sample 35 bar 65 bar 100 bar
@9 (viv) 9gh) vV LRI
IL-AC4800 0.28 156 041 223 0.53 289
ACDS4800 0.20 194 0.25 243 0.29 282
PPY4800 0.25 129 0.34 176 0.42 215
2 VVolumetric uptake (v/v) is given as cm® (STP) cm 3,
0.55 0.55
v
0.50 - ® 35 bar 050 1| ® 35bar
O 65 bar = O 65 bar
0.45 - v 100 bar > 045 A v 100 bar
)
0.40 - v o % 0.40 | v
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Figure 5.28. Total gravimetric methane storage capacity of IL-AC4800, ACDS4800
and PPY4800 carbons at 25 °C and various uptake pressures plotted as a function of
surface area (left) or pore volume (right).
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5.5 Conclusions

Activated carbons with high micro/mesoporosity have been prepared via carbonisation
of an ionic liquid  (1-butyl-3-methylimidazolium  tricyanomethanide,
[BMIM][C(CN)s]) followed by chemical activation of the resulting carbonaceous
matter with KOH. On carbonisation, the IL yields carbonaceous matter with the
unusual combination of both a high N content and low O/C atomic ratio. On activation,
the IL-derived carbonaceous matter (IL-C) generates activated carbons with a mix of
micro and mesoporosity that have ultra-high surface area of up to ~4000 m2 g** and
pore volume of up to 3.3 cm? g%, along with comparatively high packing density. The
porosity and packing density of the activated carbons is a consequence of the elemental
composition of the IL-C precursor. In particular the low O/C ratio and high N content
of the IL-C precursor play a role in determining the porosity. In this way, IL-C
precursor shows anomalous activation behaviour when compared to other traditional
carbonaceous matter. The IL-derived activated carbons are ideal for the storage of
methane because of their well-balanced combination of microporosity and
mesoporosity, high packing density, and large surface area. The best carbons achieve
methane uptake of up to 0.53 g g and 289 cm? (STP) cm™ at 25 °C and 100 bar. Such
uptake exceeds the storage targets for both gravimetric and volumetric uptake set by
the US Department of Energy of 0.5 g g* and 263 cm® (STP) cm™, which would allow
widespread use for vehicular transport and other purposes. In addition, the IL-derived
carbons achieve attractive deliverable methane capacity (working capacity) of up to
0.46 g g* and 248 cm?® (STP) cm™ for a pressure swing of 100 to 5 bar at 25 °C. The
best performing IL-derived activated carbons meet both gravimetric and volumetric

methane storage targets.
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Chapter 6

Non-Hydroxide Activated Carbons Derived from Ionic
Liquid Precursor for Enhanced CO; and Methane
Storage

Abstract

Activated carbons were successfully prepared by carbonisation of crosslinkable
Imidazolium-based ionic liquid, followed by chemical activation with potassium
oxalate (PO), a non-hydroxide activating agent. Upon carbonisation, the structure and
thermal stability of the ionic liquid, arising from its ionicity, led to the formation of a
high-yield of graphitic carbonaceous matter (designated as IL-C) with a notable
combination of a high N content of up to 18 wt% and low O/C atomic ratio of 0.116.
The yield of activated carbons derived from IL-C varies with activation temperature
but shows minimal change with the amount of PO used (as represented by PO/IL-C
ratio), and ranges from 71% under the mildest conditions (lowest activation
temperature, 700 °C) to 46% at the severest conditions (900 °C). Due to the low O/C
ratio of IL-C, and gentler activation nature of PO, the generated activated carbons
exhibit moderate to high surface area of 447 to 2202 m? g%, and pore volume of 0.27
to 1.08 cm?® g%, depending on the activation temperature. The porosity of the activated
carbons can be tailored to exhibit a highly microporous structure with porosity suitable
for post-combustion CO2 uptake, showing CO- capacity of 1.6 and 4.2 mmol g* at
25 °C and pressure of 0.15 and 1 bar, respectively. Furthermore, as a benefit of PO
being a milder activating agent, the activated carbons have high packing density of up
to 0.98 cm? g1, which when combined with a high surface area density (typically >
2000 m? cm®) translates to excellent volumetric methane gas uptake. At 100 bar and
25 °C, the carbons have a total volumetric uptake of 282 cm® (STP) cm™ along with
excellent deliverable capacity of 200 cm?® (STP) cm™ (for a pressure swing of 100 bar
— 5 bar). The role of activation temperature and benefits of using PO as a milder and
greener activating agent represent a significant step towards the application of ionic
liquid-derived activated carbons in gas capture and storage, and offers a promising
strategy for improving the performance of activated carbons for CH4 storage.
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6.1 Introduction

The properties of activated carbons are primarily determined by the materials from
which they are derived and the activation conditions. Chemical activation, often
employing inorganic acids, alkali hydroxides, or other agents like ZnCl, and K2COs,
is a commonly used in the preparation of activated carbons.’® Amongst various
activation agents, KOH has been extensively studied and is known to generate
activated carbon with defined pore size and high surface area from a wide range of
carbonaceous starting materials (precursors).*® However, the toxic and corrosive
nature of KOH presents some drawbacks. Therefore, milder activating agents (i.e.,
potassium oxalate, PO) that can yield carbons with comparable or superior textural
properties to those activated with KOH are highly desirable.®*® Previous studies on
carbons prepared via PO activation have demonstrated that activated carbons with low
to medium surface area (typically <1500 m? g*) are obtained for activation at 800 °C
or below.% 213 The mild nature of PO activation allows for fine tuning of properties,
such as pore size distribution and surface area, which are critical for efficient CO>

adsorption and/or methane storage.

The elemental composition and the nature of the carbonaceous precursor also play
crucial roles in determining the properties of activated carbons. Altwala and Mokaya
have synthesised activated carbon by from air-carbonised date seeds (Phoenix
dactylifera), designated as ACDS using KOH and PO as activating agents.!® 16 They
found that the ACDS, by dint of its nature and low O/C ratio, showed high resistance
to activation for both activating agents. KOH activation yielded carbons with moderate
surface area and high packing density suitable for methane uptake, while PO activated
carbons yielded had porosity highly suited for low-pressure CO- storage (i.e., post-
combustion CO2 capture).*® 1 This suggests that the properties of activated carbons
can be influenced by not only the choice of precursors but also the activating gents,

which may allow for better targeting and tailoring of porosity for specific applications.

