Engineering biomass combustion fly-ash
derived zeolites for post-combustion CO,
capture

A Thesis Submitted for the
Degree of Doctor of Philosophy

By

Ben A. Petrovic

Department of Chemical Engineering, Brunel
University London

2024




Abstract

Mitigation of CO, emissions through the use of carbon removal technologies is widely recognised as a
pivotal tool on the path to net-zero GHG emissions. Beyond these targets, net-negative emissions will
be essential to stabilise global temperatures. Technologies such as bioenergy with carbon capture and
storage, considered a net-negative emission technology is therefore poised for a significant share in the
power generation mix. However, this is associated with the production of a significant quantity of waste
ash residues such as fly ash. Valorisation of this waste stream provides an opportunity to simultaneously
mitigate the requirement for waste disposal (i.e. landfilling) and provide a pathway to value-added
products, zeolites. In this thesis, industrially produced biomass combustion fly ashes have been
comprehensively characterised and subsequently investigated for their potential as zeolite precursors.
Suitable design of experiment techniques have been employed to systematically assess the influence of
various factors on the alkaline fusion assisted hydrothermal synthesis to maximise the CO» equilibrium
adsorption capacity. The bulk biomass combustion fly ash has been shown to present a CO, adsorption
capacity of over 1.8 mmol g at 50 °C and 1 bar, with a stable capacity of 87% of that after 40 cycles.
This adsorbent was then produced at a larger scale to facilitate breakthrough performance assessments
in a fixed-bed temperature swing adsorption system designed and built during this research. The process
was optimised via Taguchi design of experiment to reveal the influential factors on the bed utilisation
efficiency. The results indicate a usable bed capacity of approximately 0.6 mmol-g"! corresponding to
a bed utilisation efficiency of 62% under the optimal factor and level configuration. These findings
underscore the feasibility of industrial biomass combustion fly ashes as feedstocks in the preparation of

zeolitic adsorbents/catalyst for post-combustion CO; capture.
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1. Introduction

1.1. Global Warming and the Climate Crisis

Anthropogenic climate change has been attributed to the emission of greenhouse gases (GHG).
Considering the extent of emission, CO; is considered the most significant of these gases [1], despite a
Global Warming Potential of 1. The UK ratified the United Nations Framework Convention of Climate
Change (UNFCC) in December 1993 establishing annual publication of national GHG emission
inventories!. Annual emissions of CO, represent the bulk of the GHG inventory with the largest
contributions coming from the generation of power and road transport. After ratification of the UNFCC
in 1990, significant reductions in GHG emissions have been achieved as a result of fuel switching,
structural change and a drive for efficiency improvements [2]. The Climate Change Act 2 that became
Law in the UK on the 26" November 2008 however, set legally binding targets of an 80% reduction in
GHG emission by 2050 compared to base levels (1990). Eleven years later, owing to the sustained
public pressure in the UK, the UK government declared a climate emergency in June 2019 increasing
this target to a 100% reduction of GHG emissions® compared to 1990 levels by the year 2050 [3]. In
doing so, the UK became the first major global economy which had legislated for net-zero GHG

emissions.

Figure 1.1 presents the emissions estimates in the UK’s National Inventory Report submitted to the
UNFCC in 2025 for the years between 1990 and 2023 [4] in terms of CO» equivalence based on global
warming potentials. The largest share of these emissions by some distance is CO; itself at 78.7 %. If a
rise in global temperature of over 2 °C is to be avoided as was set out in the Paris Agreement targets
[5], technologies such as Carbon Capture and Storage (CCS) will be pivotal. Scenarios which are
compatible with these ambitions rely on both emission reduction and net carbon dioxide removal (CDR)
from the atmosphere [6]. Most integrated assessment models are unable to find a solution to meet these
targets without the use of CCS [7]. Out of the some 114 scenarios assessed by the IPCC in their Fifth
Assessment Report which lead to forcing values of around 2.6 Wm™ (likely probability for 2 °C), most
(104) show net-CDR after 2050, mostly achieved by bioenergy with CCS (BECCS) [6]. The total CDR
would be somewhere between 200 and 400 GtCO, through the 21* century or 10 GtCO; per year in

2100 [6]. Transition pathways, limiting temperature rise to 1.5 °C are consistently characterised by

! Under the Kyoto Protocol
2 Climate Change Act 2008. Available at: https://www.legislation.gov.uk/ukpga/2008/27/contents
3 The Climate Change Act 2008 (2050 Target Amendment) Order 2019. Available at:
https://www.legislation.gov.uk/ukdsi/2019/9780111187654
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sharp and immediate reductions in CO; emissions (3 - 7% per year on average between 2030 and 2050)

with sustained net-negative emissions (i.e. CDR) ranging between 1.3 — 29 Gtcoayr™! post-2050 [8].

N20 F-gases
47% 1.8%

—\

CH4
14.8%

coz
78.7%

Figure 1.1: Contribution of each gas to the UK GHG inventory, 2023.

CCS as defined by the IPCC is a three-stage strategy for reducing CO, emissions encompassing the:
separation; transportation; and storage of CO,. The first accounts for approximately two thirds of the
total cost [9]. As a result, large-scale deployment of CCS has been rendered insurmountable even with
governmental incentives and regulatory drivers such as the UK’s Ten Point Plan* which features CCS
as a breakthrough technology [10,11]. Considering the current situation, CCS is the only technology
capable of delivering the reductions in GHG emissions from power generation but also from sectors
which are considered notoriously difficult to decarbonise such as cement, iron and steel, refineries and

the wider petrochemical industry.

1.2. The Abatement of Greenhouse Gas Emissions

Sustainable energy policy aiming to mitigate the worst climate change scenarios features three pillars.
The first seeks to maximise process efficiency; the ‘low-hanging fruit’ for emissions reductions as it
requires the smallest investment/change and is often associated with a reduction in OPEX. The second
describes adoption of alternative energy sources such as renewable and nuclear due to the lower level
of associated CO; and other pollutant emissions [12]. Energy security, however, is a major challenge in
this regard and the flexible dispatchability of fossil-fuelled thermal power cannot be replicated by either
renewables or nuclear. The third approach is the capture of carbon dioxide and its’ subsequent
permanent storage. This acknowledges that in some areas, there will be a period where fossil fuel use

is largely unavoidable. The thermal generation sector has already taken considerable strides towards

4 The UK’s Ten Point Plan details mobilisation of £12B of government support with up to £1B allocated to point
8: Investing in Carbon Capture, Usage and Storage.
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increasing energy conversion efficiency; up to 2030 this sector is expected to have a considerable share
in the European generation mix [13]. The EU energy strategy foresees a 40% carbon emission reduction
and a 27 % share for renewables in primary energy consumption by 2030 [13]. Although there have
been significant improvements with regards to emission reductions in the UK since 1990 (Figure 1.2),

UK’s GHG emissions totalled around 395 MtCOxe.
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Figure 1.2: UK emission inventory (MtCO:equivalent) by sector between 1990 and 2023 [4].

Whilst it is possible to remove CO; directly from the air, the primary focus is the decarbonisation of
large, single-point sources, e.g. fossil-fuel fired thermal power plants. Within this, three classes of
‘capture’ technologies exist: pre-combustion, oxyfuel combustion and post-combustion. Pre-
combustion entails the removal of CO, from the fuel source prior to combustion or its conversion to
syngas and is mainly employed in integrated gasification combined cycle (IGCC) plants, fertiliser or
hydrogen production plants [14]; the greatest contribution to cost arises from the complex fuel
conversion processes. The term oxyfuel combustion refers to the combustion of fuel in a mixture of
oxygen and recycled flue gas. The oxygen is produced in an air separation unit via cryogenic distillation
or other less energy-intense alternatives [ 15]. Post-combustion capture as the name suggests, comprises
the removal of CO, from flue gases after combustion/conversion. Often considered the most viable
among current technologies as it can be added to existing plants (i.e. retrofitted) without necessitating
significant changes to the plant or process [16]. In thermal power generation plants, including fossil
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fuel, biomass, municipal waste and other waste to energy plants, post-combustion capture is the typical
route [13]. That said, a subset of emerging technologies including chemical looping combustion (CLC)
offer alternative strategies for CO, separation at large point-sources. These technologies employ solid
oxygen carriers for the indirect combustion of fuels which inherently produces a CO, stream of high
purity thus negating the requirement for any downstream processing (as in the case for PCCC) [17].
Although promising, such technologies are considered lower TRL and necessitate further development

before large-scale deployment [18].

Whilst CCS can deliver substantial reductions to the emissions of large, fossil-fuel reliant point sources,
such interventions do not contribute to the reduction of atmospheric GHGs. Net removal of GHGs offers
benefits extending the short-term. Over the medium to long-term, GGR can counter the residual
emissions required to reach net-zero and ultimately facilitate the net-removal of CO» likely required for
climate remediation. BECCS along with direct air capture (DAC) are currently considered the most
scalable GGR technologies and Drax Power Station in the UK along with C-Capture are piloting the
first BECCS facility in Europe. The Royal Society and Royal Academy of Engineering® have identified
that even with significant emission reductions, around 130 MtCO, per year must be removed by GGR
to achieve the 2050 net-zero ambitions; BECCS and DAC would need to account for over 50% of this.
BECCS is a broad term for a group of multidisciplinary technologies involving capturing and storing
CO; from processes in which biomass is either converted into various types of fuels (e.g. liquid biofuels)
or directly burned to produce heat and power (direct biomass combustion). The Energy Technologies
Institute® have estimated that by 2050, approximately 55 Mt of CO, per year could be removed by
BECCS, equating to roughly half of the UK’s 2050 emission targets.

1.2.1. Post-Combustion Carbon Capture Processes
To date, several separation technologies are applicable to the capture CO; post-combustion including
absorption, cryogenics, membranes, mineralisation and adsorption. Among these, absorption is the most
conventional economically feasible large-scale applications [19]. These processes, however, possess
some far reaching limitations including substantial energy costs, regeneration difficulties, concerns
around toxicity, secondary pollution and corrosion, especially with the benchmark solvent

monoethanolamine (MEA) [7].

5 Greenhouse Gas Removal. Available from: https://royalsociety. org/topics-policy/projects/ greenhouse-gas-
removal/

® The evidence for deploying bioenergy with CCS (BECCS) in the UK. Available from:
https://www.eti.co.uk/library/the-evidence-for-deploying-bioenergy-with-ccs-beccs-in-the-uk
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1.3.  Adsorption

As a unit operation, adsorption is either physical or chemical. Physical adsorption, often termed
physisorption is governed by van der Waals interactions and electrostatic forces; chemical or
chemisorption involves the adsorbate reacting chemically, with the surface of the adsorbent. Most
adsorbents are highly porous materials, and the adsorption of adsorbate species takes place primarily
on the walls of the pores or at specific sites inside the adsorbent. Different materials exhibit different
adsorption mechanisms, for example [20]: in MOFs, CO; interacts with uncoordinated metal sites
and/or surface functionalities; in carbonaceous materials the CO» reacts with surface functional groups
present in the pristine material or those that are introduced through modification. Adsorption processes
are cyclic, involving both adsorption and desorption operations. These processes are accomplished via
temperature (TSA), pressure (PSA); vacuum swing adsorption (VSA), or any combination of these. In
both PSA and VSA, the gas is released from the sorbent (desorbed) by reducing the pressure in the
column relative to the adsorption pressure. The difference lies in the fact that the adsorption takes place
at atmospheric pressure with VSA thus requiring the application of a vacuum to the column. In PSA,
the desorption takes place under atmospheric pressure. In TSA, the column containing a saturated bed
is heated, the rise in temperature forces the removal of adsorbed species. In addition to these
conventional strategies for sorbent regeneration, innovative techniques such as moisture swing, and
electric swing have emerged [21] as well as pH, magnetic induction, microwave and ultrasound swing,
among others [22]. These processes rely on alternative stimuli to regenerate the adsorbent to reduce the
energy penalty of the adsorption process and improve the economics of CO; capture. The success the

adsorption-CCS approach however, depends on the selection or development of a suitable adsorbent.

1.3.1. Materials for CO; Capture via Adsorption
Throughout the literature, there is a vast number of materials which can be used for the selective capture
of CO,. These materials are broadly categorised into either organic (generally carbon-based), and
inorganic adsorbents. Metal-organic frameworks (MOFs) consist of metal oxide corners connected by
organic linkers and are synthesised in a self-assembly process from these building blocks [23]. They
are a relatively novel class of crystalline porous materials which have attracted considerable attention
due to their somewhat unique structural properties. Generally, the interactions between the framework
and CO; molecules is critical and increasing the strength of these interactions augments the material’s
CO; capacity, especially at low partial pressure [24]. To this end, strategies for improving MOFs for
CO; capture include precise pore-size control to enhance the molecular sieving effect; introducing open
metal sites [25]; including polar functional groups either through post-synthesis modification or direct
assembly; and the incorporation of extra framework cations. Zeolites (aluminosilicate-based porous
materials) are often considered some of the most suitable adsorbents for CO, capture although the

capacity is heavily dependent on the partial pressure of the CO, within the gaseous mixture [14]. Zeolite
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13X is generally indicated as a benchmark material for low temperature CO; capture applications.
Zeolites are naturally occurring microporous crystalline aluminosilicate framework materials that can
also be synthesised from various precursors such as coal fly ash and other waste materials. They are
widely investigated for the capture of CO, owing to the molecular sieving effect and the strong dipole-
quadrupole interactions between CO, and alkali-metal cations in the framework [26]. The type and
occupancy of cations in the crystalline framework induces both modifications to the electrical field
within the pores but also the structure morphology which can significantly influence the kinetics of CO»
adsorption [27]. A synthetic zeolite 13X has been shown to have a capacity of around 3 mmolco.g™! at
0.15 bar of CO; at 313 K [28]. The interactions between CO; and silica-based materials tend to be weak
and as such these materials are generally characterised by a relatively low CO; uptake. The attraction
of these materials arises from the potential for surface modification with various functional groups that
act to increase the adsorbents affinity towards CO». The morphological flexibility and porosity is often
considered the sole reason that these materials can be functionalised with suitable organic and inorganic
groups [29], which also unfortunately increases the energy required for regeneration. Carbonaceous
adsorbents describe a number of distinct materials which can include activated carbons, carbon
nanomaterials and various pyrogenic carbon materials such as biochar and charcoals. These materials
possess several advantages such as high thermal/chemical stability, conductivity (both electrical and
thermal) and mechanical strength. In the context of CO, capture their assets lie in their hydrophobicity
and low cost [30]. The key limitation with carbonaceous adsorbents is the proper control of pore size

particularly in the ultra-micropore region which is ideal for CO, adsorption.

A large selection of the solid adsorbents available for CO, capture preferentially adsorb CO, over
competing gases such as N, or CHy as a result of the polarizability and quadrupole moment possessed
by CO: [31], encouraging a range of electrostatic van der Waals forces (i.e. London, Debye and
Keesom). Most studies in the field of adsorption-based CCS seek to reduce the cost of CO; capture by
improving efficiency and hence reducing the energy requirements, this entails developing new and
cheaper adsorbents and their associated processes [32]. Developing new adsorbents involves careful

tailoring of the physicochemical properties with a view to satisfy the following requirements [33]:

1. Low-cost of manufacture and operation;

High selectivity towards CO» over other molecules competing for adsorption sites;
Adequate chemical, thermal and mechanical stabilities;

Fast adsorption rate;

High working capacity;

Facile regeneration and/or reuse; and

Ao

Abundant availability.
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1.3.2. Biomass Combustion Ash as an Adsorbent Precursor: Research Motivation
It’s widely accepted that the combustion of sustainable biomass does not contribute to net GHG
emissions since the CO; released upon combustion is that which is captured during the growth of the
biomass. The use of biomass as an alternative to fossil fuels has gained traction in recent years even
with concerns of long-term sustainability. The global production of biomass with potential for energy
applications is estimated to be around 3 billion tonnes for forest residues [34]; between 1.1 and 3.1
billion tonnes for agricultural residues [34]; about 1.1 billion tonnes for municipal solid wastes [35]
plus sewage sludge and other biomass resources [34,36,37]. Total bioenergy potential estimates for
2050 range between 60 and 1548 EJyr! [8] with the lower estimates limited by marginal or degraded
land deployment, land allocation for natural parks or due to consideration of predominantly residues
[8]. The upper range is usually defined based on economic analysis, involving technological
developments that improve yield/availability, whereas the lower range considers ecological and
biophysical concerns and the natural limit to sustainable bioenergy deployment [38]. Around 95 - 97%
of the energy produced from biomass is produced via combustion resulting in the production of a near
500 million tonnes of biomass ashes at a mean ash yield of 6.8% [39]. Comparatively, around 800
million tonnes of coal ashes are produced globally [40]. Although there has been very little research in
the area, recent investigations have shown that Biomass Combustion Products (BCPs) have good
potential to serve as much cheaper adsorbents than commercially available activated carbons [41]. With
specific surface areas for wood ashes between 8 - 150 m?g™! compared to 1.3 - 12.5 m?g’! for coal ashes
[42], BCPs also possess a number of attractive properties such as the presence of oxygen containing
surface functional groups namely, hydroxyl, silanol, phenolic and carboxylic. Additionally, an
increased prevalence of alkali and alkaline earth metals/oxides, hydroxides and carbonates elevate the
alkalinity of the BCPs facilitating improved performance in the capture of CO; [43]. This elevated
alkaline content tends to make these waste materials unsuitable for the conventional applications that
coal ash finds itself. Additionally, posing significant environmental challenges in terms of waste

disposal, compared to its coal counterpart.