In this chapter, an ionic liquid was used as a precursor for activation carbon synthesis
in @ manner similar to that described in Chapter 5 but with the use of use of PO as a
milder activating agent.!’® lonic liquids, entirely composed of ions, are often
characterised by low volatility, thermal stability, and a broad liquid range.r”*° In

Chapter 5, it has been shown that the carbonisation of ionic liquid 1-butyl-3-
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methylimidazolium tricyanomethanide generated carbonaceous matter (IL-C) with an
exceptionally low O/C ratio of 0.116 and high N content of ca. 18 wt%. This unusual
combination played a crucial role in determining the porosity of the resulting KOH
activated carbons, endowing them with a high surface area and relatively high packing
density. In this chapter, that work is extended to go beyond KOH activation by
employing PO, a milder activating agent. This combination, i. e., low O/C ratio, high
N content and milder activation, is anticipated to limit the level of activation and curb
the formation of mesopores while still generating high yields of microporous activated
carbons and high packing density suitable for CO> uptake and methane storage under

specific conditions.

6.2 Experimental and Methodology

6.2.1 Materials preparation

The following chemicals were used as received: 1-butyl-3-methylimidazolium
tricyanomethanide ([BMImM][C(CN)z]), (TCI), and potassium oxalate monohydrate
(K2C204.H20, PO), (Sigma-Aldrich).

lonic liquid-derived activated carbons (IL-ACs) were prepared in two steps. First, the
required amount of [BMIm][C(CN)3] (Figure 6.1) was thermally carbonised at 800 °C
as described in details in section 5.3. The resulting carbonaceous matter was
designated as IL-C (IL = ionic liquid, and C = carbonised). The IL-C was then
chemically activated by mixing with PO at predetermined PO/IL-C ratios of 2, 4, or 6
in an agate mortar. The mixture was then placed in alumina boat and heated in a
furnace under N2 gas flow (100 mL min'), and ramp rate of 5 °C min, to the target
temperature of 700, 800, or 900 °C, and held for 1 h. The furnace was then allowed to
cool down to room temperature under a flow of N> gas. The resulting activated carbons
were collected and washed with HCI (1 M, 200 mL) by stirring at room temperature,
following which the carbon was filtered and washed to pH ~ 7 (for the filtrate) with
deionised water before drying in oven at 120 °C overnight. The activated carbons were
designated as IL-ACxT-PO, where x is the PO/IL-C mass ratio, T is the activation
temperature (in °C), and the PO indicates potassium oxalate as activator. Thus,
a carbon activated at a PO/IL-C carbon ratio of 4 and at 800 °C is designated as
IL-AC4800-PO.
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Figure 6.1. The chemical structure of 1-butyl-3-methylimidazolium
tricyanomethanide.

6.2.2 Materials characterisation

In order to analyse the samples, various techniques were used, including
thermogravimetric analysis (TGA), powder X-ray diffraction (XRD), elemental
analysis (CHN), porosity analysis, and scanning electron microscopy (SEM). The
TGA was performed using a TA Instruments SDT Q600 analyser under flowing air or
N conditions (100 ml min™) and heating ramp rate of 10 °C min™. Powder XRD
analysis was carried out using a PANalytical X Pert PRO diffractometer with a Cu-
Ko radiation (A= 1.5418 A) operating at 40 kV and 40 mA, 0.02 step size and 5 s step
time and between 2° and 80° was 50 s. Elemental (CHN) analysis was performed using
an Exeter Analytical CE-440 Elemental Analyser. The nitrogen sorption isotherms and
textural characteristics of the activated carbons were determined using a Micromeritics
3FLEX sorptometer operating at —196 °C. Before analysis, the carbons were degassed
at 300 °C for 16 h under vacuum. The surface area was calculated using the Brunauer—
Emmett-Teller (BET) method applied to adsorption data within a relative pressure
range (P/Po) in accordance to the Rouquerol Criterion, and the total pore volume was
estimated from the amount of nitrogen adsorbed at close to saturation (P/Po ~ 0.99).2%
22 The micropore surface area and micropore volume were calculated using t-plot
analysis. The pore size distribution (PSDs) were determined using the non-local
density functional theory (NLDFT) model. The SEM images were obtained using a
JEOL 7000F FEG-SEM microscope at an accelerating voltage of 15 kV.
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6.2.3 Gas uptake measurements

The CO; uptake of the IL-ACxT-PO carbons were measured at room temperature and
pressure range of 0 to 20 bar using a Hiden Isochema Intelligent Gravimetric Analyser
(IGA-003). The methane uptake was determined using a Hiden Isochema XEMIS
Analyser at 25 °C and a pressure range of 0 to 100 bar. In all cases, the carbons were
degassed at 240 °C for several hours prior to the measurements of gas uptake.

6.3 Results and discussion

6.3.1 Nature of ionic liquid-derived carbons and elemental composition

The elemental composition of the ionic liquid (IL), and yield and elemental
composition of the carbonised ionic liquid (IL-C), and the activated carbons (IL-
ACXT-PO) are summarised in Table 6.1. It was first observed that due to the high
chemical stability of ([BMIm][C(CN)z]) ionic liquid precursor, arising from its
structure, the carbonisation of ionic liquid yielded carbonaceous matter with a
graphitic appearance and feel, as shown in Figure 5.2. This characteristic is ascribed
to the presence of tricyanomethanide [C(CN)s] anion, which has high thermal stability
and does not completely decompose at elevated temperatures, leading to an IL-C yield
of ca. 30 wt% at 800 °C. This finding agrees with the previous studies, which indicated
that the ionic liquid cation paired with non-nitrile functional groups exhibits very low
carbon vyields.? 2* Overall, the yield is comparable to that of hydrothermally
carbonised biomass.® ® % The ionic liquid has N/C molar ratio of 0.482 with C and N
contents of 62 wt% and 30 wt%, respectively, which is in line with its molecular
formula (C12H1sNs). After carbonisation at 800 °C, IL-C maintains a high N content
of 19.3 wt%, while the C content increases from 62 wt% to 69 wt%. The O content
rises from 2.1 wt% to 10.7 wt%, and the H content significantly drops from 6.6 wt%
to 0.9 wt%. Interestingly, the O/C ratio of 0.116 for the IL-C is remarkably low, and

is one of the lowest values reported so far for any carbonaceous matter.1® 2
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Table 6.1. Elemental composition of ionic liquid (IL), and yield and elemental
composition of carbonised ionic liquid (IL-C), and corresponding IL-C-derived
activated carbons (IL-ACxT-PO).