The biomass fuel used at Drax power plant, located in Selby, UK — one of the world’s largest biomass
combustion thermal power plants in the world — is typically wood and woody biomass (WWB) pellets;
the ash formed from its combustion tends to have some of the lowest ash yields when compared to other
variants such as animal biomass and agricultural biomass [39] with ash yield increasing as you move
vertically away from the stems/stumps toward the foliage. Wood grown in hotter climates typically
produces more ash although this is also dependent on the age and type (hardwood has higher ash content
than soft) [36]. Figure 1.3 illustrates the typical composition of various biomass sources but even for

specific classes, the composition is heavily dependent on the species, growing conditions, harvest
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time/technique, transport and storage, method of processing and the combustion itself [44] thereby,

rendering a generic study on the valorisation of BCPs impossible.

Globally, the utilization of combustion ash is not more than 30% [45] and in the UK nearly 30% of fly
ash is directly landfilled [46]. BCPs tend to have a greater occurrence of hazardous and mobile
compounds when compared to coal ash, including heavy metals, especially Cd and Zn. As a result, there
are serious concerns around contamination both in the global and local sense for air, water, soil and
plants [47]. This high likelihood of leaching various toxic compounds renders its disposal either costly
or environmentally reprehensible. In 2019, Drax burnt over 7 Mt of biomass primarily from the USA
which is more than the UK’s entire production of wood enabling them to provide 12 % of the UK’s
renewable energy [48]. The 13.4 TWh of energy produced by Drax using biomass constitutes
approximately 40% of the total UK’s bioenergy production [49]. Given the lack of suitable applications,
high chance of environmental contamination, likelihood of alkalinity and leaching and etc., valorisation
of this waste is not only beneficial in the environmental context but also of high social and economic
significance [50]. Thereon, the in-situ carbon capture from the increasingly growing biomass
combustion facilities using a continually co-generated waste stream (i.e. BCP) could be a simple yet
efficient and viable route towards an accelerated deployment of BECCS in the UK and the rest of the

world.

WWE - Wood and woody biomass
HAB - Herbaceous and agricultural biomass
HAG - Herbaceous and agriculiural grass

HAS - Herbaceous and agricultural straw Si0,+Al,0,+Fe,0,+Na,0+TiO,
HAR. - Herbaceous and agricultural residue (mostly glass, silicates and oxyhydroxides)
AB - Animal biomass 0 100

MB - Mixture of biomass
CB - Contaminated biomass
AVB - All varieties of biomass

P - Peat

L - Lignite

5 - Sub-hituminous coal
B - Bituminous coal

A - Algae
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Figure 1.3: Position of biomass varieties and solid fossil fuels in the chemical classification system [36].
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14. Research Aim and Objectives
This research aims to valorise an abundantly available industrial-grade waste to synthesise, characterise
and test a cost-effective yet efficient adsorbent for use in carbon capture and storage. In this context,

the research objectives comprise:

1. To characterise industrial-grade biomass combustion fly ash generated at Drax Power Station,
Selby, UK to understand the associated physicochemical properties;

2. To synthesise and characterise an effective CO, adsorbent using biomass combustion ash as the
precursor;

3. To study the adsorbent’s CO, adsorption performance via thermogravimetric and volumetric
analyses;

4. To prepare granules/pellets, study and improve the associated mechanical stability; and

5. To evaluate and optimise the performance of the prepared adsorbents in a fixed-bed reactor.

1.5. Thesis Outline

The subsequent chapter of this thesis presents a review of technologies available for carbon capture and
storage with focus primarily in the post-combustion capture context before discussing the application
of adsorption-based processes and the mechanisms and phenomena which underpin them. Chapter 3
details the experimental methods and materials employed throughout the work. Chapters 4 through 7
will present and discuss the work conducted and results obtained in completion of this research’s
objectives: characterisation of biomass combustion fly ash; synthesis, characterisation and optimisation
of biomass-combustion fly-ash derived zeolites; and the assessment of breakthrough performance of
structured, fly-ash derived-adsorbents via lab-scale fixed-bed adsorption. The final chapter will present

the work’s conclusions and proposals for future work which would support these findings.
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2. Literature Review
2.1. Carbon Capture and Storage Technologies
2.1.1. Pre-combustion Carbon Capture

Pre-combustion carbon capture encompasses technologies which remove carbon from the fuel prior to
completion of combustion [51]. Typically, this entails pre-treating the fuel before the combustion stage
such as in Integrated Gasification Combined Cycle (IGCC) plants or steam methane reforming. In both
cases the pre-treatment produces syngas, a mixture of CO, CO,, H, and H>O which then undergoes a
water gas shift reaction converting CO to CO,. Water is then condensed from the product stream, with

CO; removed the remaining H; is then employed as a fuel downstream.

Air—>| Air Separation —— N, H
2

Oy T

C
Fuel —| Gasification | Shift Reactor | CO,Separation > (HO(;)
COo, 2

Hy
Steam

Syngas

Figure 2.1: Basic schematic of pre-combustion carbon capture.

2.1.2. Oxy-fuel Combustion
Oxy-fuel combustion is not by nature a carbon capture process, it’s an advanced combustion technology
utilising a mixture of pure O, and recycled flue gases. The flue gas a result of this is predominantly H.O
and CO; and their separation relatively straight forward. Oxygen is produced for the process by
separation from N in an air separation unit (ASU) utilising membranes or cryogenics. Most fuels are
suitable for oxy-fuel combustion and the high concentration of CO, makes its separation relatively
inexpensive. Contrastingly however, the separation of O, from air is intensive both in terms of energy

and cost reducing the overall process efficiency substantially [52].

Air——»| Air Separation —» N,

Fuel —| Combustion > co,
(H,0)

Figure 2.2: Basic schematic of an oxy-fuel combustion process.
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2.1.3. Post-combustion Carbon Capture
Post-combustion carbon capture (PCCC) technologies remove CO; from flue gases after combustion.
The flue gas typically consists of CO,, N2, H,O and O, making the separation of CO, more complex.
This option however is considered the most suitable for commercial deployment with the primary

advantage in the possibility to retrofit PCC plants to existing emitters with relative simplicity.

Nz, O,
(H,0)
" . Co;
Fue| ——® Combustion | CO;Separation —PIH o)
2
Flue Gas
Air

Figure 2.3: Basic schematic of post-combustion CO2 capture.

2.2, Adsorption

As a unit operation, adsorption is either physical or chemical. Physical adsorption or physisorption is
governed by van der Waals interactions and electrostatic forces, the same as those which give rise to
the non-ideality of real gases as well as the condensation of vapours. Chemical or chemisorption
involves the adsorbate reacting chemically, with the surface of the adsorbent; the same forces which
would give rise to new chemical compounds. The difference between these two schemes is often

distinguished by the following features [53]:

e Physisorption is non-specific interaction between an adsorbate and adsorbent typically
characterised by a low enthalpy of adsorption (< 40 kJ-mol™') whereas chemisorption is often
characterised by higher enthalpy of adsorption (40 — 800 kJ-mol ') [54,55];

e Chemisorption requires a link between the adsorptive and a reactive part of the adsorbent, often
limiting adsorption to a monolayer. At high relative pressures, physical adsorption will often
occur as a multilayer;

e Physisorbed molecules return to the bulk fluid phase without change during desorption,
chemisorbed molecules which have undergone reaction or dissociation will not be recovered
by desorption;

e The energy of chemisorption will be of the same magnitude as that in a comparable chemical
reaction. Physisorption will always be exothermic and involves energies akin to the
adsorptive’s energy of condensation, although this will be significantly greater in the case of
Very narrow pores;

e Chemisorption may involve an activation energy, as such, low temperature systems may not be
sufficient to achieve thermodynamic equilibrium. In systems without rate-determining

transport processes, physically adsorbing systems will reach equilibrium relatively quickly.
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Given that most adsorbents are highly porous materials and adsorption takes place primarily on the
walls of the pores it is poignant to state that pore sizes exist within three classifications: micro- (< 2nm),
meso- (2 — 50 nm) and macro-pores (> 50 nm) [56]. Pores are rarely uniform and will often be
interconnected with varying diameter. With this in mind, an increase to an adsorbent’s specific surface
area will tend the material to an enhance adsorption capacity by providing a larger area which can
facilitate adsorption. The extent of adsorption though, is also influence by both the temperature and
pressure of the operation with adsorption favouring lower temperatures and higher pressures. This and

the effect of molecular and adsorbent-adsorbate interactions are discussed in the subsequent sections.

2.2.1. Physical Adsorption
The physical adsorption of any adsorptive as elucidated to in the previous sub-section is heavily
dependent on weak Van der Waals and electrostatic forces. This section will discuss these in the context
of the CO, molecule. Carbon dioxide is a linear molecule comprised of an individual carbon atom
covalently bonded to two oxygen atoms, this symmetry leaves the molecule without a permanent dipole
as each oxygen atom pulls the electron density towards itself equally. The distribution of charge in the
CO; molecule however is not spherically symmetric and hence, produces a quadrupole moment. This
arises due to the stronger electronegativity of oxygen compared to carbon resulting in polarisation of
the electron density towards the oxygen atoms away from the carbon creating partial charges at the
oxygen (&) and carbon (8%) atoms. In the context of CO, separation from flue gas, the other gaseous
constituents include nitrogen, water, oxygen among nitrogen and sulphur oxides and other trace
impurities. In this regard, the properties for flue gas constituents are provided in Table 1 [57]. The
dipole moment is a measure of separation between positive and negative charges within a molecule and
quantifies the degree of polarity. The quadrupole moment accounts for charge distribution beyond a
simple dipole and is a measure of the asymmetry in molecules charge distribution. Polarisability is often
given in units of volume and can be considered as the volume surrounding a molecule which can be
influenced by an electric field. The dipole moment is the principal interaction, followed by the

quadrupole; an increase in polarisability will result in enhance interactions with an adsorbent’s surface.