Sample Vield C[%] HI[%] N[%] O[%] (O/C)* (N/C)
[wt%o]

IL — 61.6 6.6 29.7 2.1 0.026  0.482
IL-C 28 69.1 0.9 19.3 10.7 0.116  0.279
IL-AC2700-PO 71 64.2 14 11.1 23.3 0.272 0.173
IL-AC2800-PO 50 85.4 0.1 1.8 12.7 0.112 0.021
IL-AC2900-PO 46 89.4 0.0 1.1 9.5 0.079 0.012
IL-AC4700-PO 67 62.2 1.6 10.2 26.0 0.314 0.164
IL-AC4800-PO 50 79.7 0.3 2.0 18.0 0.169 0.025
IL-AC4900-PO 44 89.9 0.0 0.5 9.6 0.080 0.006
IL-AC6700-PO 66 66.1 1.1 11.8 21.0 0.238 0.179
IL-AC6800-PO 50 79.9 0.1 0.4 19.6  0.184 0.005
IL-AC6900-PO 46 85.2 0.0 0.6 14.2 0.125 0.007

aAtomic ratio.

The overall yield of the activated carbons ranges from 66 wt% to 71 wt% for samples
activated at 700 °C, a similar yield of 50 wt% for samples obtained at 800 °C, and
between 44 wt% and 46 wt% for those activated at 900 °C. The yield is notably high
compared to that observed for activated carbons derived from other sources of
carbonaceous matter.® 1213 |t is noteworthy that at any given temperature, changing
the PO/IL-C ratio from 2 to 6 does not appear to have a significant effect on the overall
carbon yield. However, increasing the activation temperature leads to a lowering of
carbon yield, meaning that the activation temperature is a critical factor that determines
the carbon yield when using PO as an activating agent, unlike other hydroxide
activating agents.*> 27 In general, this demonstrates the benefits of using PO as a milder
and greener activating agent, along with low O/C ratio of the IL-C associated with

resistance to activation, allowing for greater yields of carbon.

The elemental composition of the activated carbons, on the other hand, reveals an
interesting trend. In general the C content ranges from 62.2 wt% to 89.9 wt%

depending on the activating temperature. As indicated in Table 6.1, the amount of PO
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does not directly influence the C content. The N content was found to depend on the
activation temperature, and varied between 0.6 wt% and 12 wt%. For activation at
700 °C and any PO/IL-C ratio (2, 4, or 6), the activated carbons retain a high N content
of ca. 12 wt%, which is significantly high, standing at ca. 60% of the N content of
IL-C (19 wt%). The H content decreases after activation from 1.4 wt% for the IL-C to
almost nil, while the O content rises to from 10 wt% for IL-C to between 9.7 and
26 wt% for the activated carbons. It is worth noting that with increase the amount of
PO/IL-C used, the O content of the activated carbons also rises. This finding aligns
with the established understanding that the amount of PO does not play a crucial role
in determining the porosity. Therefore, it could be concluded that the PO exists in

excess amounts, which contribute to the overall O content.

The nature and thermal stability of the IL, IL-C and IL-ACXT-PO carbons was probed
using TGA, and the resulting curves are shown in Figure 6.2. The IL was thermally
treated to 800 °C at a heating ramp rate of 10 °C min under an inert atmosphere (N2
flow of 100 ml min't) for 1 h as depicted in Figure 6.2A. The TGA curve of the IL is
consistent with the carbonisation yield of ca. 30 wt%. The purity (in terms of being
purely carbonaceous with no inorganic components) and thermal stability were probed
by TGA performed under air at a heating ramp rate of 10 °C min™ up to 1000 °C as
shown in Figure 6.2. The TGA curves revealed high thermal stability of up to
ca. 500 °C, followed by near complete mass loss between 500 °C and 750 °C,
attributed to the combustion of carbon. Notably, the IL-ACXT-PO carbons exhibited
similar burn-off temperatures, with greater stability observed for carbons prepared at
higher activation temperature. The activated carbons burnt off with hardly any residual

mass, indicating their predominantly carbonaceous composition.
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Figure 6.2. TGA curves of ionic liquid thermally treated under N2 gas, carbonised
ionic liquid (IL-C) and IL-derived activated carbons (IL-ACXT-PO), which were
thermally treated in air.

The structure and purity (as evidenced by the absence of any crystalline inorganic
phases) of IL-C and the activated carbons were examined using powder XRD. The
XRD pattern of IL-C (Figure 6.3) exhibits a pronounced peak at a 26 of ~ 26°, assigned
to the (002) diffraction of graphitic carbon. A further weak peak is observed at 2 6 of
~ 44°, corresponding to the (100) diffraction arising from graphene stacks. Upon
activation of IL-C, the intensity of these peaks greatly reduced (Figure 6.3B, C & D).
Carbons activated at 700 °C (i.e., IL-ACx700-PO) still display these peaks, but in a
much broader form. No graphitic peaks were observed in the other samples, suggesting
that the carbons are of an amorphous nature. These observations align with the fact

that the activation process should disrupt any existing graphitic domains.
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Figure 6.3. Powder XRD patterns of IL-C and IL-derived activated carbons (IL-
ACXT-PO).

Scanning electron microscopy (SEM) was employed to ascertain the role of activation
temperature and/or PO/IL-C ratio in determining morphology and pore development.
The SEM images in Figure 6.4 reveal morphology characterised by the apparent
presence of small pores, which is typical for activated carbons. Such a porous structure
is expected when employing PO as the activating agent, as it leads to the formation of
highly microporous activated carbons. Notably, the images demonstrate noticeable
pore development and an increase in size of pore channels at higher activation

temperatures, regardless of the amount of the activating agent used.
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Figure 6.4. SEM images of some representative IL-ACXT-PO carbons.
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6.3.2 Textural properties and porosity

The effect of activation temperature and the amount of potassium oxalate on the
porosity and surface area of resulting IL-ACxT-PO activating carbons were further
analysed using nitrogen sorption isotherms. The N2 sorption isotherms and the
corresponding pore size distribution (PSD) curves are shown in Figure 6.5, Figure
6.6 and Figure 6.7, and the textural properties are summarised in Table 6.2.