Table 1: Physical properties of flue gas components.

Component | Dipole Moment | Quadrupole Moment x10 | Polarisability | Kinetic Diameter
(%108 esu-cm) (%102 esu-cm?) (x10% cm?) A)
N 0 1.52 17.403 3.640
CO; 0 4.30 29.110 3.300
H,O 1.8546 0 14.500 2.641
0; 0 0.39 15.812 3.467

Van der Waals or dispersion forces relate to the ability of an atom/molecule’s electron density to be
distorted, i.e. polarizability [58]. These are the greatest contributor to physisorption and are comprised

of Keesom, Debye and London Dispersion Forces. Keesom forces are those which occur between
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permanent dipoles, Debye between a permanent dipole and an induced dipole, and London Dispersion
Forces which are the dominant and most universal of the three, present for both polar and nonpolar
molecules. Conversely, electrostatic forces require a surface to be polar. They arise due to polarisation
forces, field-dipole, and field gradient-quadrupole interactions. The magnitude of the force that arises
during physical adsorption is influenced by the adsorbate molecule’s size, polarity, quadrupolarity and
polarizability , that said the strength of the adsorbent’s electric field and the local field gradient of the

surface also contribute [53].

2.2.2. Adsorbent Materials
Within the literature there are a vast number of materials used for the selective capture of CO,. The
variations between these materials give rise to equally diverse characteristic isotherms; the IUPAC
defines typical isotherm classifications (I through VI) as exhibited in Figure 2.4 [59,60]. Type I
isotherms present a concave shape relative to the relative pressure (P/Py) axis, with a steep rise at low
relative pressures reaching a limiting value as the relative pressure tends towards 1. This type is
generally present in microporous materials with the limiting capacity a result of the adsorbent’s finite
micropore volume [53]. Type I(a) and I(b) isotherms differ in the rate at which the adsorbed amount
approaches the limit with I(a) being indicative of narrow micropores generally less than 1 nm in
diameter whereas I(b) would suggest a wider distribution of micropores and potentially even narrow
mesopores. Type Il isotherms are concave to the P/Py axis before progressing towards linearity and
finally becoming convex. This type is usually observed in non-porous or macroporous materials as it is
indicative of unrestricted adsorption (i.e. multimolecular adsorption or multilayer). The completion of
the monolayer is generally taken at the start of the linear region in the isotherm, from here the multilayer
begins forming. The ordinate at which the multilayer begins forming can be used to provide an estimate
of the amount of adsorbate required to cover the adsorbent’s surface. Type III isotherms are those which
are continuously convex to the P/Pg axis and are indicative of weak adsorbate-adsorbent interactions
typical for non-porous or macroporous adsorbents. Type IV isotherms are somewhat similar to type 11
in the low relative pressure region however, they exhibit a saturation plateau at higher relative pressures
which can be reduced to a mere inflection point [53,59]. These isotherms are typical for mesoporous
materials with IV(a) possessing hysteresis not observed in IV(b); hysteresis indicates a deviation from
complete reversibility and in the case of type IV isotherms this is associated with the filling (adsorption)
and emptying (desorption) of the adsorbate via capillary condensation. A lack of hysteresis in type IV
isotherms is characteristic of materials with a pore size below 4 nm [59]. Type V isotherms which
possess some similarity to type III and would be displayed by porous (micro- or meso-) adsorbents with
weak adsorbate interactions. The explanation for the plateau and hysteresis is consistent with type IV
isotherms. Type VI isotherms are uncommon and describe stepwise adsorption for highly uniform

structures. The aforementioned isotherms are defined in the context of physical adsorption. Chemical
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adsorption generally gives rise to a simpler isotherm which is comparable to type I(a). In this case, a

plateau in the adsorbed amount exists due to the completion of a chemically attached monolayer.

2.2.3. Equilibrium
Adsorption as a unit operation is predominantly reliant on the physical adsorption of molecules and is
likened to the process of condensation. The attachment of molecules to an adsorbent surface involves
both Van der Waals and electrostatic forces with the former influenced by the ease of which an atom or
molecules electric potential can be distorted, i.e. polarisability and the former influenced by polarisation
forces. As the basis for all processes, the thermodynamics which underpin adsorption can provide both
the definition and theory behind adsorption phenomena but also facilitate characterisation and
comparison of adsorbent materials. When an adsorptive with three degrees of translational freedom is
constrained to the surface of an adsorbent it loses at least one of these degrees of freedom as a
consequence of the adsorbate-adsorbent interactions. Physical adsorption is always exothermic and
hence associated with the release of heat (AHag4s < 0). For any spontaneous process there is a decrease
in the Gibbs free energy (AG < 0) and in the case of adsorption, due to the loss of translational freedom
and hence the more ordered adsorbed state, there must also be a decrease in entropy (AS < 0). The
classical equilibrium approach to describing adsorption thermodynamics is the most well established
and frequently used. This approach requires the assumption that the solid adsorbent is considered inert

so that only two phases exist in equilibrium: the bulk gas phase and the adsorbed phase.
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Figure 2.4: IUPAC classification of isotherms [59,60].
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2.2.3.1. Isotherm Models

An adsorption isotherm details a set of equilibrium loading data as a function of bulk gas phase
concentration or pressure, in the case of gaseous adsorption. A wide range of theoretical, empirical and
semi-empirical models exist to describe experimental isotherm datasets; whilst those with more
parameters may be able to account for nuances in the adsorption phenomena, in most cases simpler is
better [58]. Adsorption on a surface can be described in the simplest terms by considering an
energetically uniform surface lacking of any interaction between the adsorbed molecules [61], i.e. the
enthalpy of adsorption is constant. The Langmuir isotherm which also considers a monolayer limit to
the adsorbate coverage is based upon the dynamic equilibrium between adsorbed and bulk gas phases.
The fundamental basis was that the rate of adsorption (k,) from the bulk phase to the surface was directly
proportional to the product of the adsorptive’s partial pressure (p) and the remaining surface not yet
covered by adsorbate (1 — #). Langmuir also considered the rate of desorption (k) from the surface to
the bulk phase to be directly proportional to the surface coverage (8). At equilibrium the adsorption and
desorption rates are equal, the resulting relation is given in EQ. 1 with the typical presentation of this
provided in EQ. 2. The Langmuir constant k;, is exponentially related to the positive value of the
adsorption energy (E) through EQ. 3, or alternatively regarded as a function of the enthalpy and entropy
of adsorption [53,62,63]. In EQ. 3 the pre-exponential factor K, is equal to the ratio of the adsorption
and desorption coefficients, k./ks[53]. Theoretical models are based on parameters which have a direct
physical interpretation and a number of assumptions with regard to the adsorbed state. These conditions

are rarely present and therefore empirical and semi-empirical isotherm models can be more useful.

kop(1—-06) =k,0 EQ. 1
0 = a4 _ kL_P EQ. 2
qm 1+k.P
E
k, = Ke(ﬁ) EQ. 3

The hyperbolic function in Langmuir’s model suggests that at low pressures, EQ. 2 reduces to EQ. 4 or
Henry’s Law. Henry’s law is the simplest equilibrium concept in that the extent of adsorption is
proportional to the phase concentration [58]. All isotherm equations should reduce to Henry’s Law at
the limit of zero loading to ensure thermodynamic consistency; in the absence of this the equation or
data is likely fundamentally flawed [58]. Yet despite this consistency requirement, the isotherm
proposed by Freundlich which is one of the most employed models, does not reduce to Henry’s Law at

zero coverage nor to a saturated condition at elevated partial pressures.

g = 4 _ kP EQ. 4
am
The Freundlich isotherm recognises that the heat of adsorption is not constant as assumed by the
Langmuir model but instead, decreases logarithmically as the extent of adsorption increases. This

implies that there is an exponential distribution of adsorption sites with respect to an adsorption energy
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that can differ depending on the adsorption site. This relation is provided in EQ. 5 where kr is the

Freundlich constant, and #nr is the dimensionless heterogeneity factor (rnr > 1).

q=kp P% EQ. 5
The Sips equation which is often remarked as the Langmuir-Freundlich isotherm is a modification of
the Freundlich model which addresses the problem of limitless adsorption as pressure increases [64]
hence improving the model fit. This combined model is provided in EQ. 6 and the resemblance to the
Langmuir model is clear. In this equation ks is considered the adsorption affinity parameter and #n, an
empirical parameter. It can be seen that with a value of ns equal to 1, the equation would reduce to the

Langmuir model. The Sips model however is not thermodynamically consistent at low pressures.

a4 __ GesP)™ EQ. 6
Gm 1+ (ksP)"s

As an alternate extension to the Langmuir model, the isotherm model proposed by Toth (EQ. 7)

9 =

considers the observation that an increase in adsorbent heterogeneity tends to improve adsorption
[65,66]. The model is also thermodynamically consistent as it reduces to Henry’s law at low pressures
and reaches saturation at high pressures [67—70]. The model constants b and nr represent the predicted
saturation capacity, the affinity parameter and the Toth constant, respectively [71]. The constant nr is
regarded as an indication of the adsorbent’s heterogeneity and will often be less than 1. At a value of 1,
the equation reduces to the Langmuir model demonstrating an adsorbent’s homogeneity [72]. The Toth
constant is also temperature dependent and typically tends towards unity as the temperature increases
[73]. With the model there is also an assumption of an asymmetric distribution of adsorption site energy
suggesting most have an energy below the mean [74].

q kP

T+ (g Py

Adsorption with adsorbents which possess surface heterogeneity can also be characterised by the
adoption of multi-site forms of the aforementioned isotherm models. One such model which still finds
use today is the dual-site Langmuir model, first described in an effort to model more than one adsorption
site [75]. The equation is provided in EQ. 8 and is essentially a summation of the individual Langmuir
model for n adsorption sites; the dual-site equation is provided in EQ. 9. Although the addition of
independent fitting parameters as the number of adsorption sites increases improving the fit of the
isotherm model [76] the advantage when more than two sites are employed is considered negligible
[77].

n
Im@kLoP

EQ. 8
L1+ kP

37



_ Im@kiyP N dmyki2)P
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2.2.4. Rate Phenomena
The mechanisms of adsorption involve both the transport of CO; from the bulk fluid to the active

adsorption sites and the physical or chemical interaction between the CO, molecule and the active site.

2.24.1. Adsorption Kinetics

The kinetics of an adsorption process describes the rate at which a specific adsorptive rescinds a degree
of translational freedom and affixes itself to the surface of a separate, solid phase. These models often
find applications in the wider engineering, and scientific communities. The simplest kinetic model
which has found use in describing adsorption processes employs a first order rate equation. First
presented by Lagergren in 1898 [78] in his study on the adsorption of sugar by charcoal, the model
assumes that the rate of adsorption is dependent upon and hence proportional to the number of
adsorption sites which remain unoccupied. The differential equation is given in EQ. 10; the integrated
form is provided in EQ. 11 (to provide an expression for ¢; as a function of time) where ¢, is the adsorbed
amount at time ¢, ¢g. is the adsorbed amount at equilibrium and £, is the adsorption rate constant. The
integrated form is often referred to as the Pseudo-First-Order (PFO) rate equation as it is a function of
loading rather than concentration as would be expected for typical reaction rate kinetics. This is

somewhat intuitive as with any unit operation, there must be a driving force.

dq, ;

Tt = K1(de — a0 EQ. 10

o=t _q_ okt EQ. 11
de

In contrast, the kinetic equation proposed by Ho and McKay in 1999 [79], in their study of dye
adsorption onto various adsorbents, assumes the rate of adsorption is dependent upon the interaction
itself between the adsorptive and the adsorbent’s surface. This implies that there is a greater dependence
on more complex mechanisms such as chemisorption. The differential form of the Pseudo-Second-
Order (PSO) rate equation is provided in EQ. 12 and the integrated form in EQ. 13 where £; is the

adsorption rate constant.

dq;

= k(e — 47 k0. 1

g =t _ Gekat EQ. I3
qde 1+ qekyt

An alternative to the PSO model which also describes the mechanism of adsorption involving
chemisorption is the Elovich kinetic model. Originally proposed by Zeldovich and Elovich in the 1930s
and to describe gas adsorption on solids and later modified by Elovich in 1962 to its current form which

is widely employed in fields such as catalysis [80]. The equation is provided in EQ. 14 where a is the
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initial adsorption rate and f, the desorption constant; the integrated form is provided in EQ. 15. The
model accounts for factors such as the availability of active adsorption sites and the strength of the
interactions between adsorbate and adsorbent. The model assumes that the adsorption rate decreases
exponentially with an increase in surface coverage. The initial adsorption rate is dependent on the
number of available sites whereas the exponential term represents the diminishing rate as the adsorbent

surface tends toward saturation.

dt
1
4 = zIn(1 + ap) EQ. 15

Zeolites possess pores predominantly in the microporous region and hence their adsorption kinetics are
often limited by intraparticle or more accurately, intracrystalline diffusion. In 1947 Boyd et al. reported
an intraparticle diffusion model [81] but the form more often cited in the literature is of the simplified
relationship described by Weber and Morris, given in EQ. 16 [82] where kipp is the Intraparticle
Diffusion (IPD) rate constant and C often taken as an indication of the thickness of the boundary layer
[83]. Recently, in the work of Wang and Guo, piecewise IPD functions have been fit to experimental

datasets with a view to ensure consistency with the IPD theory [84].
gt = kipp +C EQ. 16

2.2.5. Fixed Bed Adsorption
Adsorption classically takes place in large vessels, the complete process being cyclic, involving
adsorption and desorption operations. Of the vessels used for adsorption processes, the fixed bed is the
most common. These feature a fixed bed of adsorbent usually randomly packed although novel
contactor design is part of active research including development of monolithic structures [85-87].
Fixed beds are flexible in terms of their operation with compatibility for TSA, PSA and VSA [88,89]
and both operational and design simplicity [90—92]. Due to the large adsorbent mass within the fixed
bed system, TSA cycles are lengthy which increases the required number of beds to facilitate continuous
operation ultimately making deployment impractical from a footprint perspective [93]. Heat transfer in
fixed beds is also relatively poor meaning an adsorbate-adsorbent interaction characterised by high
adsorption enthalpy would reduce the processes performance; PSA systems are considered most
suitable for physisorbents [94]. Feed gas flow rate is often limited by the tolerable pressure drop across
the bed which is often driven by the operating costs of the system but also constraints in maximum
downwards load permissible that avoids crushing the bed [95]. Common solutions to this are to increase
the bed diameter effectively reducing the superficial gas velocity. Increases to the adsorbent particle
size effectively increases the void fraction in the bed which will reduce the associated pressure drop but

can have negative implications on mass transfer [96].
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Alternative vessel designs such as fluidised beds and moving beds with both featuring improved heat
and mass transfer by transporting the solid adsorbent material within the cycle improving both the
equipment and plant size and heat and mass transfer characteristics [93,97]. Productivity in TSA cycles
is higher in fluidised beds due to the improved heat transfer in the bed [95]. The adsorbent in fluidised
is circulated by the incoming feed stream at the bottom of the vessel which acts to fluidise the bed
permitting the fluid velocity is above the minimum fluidisation value. Transport of the adsorbent
between adsorber and desorber allows for continuous cyclic operation exploiting the improved heat and
mass transfer when compared to fixed beds [88,98]. This also provides opportunity for heat recovery
from the solids lending fluidised to TSA operations [99—102]. Their adoption at scale has been limited
due to operational complexity but there is huge incentive given the associated improvements to pressure
drop, heat and mass transfer kinetics and feed flow rate constraints [98,103,104]. Moving bed reactors
are less complex operationally but introduce significant design complexity when considering the need
to move the bed between individual operations; rotary beds can alleviate some of this complexity but
gas containment becomes challenging and limits suitability for PSA systems [105]. Pressure drop is
decreased relative to fixed beds as the beds themselves can be shorter for the same feed conditions
[106]. Moving the bed between heating/cooling also improves the cycle time and heat transfer but not

to the same extent as fluidised beds [106,107].

2.2.5.1. Mass Transfer

The effectiveness of adsorption-based PCC systems is reliant upon the mass transfer within the
adsorption vessel. Although fixed-beds are considered relatively simple, the mass transfer of CO; from
the fluid phase to the solid is often multi-step involving both external and internal mechanisms. The
external mass transfer defines the transport of CO; from the bulk gas phase to the adsorbent’s external
surface while internal mass transfer defines the transport (i.e. diffusion) of CO; within the adsorbent
particle. This intraparticle or more applicably, intracrystalline transport is often rate-determining for
uniformly microporous solids such as zeolites. That said, the two mass transfer mechanisms both

contribute to the overall kinetics of the adsorption process from bulk phase to active adsorption site.

In the context of fixed-bed gas-solid contactors, when the feed fluid passes through the bed, a boundary
layer/film forms around each adsorbent particle. This layer facilitates transport of the target adsorptive,
CO; from the bulk gas phase to the adsorbent’s external surface via molecular diffusion. This film
diffusion is governed by gas velocity, system pressure and particle size. As previously mentioned, this
is not the rate-limiting step for zeolite-CO, systems so long as the adsorption process is sufficiently
well-designed. That said, where the adsorbent particle size is large and/or the feed flow rate is low, the

boundary layer thickness increases and the overall rate of mass transfer across the film is reduced.