Effect of activation temperature. The N2 sorption isotherms and the corresponding
PSD curves of carbons activated at PO/IL-C ratio of 2 and temperatures of 700, 800
and 900 °C (IL-AC2T-PO) are shown in Figure 6.5. As can be seen in Figure 6.5A,
all carbons exhibit type I isotherms with a significant amount of N adsorption accrued
at a very low relative pressure (P/Po > 0.1), indicating significant levels of
microporosity. The amount of N2 adsorbed increases with activation temperature,
which indicates greater pore development, as shown in Figure 6.5B. The isotherm of
sample IL-AC2700-PO shows a sharp adsorption knee and plateau, indicating the
predominance of micropores. The sample activated at 800 °C (e. g., IL-AC2800-PO)
displays a slight enhancement and broadening in the adsorption knee, which suggests
limited widening in the pore size distribution but still within the micropore region. The
broadening in the adsorption “knee” becomes more pronounced for the IL-AC2900-
PO sample, which is activated at the highest temperature, indicating the presence of
larger pores (microporous and small mesoporous). It is apparent that the amount of N>
adsorbed correlates with the activation temperature, and increases at higher activation

temperature.
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Figure 6.5. Nitrogen sorption isotherms (A) and pore size distribution curves (B) of
IL-AC2T-PO carbons.

As illustrated in Table 6.2, the surface area and pore volume of carbons prepared at
PO/IL-C ratio of 2 increase with the activation temperature. For example, IL-AC2700-
PO has a surface area of 640 m? g’ and a pore volume of 0.27 cm? g, which double to
1739 m? g* and 0.76 cm® g for IL-AC2800-PO and increase further to 2202 m? g
and 1.08 cm?® g* for IL-AC2900-PO. However, the micropore surface area decreases
as the activation temperature increases from 800 to 900 °C, as shown in Table 6.2. For
instance, the proportion of micropore surface area and pore volume is 81% and 74%
for IL-AC2800-PO, respectively, and decreased to 48% and 43% for IL-AC2900-PO.
The role of activation temperature is clearly observed in the PSD curves shown in
Figure 6.5B. The carbons prepared at PO/IL-C ratio of 2 at 700 and 800 °C (IL-
AC2700-PO and IL-AC2800-PO) primarily exhibit pores of size ca. 5 and 8 A.
However, when the activation temperature rises to 900 °C (IL-AC2900-PO) there is a
widening of pore size, with a considerable proportion of 20 A pores, as shown in
Figure 6.5B. This increase in pore size for samples activated at higher temperature

may be attributed to a greater level of activation resulting from enhanced gasification.®
28
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Table 6.2. Textural properties of IL-derived IL-ACXT-PO activated carbons.

Surface area (m? g?) Volume (cm®g?) Surf. area
Sample density®©

Total Micro? (%) Total Micro® (%) (m2 cm)
IL-C 50 — 0.0336 — Non-porous
IL-AC2700-PO 640 558 (87) 0.27 0.22 (82) 2370
IL-AC2800-PO 1739 1404 (81) 0.76 0.56 (74) 2288
IL-AC2900-PO 2202 1051 (48) 1.08 0.43 (40) 2039
IL-AC4700-PO 801 686 (86) 0.34 0.27 (79) 2356
IL-AC4800-PO 1396 1162 (83) 0.60 0.46 (77) 2327
IL-AC4900-PO 1669 1002 (60) 0.83 0.41 (49) 2011
IL-AC6700-PO 623 528 (85) 0.27 0.21 (78) 2307
IL-AC6800-PO 1413 1168 (83) 0.60 0.46 (77) 2355
IL-AC6900-PO 1611 1098 (68) 0.75 0.44 (59) 2148

ab\/alues in parenthesis are proportion of micropore surface area and micropore
volume, respectively. “Refers to the surface area density, obtained as the ratio total
surface area to the total pore volume.
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The N2 sorption isotherms and PSDs curves for IL-AC4T-PO samples activated at
PO/IL-C ratio of 4 are shown in Figure 6.6. Overall, the IL-ACAT-PO carbons show
similar trend in their N2 sorption isotherms and PSDs curves as that observed for
IL-AC2T-PO carbons. The IL-AC4T-PO carbons display N2 isotherm type I, with
significant adsorption at P/Po > 0.1, and which increases dependently on the activating
temperature. The isotherm of IL-AC4700-PO has a sharp adsorption knee and plateau
at P/Po > 0.1, which is gentler for IL-AC4800-PO. At the highest activation
temperatures of 900 °C, the isotherm of the sample IL-AC4900-PO shows a broad
adsorption knee similar to that observed in IL-AC2900-PO, suggesting to the presence
of wider microporous and some level of mesoporosity.® In terms of textural properties,
the IL-AC4T-PO activated carbons have surface area ranging from 801 m? g to
1669 m? g* and pore volume of 0.34-0.83 cm® g, depending on the activation
temperature. Sample IL-AC4700-PO has surface area of 801 m? g* and a pore volume
of 0.34 cm?® g1, which increases to 1396 m? g and 0.60 cm?® g, respectively, for
IL-AC4800-PO sample. The sample activated at the highest temperature of 900 °C
(IL-AC4900-PO) has surface area of 1669 m? g™ and a pore volume of 0.83 cm® g*.
However, there is a significant decrease in the proportion of micropore surface area
upon increasing the activation temperature to 900 °C, dropping from 86% in
IL-AC4700-PO to 60% in IL-AC4900-PO. This can be observed from the PSD curves
and textural parameters of IL-AC4T-PO carbons shown in Figure 6.6B and Table 6.2.
The carbons activated at 700 °C and 800 °C predominantly feature pores of size
5-8 A, with a small proportion of 12 A pores observed for sample IL-AC4800-PO.
Conversely, the PSD of IL-AC4900-PO displays a higher proportion of pores with

sizes exceeding 20 A as shown in Figure 6.6B.
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Figure 6.6. Nitrogen sorption isotherms (A) and pore size distribution curves (B) of
IL-ACAT-PO carbons.