Upon reaching the adsorbent’s external surface, the adsorptive must diffuse into the zeolite’s internal

pore structure before reaching the final adsorption site. This is typically the rate-determining system for
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zeolites where the nature of the pore structure including pore size distribution, micropore contribution
and tortuosity can have significant impact on intraparticle diffusion. Although zeolites often present
highly ordered microporous pore systems, lower quality frameworks such as those synthesised from fly
ashes often present increased non-uniformity which can influence overall intraparticle diffusion. This
can be to the benefit of the separation process if the zeolite presents a degree of mesoporosity as
hierarchical pore structures can promote intraparticle diffusion by decreasing the diffusional resistance
[108]. The effective intracrystalline diffusivity of CO: is typically much lower than in the bulk gas
phase [109]. Intracrystalline diffusion in zeolites can be influenced by a number of factors including
[110]:

e Intracrystalline channel geometry and dimensions;

e Shape, size and polarity of the diffusing adsorptive;

e (ation distributions, size, charge and number;

e Adsorptive concentration within the frameworks;

e Temperature;

e Lattice defects such as stacking faults;

e The presence of impurity molecules in the diffusion pathways;

e Structural changes due to penetrants; and

e Structural changes associated with physical and chemical treatments.
In general, mass transfer in fixed-bed adsorption columns is described by a set of differential equations
which encapsulate both the bulk-gas-film diffusion and intraparticle/intracrystalline diffusion
mechanisms. Under isothermal conditions, the overall resistance to mass transfer is expressed as a
combination of external and internal diffusional resistances. The commonly adopted model to describe
such systems is the Linear Driving Force (LDF) model which lumps both diffusion mechanism
contributions together and is given by EQ. 17 where kzpr is the LDF mass transfer coefficient [111].

dq ;
d_tt = kipr(q: — qe) EQ. 17

Whilst the LDF model has found applications in the description of gas-solid adsorption processes, in
practise this requires an experimental dataset with which to refine the value of kipr for best fit. This
dataset is typically a breakthrough curve which represents the adsorptive concentration in the fixed-bed
columns exhaust stream as a function of time, or occasionally bed height. The shape of this curve
provides insight into the mass transfer within the system with those approaching ideal behaviour
characterised by rapid mass transfer exhibiting rapid breakthrough with sharp, near vertical increases
in the outlet concentration from the minimum to feed concentration. In reality, the curve is often more
drawn out due to the existence of mass transfer limitations within the gas-solid system. A common
approach to designed adsorption systems exploits the use of the mass transfer zone (MTZ) within the

bed. The MTZ describes the region of a bed in which a concentration gradient exists in the adsorbed

41



phase. The length of the MTZ is dependent on both external and internal mass transfer resistance and
the adsorption kinetics; in systems where mass transfer is hindered, the MTZ is extended resulting in
inefficient utilisation of adsorption bed. The MTZ can be controlled by optimising particle size, flow
rate, and the process conditions. As mentioned, a reduction in particle enhances both film and
intraparticle diffusion effectively reducing the MTZ length. Improvements to diffusion can also be

achieved by tailoring pore structures of the adsorbent.

2.2.5.2. Heat Transfer

Heat transfer in fixed-beds is also of importance considering the potential for significant heat evolution
during the adsorption process. The driving force for this being the adsorption enthalpy which can
introduce localised temperature gradients within the bed. Of the three fundamental heat transfer
mechanisms, conductive and convective are the primary contributors. Convective heat transfer occurs
between the feed gas and the adsorbent particles; as the adsorptive is adsorbed heat is released and
exchanged with the gaseous medium. This heat transfer is primarily dependent on the gas flow rate, gas
heat capacity and thermal conductivity of the gas-solid interface. Conductive heat transfer occurs within
the individual adsorbent particle and those in the immediate vicinity. Largely influenced by the thermal
conductivity of the adsorbent particle heat dissipation is relatively slow owing to the low thermal
conductivity of zeolite adsorbents as a result of their innate porosity. This materialises as temperature
gradients through the bed. In the intraparticle context, heat generated from the adsorption phenomenon
is dissipated through the adsorbent particle by conduction, reliant upon the solid’s thermal conductivity
and internal pore structure. This process is somewhat limited and may lead to significant heat
accumulation. That said, the adsorption enthalpies are often relatively low limiting the negative impacts
of inefficient heat transfer, for this reason, most researchers assume heat effects to be negligible and
consider the fixed beds as operating in the isothermal regime. This may become more of an issue in
large-scale systems where heat effects are more significant, here the temperature gradients could impact
the bed capacity and kinetics by modifying the local equilibrium conditions. That said, for low
temperature, low pressure applications such as PCCC, the modest heat generation coupled with

sufficient zeolite particle thermal conductivity usually dissipate most localised temperature increases.

2.2.53. Pressure Drop

The key challenge for fixed-bed adsorption systems is the associated pressure drop across the bed as
this dictates the magnitude of work required to facilitate flow through the bed, affecting the system’s
energy consumption, operational efficiency and process viability. Minimisation of pressure drop across
the bed is key for maximising the system’s efficiency. The pressure drop arises due to resistance to gas
flow. The magnitude of such dependent on particle size, bed height, gas velocity and the physical
properties of both the gas and solid mediums. The relationship between these is often described by
Ergun’s equation which for fixed beds is given by EQ. 18 [112] where y is the fluid’s dynamic viscosity,

¢ is the bed’s void fraction, p, is the gas density, d, is the effective particle size and AP/L is the pressure
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drop per unit bed length. The Ergun equation accounts for both viscous (first term) and inertial (second
term) contributions to pressure drop, with the relative importance of each term depending on the flow
regime (laminar or turbulent) with the former becoming most significant at low velocities, i.e. laminar

regimes and the latter most significant at high velocities, i.e. turbulent regimes.

—Ap  150u(1 — e)’u; 1.75p,(1 =€), uy,
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Considering the above equation, the pressure gradient across the bed can be seen to be dependent on
both the bed properties and fluid properties, with the relative contribution dictated by the flow regime.
Of the bed properties, particle size and shape, bed void fraction and bed height are key factors whereas
gas viscosity and density are the primary fluid properties of concern. As such, mitigations for elevated
pressure drops across fixed beds include optimisation of particle size, improved adsorbent bed packing

and optimisation of the operating conditions such as feed flow rate and temperature [113,114] .

2.2.54. Dispersion

Dispersion which refers to the spreading of gas-phase components (in this case, CO:) as they move
through a fixed bed is also of importance as it leads to deviations from ideal plug flow behaviour. Non-
ideal flow patterns caused by dispersion reduce the steepness of concentration gradients negatively
impacting breakthrough behaviour and hence overall efficiency of the adsorption process. In fixed-beds,
axial and radial dispersion are the primary contributors to overall dispersion and lead to a diffuse
concentration front vs the ideal plug flow system. Although axial is typically more significant, both are
influenced by molecular diffusion, flow maldistribution and bed tortuosity leading to the spreading of
gaseous components along the flow path and across the bed. Axial dispersion is of primary concern and
will materialise in the shape of the breakthrough curve. Similarly to the bed’s pressure drop, dispersion
is influenced by several factors including particle size and shape, gas velocity and bed packing and void
fraction. While radial dispersion is generally less significant, its effect can become apparent for large-
diameter adsorption beds which may present radial concentration gradients particularly near the column
wall reducing the efficiency of bed utilisation. For lab-scale and pilot-scale demonstrations, radial
dispersion is considered negligible [58]. In ideal gas-solid adsorption systems with minimal dispersion
effects, the breakthrough curve would tend towards the ideal S shape implying effective utilisation of
the bed. When dispersion becomes significant the breakthrough phenomenon is drawn out and often
results in an early breakthrough and an extended stoichiometric time. Axial dispersion increases the
length of the MTZ which results in underutilisation of the bed. Several strategies exist for minimising
dispersion effects including reducing particle size and size distribution to limit channelling and flow

maldistribution, optimising the gas velocity and appropriate design of the column’s geometry.
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2.3.  Biomass Combustion Products

The combustion of biomass for energy production results in a variety of by-products, many of which
can pose significant challenges or offer potential opportunities for reuse and valorisation. In Bioenergy
with Carbon Capture and Storage (BECCS), these combustion processes are integrated with carbon
capture technologies to achieve negative emissions, making it an attractive option for mitigating climate
change. However, the by-products of biomass combustion, such as ash, flue gases, and other
particulates, must be managed carefully due to their environmental and operational impacts. Drax
Power Station in the UK, one of the largest BECCS facilities, has transitioned from coal-fired to
biomass-fuelled generation and is at the forefront of BE and soon (BE)CCS implementation. The
facility burns millions of tonnes of sustainably sourced biomass, primarily in the form of wood pellets,
to produce electricity. Biomass combustion generates significant quantities of ash, comprising fly ash
(captured from flue gases) and bottom ash (collected from the combustion chamber). The quantity and
composition of ash depend on the type of biomass used. Unlike coal, biomass ash typically contains
higher levels of alkali metals (e.g., potassium, sodium), which can cause operational issues such as
slagging, fouling, and corrosion in boilers. Fly ashes are typically dominated by a mixture of silica,
alumina and ferric oxide; the relative proportion of these oxides amassing to over 50 wt% for class C
and F fly ashes and to over 70 wt% for class N. Class C and F fly ashes differ with regards to their
calcium oxide concentrations - over 18 wt% for class C. These classifications are defined by ASTM
C618 [115] and are based on the FA’s pozzolanic properties. For class C ashes, the elevated presence
of calcium (compared to that of coal’s) suggests their potential applicability for
carbonation/mineralisation under conditions beyond those of post-combustion (i.e. elevated
temperature (> 600 °C) and/or pressure such as in calcium looping). Class F and Class N ashes are
candidates for inorganic adsorbent synthesis such as zeolites or porous silicas. The relative ratio of the
three oxide components within FA (mentioned above) dictate the intended structure; zeolites as
crystalline aluminosilicates would favour similar ratios of silica and alumina, whereas for porous silica,

the presence of alumina would introduce additional challenges.

2.4, Zeolite Synthesis and Development

The synthesis of zeolites from biomass fly ash is an emerging field [40,116] that offers a pathway for
the conversion of waste products into valuable materials. As a product of biomass combustion, biomass
fly ash, is composed of predominantly silica and alumina, which are the primary precursors for zeolite
formation. Industrial utilisation of biomass fly ashes can act to both mitigate the waste disposal
challenge (economical and environmental) and produce adsorbents with good potential for applications
in gas separation, water treatment, and catalysis; the focus of this work being the separation of CO,
from large point source flue gases. This section provides an overview of zeolite synthesis from biomass
fly ash, the types of zeolites that can be produced, the preparation methods, and the associated

challenges, costs, and environmental considerations.
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Zeolites are microporous aluminosilicate materials with well-defined microporous crystalline
structures, known for their excellent adsorption, ion-exchange, and catalytic properties [71].
Conventionally, the synthesis of zeolites employs hydrothermal treatment of pristine precursors and is
described simply as the mixing of silica, alumina and a source of cations under high pH before heating
in a sealed autoclave [117]. In turn, this initiates spontaneous nucleation and crystallisation processes;
the overall mechanism of zeolitisation is commonly described in four stages: 1) dissolution, 2)
condensation, 3) nucleation and 4) crystallisation [116]. The dissolution of aluminosilicate phases
results in monomeric tetrahedra (TO4, where T = Si or Al) often defined as the primary or basic building
units. These then condense and form localised areas of supersaturation typically around cations such as
sodium often described as an aluminosilicate gel where the tetrahedrons share oxygen atoms and can
form multi-element rings. From this, various multi-element rings nucleate producing 3-dimension
polyhedrons such as sodalite/alpha cages and double 6-rings, which are often described as the secondary
or composite building units (CBU). Combinations of these CBUs are what facilitate nucleation of
specific crystal structures which is then followed by crystal growth after the integration of subsequent
CBUs onto the surface of the zeolite nuclei [118]. When considering the gas separation application, two
structures are most commonplace: Linde Type A (LTA) and Faujasite (FAU) zeolites. Type A zeolites
often present Si/Al ratios of 1 implying their construction is that of alternating primary building units
(Si or Al). They exhibit a cubic arranged with connected cage topology, built from sodalite cages linked
by double 4-rings (D4R) [ 119]. Contrastingly, whilst FAU zeolites are also cubic structures, they belong
to a different space group or class and present hexoctahedral arrangements (vs LTA’s orthombic) [120].
The CBUs of FAU zeolites are sodalite cages linked by double 6-rings (D6R) [119]. Whilst fly ashes
may act as sources of both aluminium and silicon and to some extent, the cations for subsequent
zeolitisation, pre-treatment is often necessary to improve the availability of the primary building units
in solution. This is a result of fly ashes presenting both crystalline and amorphous aluminosilicate
species with differing degrees of reactivity in alkaline mediums [121]. This is most often mitigated
through alkaline-fusion of the fly ash precursor to produce more soluble sodium aluminosilicates
[40,122]. The fused product is then what is taken for subsequent hydrothermal treatments [123]. A
number of comprehensive reviews on this topic are available [40,124—126]. A summary of the synthesis

methods for zeolitisation of fly ash is provided in the subsequent sections.

2.4.1. Fly Ash Zeolites
Whilst biomass fly ash (BFA) is a product of combustion much in the same way as coal fly ash, the
composition of BFA is rarely consistent and exhibits significant heterogeneity owing to variations in
biomass sources, combustion conditions and the differences in biomass composition [44]. This leads
to extensive implications for any downstream processing such as zeolitisation. The challenges

associated with BFA utilisation for zeolite synthesis are provided in the following section.
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2.4.2. Biomass Combustion Fly Ash Utilisation Challenges
The composition of biomass fly ash can vary significantly depending on the type of biomass burned,
combustion conditions, and ash collection methods. This variability can lead to inconsistent zeolite
formation and difficulties in controlling the final product's purity and physicochemical properties.
Biomass ash often contains impurities such as unburned carbon, alkali and alkaline earth phases, and
trace metals, all of which can impinge on the synthesis of zeolite. Of note in the context of composition
variability are the relative concentration of SiO,, AL,Os, Ca containing species, and both K and Ph
species. It is well known that SiO, and Al,O3 vary quite drastically in biomass fly ashes [127], which
makes formation of specific zeolite frameworks which form in a narrow range of Si/Al ratios
challenging. This can be mitigated to some extent by dosing additional SiO, or Al,Os sources although
this adds both cost and complexity and may require the continuous monitoring and adjustment of
additives as the BFA composition varies. Elevated concentrations of Ca in BFAs is a result of the
biogenic nature of the source, Ca is fundamental for growth, especially in the case of woody biomasses
[128]. These species, when present in the hydrothermal mixture can interfere with crystallisation due to
the competing formation of calcium silicate or aluminate phases [129,130]. The presence of K and Ph
in the BFA precursor also promote the formation of insoluble compounds which can interfere with
nucleation and growth of zeolite crystals [131]. This is true for other impurities such as Mg, Fe, and Ti
species; there is however, evidence in the literature that these can be incorporated into the zeolite
structure thereby altering its properties beneficially [28,132,133]. Mineralogically, whilst the elemental
composition varies, so too does the ratio of amorphous and crystalline phases [134], with the former
being vastly more reactive under high pH than the latter [135]. This differing in reactivity leads to
variation in how the BFA components dissolve and hence leads to inconsistency in the product [136].
The variation in BFA batches limit the ability to standardise synthesis procedures without some level

of BFA pretreatment.

Pretreatments to mitigate the effect of BFA variation often feature thermal or chemical processes. For
the former, the as-received BFA residue can be calcined to remove any residual carbonaceous species
[137]. For the differences in minerology (e.g. crystalline/amorphous), the BFA is fused with an alkali,
typically NaOH [135,138,139] although other mineralising agents can also be used to differing degrees
of success [140]. This fusion process produces far more soluble sodium (in the case of NaOH) silicates
and aluminates improving availability of these species in the subsequent hydrothermal reactions
[141,142]. This however entails heating the BFA and NaOH to temperatures above 500 °C where the
eutectic mixture melts/fuses. Although extremely beneficial for the subsequent hydrothermal
zeolitisation, it increases the syntheses energy demand significantly. Chemical processes seek to remove
or leach away any of the inactive BFA components [141] however this is associated with additional

wastewater treatment making the improvements to product purity/quality difficult to justify.
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Environmentally, the synthesis of zeolites from BFA is also associated with significant challenges.
Regardless of the pretreatments, the hydrothermal synthesis of zeolites which is the basis of most
research works in this field produces a large volume of alkaline waste streams [143]. Whilst it is known
that this still has value in terms of subsequent syntheses [144], it will ultimately require
neutralisation/treatment prior to disposal. The high energy costs for pretreatments such as alkaline
fusion may add quite significantly to the cost and if low-carbon or renewable energy sources are not
incorporated, the embedded emissions in the BFA-derived zeolites may limit their environmental
‘benefit’. That said, the environmental ‘benefits’ associated with BFA valorisation are of vast potential.
Whilst current production of biomass ash residues is already high, the anticipated increase in the share
of BECCS power generation is associated with an increase in the generation of BFAs. Zeolitisation
offers a pathway for waste mitigation and valorisation. The absence of BFA landfilling limits the
potential for environmental contamination which is known to plague the disposal routes for fly ashes,
of both coal and biomass origin [145]. If the BFA-derived zeolites are suitable for implementation in
PCCC technologies, this pathway can also contribute positively to the reduction and CO, emissions and

aid the journey to net-zero GHG emissions.

2.4.3. Biomass Fly Combustion Fly Ash Zeolites in CO; Capture
Although literature exists for the synthesis of zeolites from fly ashes, most is focussed on coal fly ash
(CFA). Even less is associated with the application of fly-ash derived zeolites for CO, separation;
examples do exist for gas separation in the broader sense. A summary of fly ash derived zeolites and
their respective performance (equilibrium CO; adsorption capacity and selectivity) is given in Table 2.
All of the zeolites have been produced through either hydrothermal (HT) or alkaline fusion assisted
hydrothermal (AFHT).

Table 2: Ash-derived zeolites in the published literature and their CO: adsorption capacities. *Capacity estimated from
isotherm plot; reproduced from [71].