The N2 sorption isotherms and the corresponding PSDs curves of carbons prepared at
PO/IL-C ratio of 6 (IL-AC6T-PO) are shown in Figure 6.7. The isotherms of this set
of samples display a typical type | shape and are very similar to those of IL-AC2T-PO
and IL-AC4T-PO carbons in Figure 6.5 and Figure 6.6, both in terms of shape and
the amount of nitrogen adsorbed. It is evident that increasing the amount of PO does
not seem any significant impact on the porosity, which aligns with the findings in
previous studies.® *2 Furthermore, the PSD curves of these carbons also demonstrate a
high degree of similarity and exhibit comparable enhancements with increasing
temperature, as described above. This indicates that the optimal control of porosity in
these activated carbons, when using PO as an activating agent, is primarily determined
by activation temperature rather than the amount of PO. This is a departure from what
has been observed in Chapter 5 when using KOH as activating agent, wherein
increasing the KOH/IL-C ratio generated carbons with larger pores and greater surface
area. Based on Figure 6.7, activation at PO/IL-C ratio of 6 results in the formation of
micropores with hardly any mesopores, except for samples activated at 900 °C,
aligning with what is observed for IL-AC2T-PO and IL-AC4T-PO carbons. The
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presence of mesoporous in samples activated at 900 °C could be related to CO- and
CO gases released during the high-temperature activation.> ¥* The surface area of
IL-AC6T-PO activated carbons ranges from 623 to 1611 m? g, and pore size of
0.27to 0.75 m® g. Both surface area and pore volume increase as the activation
temperature rises from 700 to 900 °C. The proportion of micropore surface area and
micropore volume remain high for IL-AC6700-PO and 1L-AC6800-PO carbons, and
in the range of 83% and 85% for micropore surface area and 77% for micropore
volume. However, at the higher activation temperature of 900 °C, there seems to be a
decrease in the microporosity, with values of 68% and 59% for the proportion of

micropore surface area and micropore volume, respectively.
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Figure 6.7. Nitrogen sorption isotherms (A) and pore size distribution curves (B) of
IL-AC6T-PO carbons.
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Effect of PO/IL-C ratio. The nitrogen sorption isotherms of the IL-ACXT-PO
activated carbons indicate that increasing the activation temperature enhances the
porosity, while changes in the amount of PO have hardly any effect on the overall
porosity. For instance, IL-ACx700-PO samples show low surface area and pore
volume values regardless of the amount of PO. A comparison of 1L-AC2700-PO
(640 m? gt and 0.27 cm?® g1), IL-AC4700-PO (801 m? g and 0.34 cm?® g*), and
IL-AC6700-PO (623 m? g* and 0.27 cm® g}) illustrates this trend. However, as the
activation temperature increases to 800 °C and 900 °C, the IL-ACx800-PO and
IL-ACx900-PO samples exhibit higher surface area and pore volume. The N sorption
isotherms and PSD curves show similarities despite increase the amount of PO,
indicating that the control of porosity primarily relies on the activation temperature
rather than the amount of PO. Overall, the results show that increasing the activation
temperature enhances the porosity and surface area of the IL-ACxT-PO activated
carbons, while the amount of potassium oxalate has a minor influence on the porosity,

which is consistent with previous studies.® 101213

6.4 Gas uptake

6.4.1 CO2 uptake

Given the high microporosity of the IL-ACxT-PO carbons, occasioned by the use of
PO in combination with a precursor with a very low O/C ratio, we explored their CO>
uptake capacity at 25 °C and pressures range of 0 — 20 bar. The CO uptake isotherms
are shown in Figure 6.8, Figure 6.9 and Figure 6.10. The CO uptake at various
pressures (0.15, 1, and 20 bar) is summarised in Table 6.3. The CO> uptake at 1 bar,
which serves as a primary focus in most studies as a performance metric for capturing
CO; from flue gas streams in post-combustion processes, varies depending on the
activation temperature. In the case of IL-AC2T-PO carbons, the CO, uptake at 1 bar
increases from 3.2 mmol g for IL-AC2700-PO to 4.2 mmol g* IL-AC2800-PO and
then slightly decreases to 3.3 mmol g for IL-AC2900-PO, due to widening in the
pores and lower level of microporosity in the latter. Interestingly, further increases in
the PO/IL-C ratio to 4 (IL-AC4T-PO) and 6 (IL-AC6T-PO) result in comparable CO>
uptake values of ca. 3 mmol g to 3.8 mmol g* for IL-AC4T-PO samples and between
2.9 mmol g and 3.8 mmol g for IL-AC6T-PO samples. The results suggest that the
PO/IL-C ratio does not significantly affect the CO storage capacity at 1 bar. Instead,
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the activation temperature has a more pronounced influence on CO uptake. For
instance, when comparing IL-ACx700-PO carbons activated at different PO/IL-C
ratios but at a temperature of 700 °C, the CO, uptake is as follows: 3.2 mmol g for
IL-AC2700-PO, 3.2 mmol g* for IL-AC4700-PO, and 2.9 mmol g for IL-AC6700-
PO. In all cases, considering the significant impact of activation temperature, it can be
observed that activating at 800 °C appeared to be the optimal temperature and
resulted in high CO; uptake at 1 bar and 25 °C of 4.2 mmol g, 3.8 mmol g, and
1 for IL-AC2800-PO, IL-AC-4800-PO, and IL-AC68600-PO,

respectively. These results suggest that activating at 800 °C leads to optimal porosity

3.8mmol ¢

and surface properties, resulting in enhanced CO> adsorption capacity. This enhanced
capacity can be attributed to the optimal pore size of these samples, which outperforms
all other samples in this study. Additionally, the PSD curves of theses samples reveal
the presence of two prominent pores systems of size 5 and 8 A, which contribute to
the significant enhancement of CO; uptake. This is in line with previous studies, as the
uptake at 1 bar is not determined by the surface area but by the type and size of
porosity, suggesting that pores smaller than 10 A have an influence on CO; uptake at

lower pressures, ! 3 1213, 29-36
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Figure 6.8. CO> uptake isotherms of IL-AC2T-PO carbons at 25 °C for pressure
range 0—20 bar (A) and 0-1 bar (B).
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Figure 6.9. CO; uptake isotherms of IL-AC4T-PO carbons at 25 °C for pressure
range 0-20 bar (A) and 0-1 bar (B).
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Figure 6.10. CO> uptake isotherms of IL-AC6T-PO carbons at 25 °C for pressure
range 0—20 bar (A) and 0-1 bar (B).
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Table 6.3. CO; uptake 25 °C and various pressures (0.15, 1 and 20 bar) of IL-ACXT-
PO carbons.

CO; uptake (mmol g*)

sample
0.15 bar 1 bar 20 bar
IL-AC2700-PO 1.6 3.2 5.6
IL-AC2800-PO 1.2 4.2 135
IL-AC2900-PO 0.8 3.3 15.2
IL-AC4700-PO 14 3.2 6.4
IL-AC4800-PO 1.2 3.8 10.7
IL-AC4900-PO 0.8 3.0 12.6
IL-AC6700-PO 1.3 2.9 5.5
IL-AC6800-PO 1.1 3.8 11.0
IL-AC6900-PO 0.8 3.1 12.5

The CO; uptake at 0.15 bar is crucial as it may be used as an indicator for storage
capacity from a flow gas stream from power stations, which typically contains ca. 15—
20% CO_ with the majority being N2 (70-75%) and a small portion of water.3" 3
Among the present samples, IL-AC2700-PO exhibits the highest uptake of
1.6 mmol g%, followed by IL-AC4700-PO and IL-AC6700-PO with uptakes of
1.4 mmol g?! and 1.3 mmol g, respectively. These high uptake values can be
attributed to the abundance of microporosity in these carbons as shown in Figure 6.5B,
Figure 6.6B and Figure 6.7B. Additionally, samples activated at 800 °C show high
uptake as well, with IL-AC2800-PO, IL-AC4800-PO, and IL-AC6800-PO having
capacity of 1.17 mmol g%, 1.18 mmol g, and 1.13 mmol g*, respectively, which
highlights the importance of small pores (5-8 A), as illustrated in Figure 6.5B, Figure
6.6B and Figure 6.7B. On the other hand, the CO> uptake for samples activated at the
highest temperature (900 °C) is lower at ~ 0.8 mmol g, which is due to their lower
levels of microporosity. Comparing the CO. uptake of all the samples at 0.15 bar, it
can be observed that the activation temperature has a noticeable impact. To clarify, IL-
ACXx700-PO carbons, activated at the lowest temperature (700 °C), demonstrate the
highest CO2 uptake of between 1.3 mmol g?! and 1.6 mmol g?, which slightly

decreased for higher amount of activating agent. However, as the activation
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temperature increases to 800 °C, the CO uptake for IL-ACx800-PO carbons decreases
to the range of 1.13-1.18 mmol g, and decreased further to ~ 0.8 mmol g for IL-
ACx900-PO samples. Overall, the CO, uptake of 1.6, 1.40 and 1.3 mmol g'>-at 0.15 bar
and 25 °C for IL-ACx700-PO carbons is amongst the highest ever reported for any

porous carbons, 31 32 34,35, 39-45

At higher pressure (20 bar), the trend in uptake capacity is reversed, indicating a
dependence on the total surface area of the activated carbons rather than the pore size.
Carbons prepared at higher temperature have higher surface area, resulting in higher
CO2 uptake capacity. Thus, IL-ACx900-PO carbons have the highest uptake
capacity of 15.2 mmol g (IL-AC2900-PO), 12.6 mmol g* (IL-AC4900-PO), and
12.5 mmol g for IL-AC6900-PO. Additionally, the uptake at 20 bar is not effected by
the amount of PO used. This emphasises: (i) the crucial role of activating temperature
in modifying the textural properties of the activated carbons when PO is used as the
activating agent, (ii) the possibility of achieving comparable properties by using a
lower amount of PO, which opens up a greener synthesis process approach while
maintaining a full range of porosity, and (iii) a more straightforward and
environmentally friendly synthesis method, which results in activated carbons with
attractive CO. adsorption capacity that reaches 4.2 mmol g? at 1 bar and
1.6 mmol gt at 0.15 bar at 25 °C.

6.4.2 CH4 uptake

The use of milder PO in conjunction with a precursor of a very low O/C ratio generates
lowly activated carbons that are predicted to have high packing density. In particular,
the presence of microporosity is important in enhance the packing density, which plays
a vital role in determining the volumetric methane storage capacity. Given that
methane uptake generally correlates with the surface area of carbons, we determined
the performance of samples with the highest surface area, namely IL-AC2800-PO, IL-
AC-2900-PO, and IL-AC4900-PO. The assumption was that these samples would be
suitable store for methane uptake due to their unique combination of moderate surface
area, mix of microporosity with some mesoporosity, and crucially a low level of
activation and thus a high packing density. The methane uptake measurements directly

determined the excess uptake from which the total storage capacity was worked out by
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considering the pore volume of the carbons and packing density to obtain the total

gravimetric and volumetric uptake.

Figure 6.11 shows the excess and total gravimetric methane uptake isotherms at 25 °C
in the pressure range of 0—100 bar, and Table 6.4 summarises the storage capacity at
35, 65 and 100 bar. In general, the excess uptake is proportional to the surface area.
The excess uptake isotherms of the carbons appear to reach saturation at pressure of
65 bar and then plateaued. This observation arises from the adsorption of supercritical
fluids at high pressures, occurring when the density of the adsorbed gas is equal to the
density of the bulk or free gas.*®* This is evidenced from the excess methane uptake
at 65 and 100 bar, which remains almost unchanged at ca. 8.3 mmol g* for IL-
AC2800-PO, 10.1 mmol g* for IL-AC2900-PO, and 8.5 mmol g* for IL-AC4900-PO.
In general, the excess methane uptake is in line with the surface area of the carbons,
with carbons having higher surface area exhibiting higher uptake, in the order
IL-AC2800-PO < IL-AC4900-PO < IL-AC2900-PO. The total uptake at 35 bar ranges
from 8.9 mmol g* to 10.9 mmol g, which is equivalent to 0.14 g g and 0.17 g g},
respectively. The uptake further increases to between 10.5 mmol g?! and
13.3 mmol g at 65 bar, corresponding to 0.17 g g and 0.21 g g}, respectively. At
100 bar, the total uptake falls within the range of 11.6 mmol g* to 15 mmol g?,
equivalent to 0.19 g g and 0.24 g g%, respectively.
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Figure 6.11. Gravimetric methane uptake comparison at 25 °C: Excess and total
uptake for selected activated carbons (IL-AC2800-PO, IL-AC2900-PO and IL-
AC4900-PO).
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Table 6.4. Excess and total gravimetric methane uptake at 25 °C for selected activated
carbons (IL-AC2800-PO, IL-AC2900-PO, and IL-AC4900-PO).

Gravimetric CH4 uptake (mmol gt)

Sample Excess uptake Total uptake
35 bar 65bar 100 bar 35bar  65bar 100 bar
IL-AC2800-PO 1.7 8.3 8.1 8.9 10.5 11.6
IL-AC2900-PO 9.2 10.1 9.9 10.9 13.3 15.0
IL-AC4900-PO 1.7 8.5 8.5 9.0 11.0 125

The volumetric uptake of an adsorbent is a crucial metric when considering methane
uptake. Therefore, the high packing density of any adsorbent is a critical factor as a
high density enables a greater amount to be confined within a given space, resulting in
higher volumetric uptake. In line with this, the US Department of Energy (DOE) has
established a target of 263 cm® (STP) cm™ at moderate pressure (i. e., 35-100 bar) and
25 °C for volumetric uptake capcity.*®%? The selected activated carbons, 1L-AC2800-
PO, IL-AC2900-PO and IL-AC4900-PO, have high packing density of 0.98, 0.84 and
0.86 g cm3, respectively. The high packing density suggests that, despite their modest
surface area, the carbons may have the potential to efficiently store a significant
amount of methane and show excellent performance in terms of volumetric uptake.
The total volumetric methane uptake isotherms are shown in Figure 6.12 and Table
6.5 summarises the uptake at 35, 65 and 100 bar. Due to their high packing density,
these carbons show high volumetric methane uptake at 25 °C and 35 bar, with values
of 195, 204, and 173 cm® (STP) cm™ for IL-AC2800-PO, IL-AC2900-PO, and
IL-AC4900-PO, respectively. The total volumetric uptake capacities of the
IL-AC2900-PO at 35 bar and 25 °C of 204 cm?® (STP) cm™, is amongst the best
carbons or for any other porous materials reported to date but with the notable of being
derived from a milder and more environmentally friendly activating agent.6 26 49-61
For instance, the best activated carbon performance to date is ascribed to activated
carbons derived from date seeds (Phoenix dactylifera) or cloves, with storage
capacities of up to 222 and 235 cm® (STP) cm3, respectively, 25 °C and 35 bar.
However, it is worth noting that these activated carbons were produced utilising a
corrosive activating agent (i.e., KOH).?® > The uptake of IL-AC2900-PO is also
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comparable and nearly reaches the performance of the best MOF reported to date,
which is monoHKUST-1 that has total volumetric uptake of 224 cm® (STP) cm™ at
25 °C and 35 bar. monoHKUST-1 is widely recognised as the benchmark material for
evaluating the volumetric methane uptake of MOFs materials.%! The total volumetric
methane uptake further increases to 231, 249, and 211 cm® (STP) cm™ at 65 bar, and
reaches as high as 256, 282, and 240 cm? (STP) cm™ at 100 bar and 25 °C, respectively
for IL-AC2800-PO, IL-AC2900-PO, and IL-AC4900-PO. Overall, the results show
that the present samples, particularly IL-AC2900-PO and IL-AC2900-PO, achieved or
surpassed the DOE target for methane storage at 100 bar and 25 °C, having high
methane uptake capacities of 256 and 282 cm® (STP) cm, respectively.
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Figure 6.12. Total volumetric methane uptake at 25 °C for selected activated carbons
(IL-AC2800-PO, IL-AC2900-PO and IL-AC4900-PO).
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Table 6.5 Total volumetric methane uptake at 25 °C and various pressures (35, 65,
and 100 bar) for selected activated carbons (IL-AC2800-PO, IL-AC2900-PO, and
IL-AC4900-PO).

Density Total volumetric uptake Working capacity?
Sample (g o) (cm® (STP) cm®) (cm® (STP) cm™®)
35bar 65bar 100bar 35bar 65bar 100 bar
IL-AC2800-PO 0.98 195 231 256 104 140 165
IL-AC2900-PO 0.84 204 249 282 122 167 200
IL-AC4900-PO 0.86 173 211 240 101 139 168

®Working capacity, defined as the difference in methane uptake between 5 bar and
higher pressures (35, 65, or 100 bar).

Working capacity, defined as the difference in methane uptake between 5 bar and
higher pressures (35, 65, or 100 bar), is an important measure of methane uptake
performance. Table 6.5 summarises the uptake of IL-AC2800-PO, IL-AC2900-PO,
and IL-AC4900-PO, expressed in cm® (STP) cm, revealing uptake ranging from
101to 122 (at 35 bar), 139 to 167 (at 65 bar), and as high as 165 to 200 (at
100 bar). Notably, IL-AC2900-PO shows an impressive working capacity of
200 cm® (STP) cm3, especially considering that it is generated using a greener
activating agent. Thus, the IL-AC2900-PO sample demonstrates excellent
performance, with a gravimetric uptake of 0.24 g g, a total volumetric uptake of
282 cm® (STP) cm, and a working capacity of 200 cm® (STP) cm™ at 100 bar and
25 °C, placing it among the top-performing carbons and MOF materials.*6:26: 4961 The
present carbons are particularly attractive as they are environmentally friendly in terms
of their production, possess high packing density, and outperform many activated

carbons that utilise corrosive KOH as activator.
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6.5 Conclusion

The synthesis of activated carbons from a pre-condensed imidazolium-based ionic
liquid (IL), followed by activation using a milder and non-hydroxide activating agent,
potassium oxalate, generates materials with characteristics suitable for energy-related
applications. The activated carbons have a significant N content of up to 11 wt% and
a highly microporous structure with moderate surface area of up to 2200 m? g7,
depending on the activation temperature. The activated carbons can be tailored to
exhibit a highly microporous structure with porosity suitable for post-combustion CO>
uptake. At 25 °C and 0.15 and 1 bar, the carbons achieve CO. uptake capacity of
1.6 and 4.2 mmol g%, respectively. Furthermore, due to their high packing density of
up to 0.98 cm?® g%, arising from using PO as milder activating agent, combined with a
high surface area density, the carbons also demonstrate excellent methane storage
capacity. At 100 bar and 25 °C, the carbons achieve very attractive volumetric methane
uptake of 282 cm® (STP) cm® along with excellent working capacity of
200 cm?® (STP) cm™ (for 100 to 5 bar pressure swing), placing them among the top-

performing porous materials be they carbons and MOFs.
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Chapter 7

Summary and Future Outlook

The work in this Thesis primarily focused on the synthesis of activated carbon
materials with modulated porosity that makes them suitable for use as adsorbents to
enhanced CO> capture and storage and methane storage. The approach involved,
Firstly in Chapter 3, building up knowledge of key parameters, namely, O/C ratio of
precursors, incorporating (or presence of) heteroatoms such as N in the precursors and
activation conditions, that serve as tools to modulate and customise the nature of
activated carbons to meet specific requirements for CO; uptake and CH4 storage. This
included developing an understanding of the impact of O/C ratio of the precursors and
how it can be tuned by varying the carbonisation temperature as discussed in Chapter
3. It was observed, for the air-carbonisation of waste Hookah Tobacco (HTD), that the
carbonisation temperature is a significant factor in the preparation of carbonaceous
matter with varying O/C ratios. The activation of carbonaceous matter that was
carbonised at low temperatures generated activated carbons with ultra-microporosity
suitable for post-combustion CO- capture. Furthermore, by varying the carbonisation
temperature, it was possible to prepare activated carbons with a range of porosity,
including high surface area samples and a mix of porosity that is suitable for enhanced
CHjs storage. Although the production of activated carbons from a biomass sources
appears to provide materials that are suitable for CO; capture, there is a need to further
increase the surface area and pore volume if they are to achieve gravimetric and
volumetric methane uptake levels that align with the targets set by the US Department
of Energy (DOE).

In the second approach, presented in Chapter 4, a route to introduce N-containing

additives to biomass-derived carbonaceous matter was explored. The biomass

carbonaceous matter with low O/C ratio (i.e., air-carbonised date seed, Phoenix

dactylifera, ACDS), was deliberately chosen as it is known to be resistant to activation.
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The N-rich additives used were melamine and urea, with KOH as an activating agent.
The hope was that the very low O/C ratio of ACDS would work to provide activated
carbons with high packing density due to its high resistance, while the addition of N
would work in the opposite direction and increase the surface area. This approach
resulted in flexibility in controlling the porosity of the activated carbons by varying
the amount of melamine or urea added, the KOH/ACDS ratio, and the activation
temperature, thus enabling enhanced CO. and methane uptake in the resulting
materials. The outcome was the creation of ultra-high porosity carbons, with surface
area nearly double that achieved by activating ACDS alone, resulting in very high
methane uptake.

The approach demonstrated in Chapter 4 provided a basis for further investigation of
combining low O/C ratio and presence of N as a means of generating activated carbons
that are highly suited for methane storage. Chapter 5, reports on the preparation of
activated carbons with high micro/mesoporosity via carbonisation of an ionic liquid
(1-butyl-3-methylimidazolium tricyanomethanide, [BMIm][C(CN)3z]) followed by
chemical activation of the resulting carbonaceous matter with KOH. On carbonisation,
the ionic liquid (IL) yields carbonaceous matter with the unusual combination of both
a high N content and low O/C atomic ratio. On activation, the IL-derived carbonaceous
matter (IL-C) generates activated carbons with a mix of micro and mesoporosity
that have ultra-high surface area of up to ~4000 m2 g and pore volume of up to
3.3 cmd g%, along with comparatively high packing density. The porosity and packing
density of the activated carbons is a consequence of the elemental composition of the
IL-C precursor. In particular the low O/C ratio and high N content of the IL-C
precursor play a role in determining the porosity. In this way, the IL-C precursor shows
anomalous activation behaviour when compared to other traditional carbonaceous
matter. The IL-derived activated carbons are ideal for storage of methane because of
their well-balanced combination of microporosity and mesoporosity, high packing
density, and large surface area. The best carbons achieve methane uptake of up to
0.53g g* and 289 cm?® (STP) cm™ at 25 °C and 100 bar. Such uptake exceeds the
storage targets for both gravimetric and volumetric uptake set by the US Department
of Energy (DoE) of 0.5 g g* and 263 cm? (STP) cm™, which would allow widespread
use for vehicular transport and other purposes. In addition, the IL-derived carbons
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achieve attractive deliverable methane capacity (working capacity) of up to 0.46 g g*
and 248 cm?® (STP) cm for a pressure swing of 100 to 5 bar at 25 °C.

The work reported in Chapter 6, further deepens understanding of the role of N as a
dopant in shaping the porosity of activated carbons. Activated carbons were generated
using a milder non-hydroxide agent, potassium oxalate (PO). Despite the low O/C ratio
of the precursor used, namely IL-C, the PO derived activated carbons display a range
of surface areas and pore volumes, suitable for post-combustion CO, uptake and
methane storage. Depending on the activation parameters, the porosity of the activated
carbons could be tailored towards a highly microporous structure suitable for post-
combustion CO; uptake. At 25 °C and pressure of 0.15 and 1 bar, the generated carbons
have CO; uptake capacity of 1.6 and 4.2 mmol g, respectively. Furthermore, due to
their high packing density of up to 0.98 cm? g, occasioned by the use of the milder
PO, the carbons also demonstrated excellent volumetric methane uptake of up to
282cm® (STP) cm?®, at 25 °C and 100 bar, and a working capacity of
200 cm?® (STP) cm™ for a 100 to 5 bar pressure swing.

In summary, this thesis has elaborated into the synthesis of activated carbons using
various precursors and activation techniques. This has resulted in the preparation of
activated carbons characterised by ultra-high surface area and pore volume. The
primary focus has been on enhancing CO> uptake and methane storage. This work has
helped to address the challenges associated with achieving a delicate balance between
gravimetric and volumetric methane uptake and also opens doors to other applications.
One promising application for future investigation involves the application of these

activated carbons in hydrogen storage.
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