Precursor Synthesis  Zeolite Degassing CO; Adsorption Ref
Method Type Conditions Capacity

Coal Fly Ash AFHT X 260 °C Helium 3.21 (0 °C, 1 bar) [120]
Coal Fly Ash AFHT X 300 °C Vacuum | 3.25*% (50 °C, 1 bar) | [146]
Coal Fly Ash AFHT A 300 °C Vacuum = 2.47* (50 °C, 1 bar) [146]
Coal Fly Ash AFHT X 260 °C Helium 3.1 (0°C, 1 bar) [147]
Coal Fly Ash AFHT X 400 °C Nitrogen 3.03 (0 °C, 1 bar) [132]
Coal Fly Ash AFHT X 450 °C 243 (40°C, 1 bar) | [148]
Coal Fly Ash AFHT X 300 °C 3.23* (50 °C, 1 bar) | [149]
Coal Fly Ash AFHT A 300 °C 2.42% (50 °C, atm) | [149]
Coal Fly Ash AFHT X 500 °C Argon 3.3 (25°C, 1 bar) [150]
(gasification)

Palm Qil Fly Ash AFHT X 4.47*% 32°C, 1 bar) | [151]
Rice Husk Ash HT X 250 °C Vacuum 4.7 (40 °C, 1 bar) [152]
Rice Husk Ash HT X 350 °C 3.12 (0 °C, 1 bar) [153]
Rice Husk Ash HT A 350 °C 1.46 (0 °C, 1 bar) [153]
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2.5. Synthesis of Zeolitic Materials from Biomass Combustion Fly Ash

As with the conventional synthesis of zeolites, those derived from BFA are too produced primarily
using hydrothermal techniques although after a variety of pretreatments. Often, these pre-treatments are
high temperature fusion with NaOH. That said, the scientific community has been progressing with
novel techniques to alleviate some of the issues with more conventional synthesis such as alkaline
waste, energy intensity and product quality/yield [154]. Although alternatives to the hydrothermal
procedure exist, such as in the work of Park et al. [155] the complexity of the process outweighs the
utility of the zeolite product. Most of the novel methodologies seek to build upon simpler techniques,
i.e. hydrothermal. Hydrothermal synthesis involves dissolving the fly ash in alkaline solutions (e.g.
NaOH and KOH) to extract silicate and aluminate species prior to heat treatment. In the context of BFA
this method’s efficacy is limited when considering that large portions of the aluminosilicate species in
BFA are crystalline, such as mullite which is relatively inert under hydrothermal conditions [40].
Alkaline fusion with the solid feedstocks above 500 °C produces sodium silicate and aluminate species
which are extremely soluble in alkaline solutions and hence result in zeolite products with improved
yield and crystallinity [135]. Multi-step treatments are typically combinations of both hydrothermal
and alkaline fusion, generally characterised by increased availability of Al and Si in solution
engendering an increased product purity whilst introducing additional cost and complexity [126]. More
recently, microwave irradiation and ultrasonication procedures have been investigated [40]. Whilst the
former has not been demonstrated above the lab-scale, it is known to accelerate the dissolution of
aluminosilicate species through rapid and homogenous heating, shrinking the overall synthesis duration
[156] although some authors have reported retardation of subsequent crystallisation [157]. Similarly,
whilst sonication has been found to increase the supersaturation of Al and Si in solution during the
dissolution of amorphous FA thus reducing reaction times and temperatures, it has not been

demonstrated above the lab-scale [123].

2.5.1. Hydrothermal Synthesis
Hydrothermal synthesis is the most commonly used method for converting fly ash into zeolites. This
method involves mixing fly ash with an alkaline solution, typically sodium hydroxide (NaOH), and
heating the mixture at moderate temperatures (80 °C — 200 °C) in an autoclave [117]. Under these
conditions, the available species of silica and alumina in the fly ash dissolve, and zeolite crystals
gradually form. This method allows for the synthesis of a wide variety of zeolites depending on the
temperature, time, and concentration of the alkaline solution amongst other things. The method requires
a sealed vessel to provide autogenous pressures usually comprised of a stainless-steel vessel lined with
polypropylene or PTFE [126]. Among the factors which exhibit the influence on zeolite product, the
hydrothermal time, Si/Al ratio, hydrothermal temperature and NaOH concentration are the primary

contributors [143].
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2.5.2. Alkaline Fusion
Alkaline fusion-assisted hydrothermal synthesis incorporates a thermal pretreatment entailing the
fusion of fly ash with an alkaline agent (commonly NaOH) at elevated temperatures (typically 500°C —
700°C). This initial stage facilitates the decomposition of relatively inert aluminosilicate species in the
BFA precursor, forming sodium silicates and aluminates with an increased solubility of silica and
alumina for subsequent hydrothermal steps [40,122,123]. After the fusion procedure, the material is
dissolved in water and subjected to hydrothermal treatment as in the basic hydrothermal method. This
two-step process enhances the efficiency of zeolite formation and can result in higher purity and better

crystalline zeolites compared to hydrothermal synthesis alone [40,124—126].

2.6. Key variables in Alkaline Fusion Assisted Hydrothermal Synthesis

The impact of reaction conditions on the zeolite quality is of significant importance. The zeolite product
purity, quality, composition and etc. have significant implications on the downstream application, in
this case CO; adsorption. There is vast evidence in the literature that suggests through optimisation of
the synthesis conditions, the product can be somewhat tailored towards a specific application or
property such as CO, adsorption, increased crystallinity and purity, surface area or pore volume, cation
coordination and etc. The following discussion will highlight the key factors in the synthesis of zeolites
from BFA such as the NaOH to BFA weight ratio, the hydrothermal temperature, the hydrothermal time
and the liquid to solid weight ratio.

2.6.1. NaOH to Fly Ash Ratio
As a factor in both the hydrothermal and alkaline fusion assisted hydrothermal synthesis procedures,
the proportion of NaOH in the reaction mixture is a key parameter. Whilst this would entail defining
the molarity of solution for conventional hydrothermal syntheses, during alkaline fusion the reactants
are mixed in the dry phase. The significant influence of this factor was identified in the work of
Sivalingam et al. [158] when optimising for product crystallinity. Verrecchia et al. also investigated
NaOH/CFA ratios along with hydrothermal temperature and time [150]. They found that higher ratios
led to the formation of stable zeolites such as sodalite or cancrinite (and also LTA). For the formation
of type X, a ratio of 1.2 was required (at a hydrothermal temperature of 90 °C). Molina and Poole in
their work revealed that an increase in the NaOH/FA ratio, promotes improved crystallinity and product
purity [129]; this is somewhat contrasting to Verrecchia et al. where higher ratios formed denser phases
such as sodalite and cancrinite [150]. Interestingly, Lie et al. identified the selective formation of A
(over X) at higher NaOH/FA ratios [159]. These seemingly contradictory findings are likely a result of
the variation between fly ash precursors, highlighting the importance for synthesis optimisation based

on resource.
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2.6.2. Hydrothermal Temperature
The conditions the mixture is exposed to during hydrothermal treatment are also of importance. In this
case the hydrothermal temperature is known to present significant influence on the rate of zeolite
crystallisation, the structure type and the crystal size. Yang ef a/ found that at a temperature of 40 °C,
the degree of crystallisation is minimal resulting in primarily amorphous aluminosilicates [160].
Increasing the temperature acts to increase the pressure in the vessel increasing the dissolution and
hence crystallisation rates during syntheses, at 90 °C LTA zeolites with high crystallinity were achieved.
This observation was also observed when studying temperatures in the range of 90 to 120 °C for the
synthesis of type X; for type A no significant impact was observed [161]. That said, a lower
hydrothermal temperature is known to reduce the crystallinity of the product along with the crystal size
and yield [158]. A temperature of 80 °C was identified as the optimum when optimising for crystallinity
(58 — 72%), associated with an increase in crystal size from 22.6 to 33.3 nm. Faujasitic zeolites were
observed to form more readily at 90 and 100 °C, with the latter producing type X with an 88% product
yield. It has been postulated that formation of zeolite X is often favoured under milder conditions
however, such as a reduced temperature, pH and synthesis time [120,162,163]. Bai et al. identified 80
°C to be the optimum for type X crystallisation [164].Ojha et al. identified correlations between the
hydrothermal temperature and product surface area [141] with a maximum identified at 6 h (vs 10 h).
As with the previous factor (NaOH/CFA) there appears to be some conflicting information in the
literature although there is consensus that type X zeolites form more favourably at lower hydrothermal

temperatures (80 — 90 °C).

2.6.3. Hydrothermal Time
The other factor of importance in the hydrothermal treatment is duration or time. It is commonly
understood that type X zeolites often require a longer time to be fully formed when compared with Na-
A, even up to 24 h as it has more complex and larger polymeric silicate units than A thus it could be
more difficult to nucleate leading to lower crystallisation rate [134,161]. Yang ef al. [160] during their
study into CFA-derived zeolites identified important effects on the crystal morphology, size and
crystallinity when vary hydrothermal time. This period involves dissolution of Al and Si sources, by
increasing duration from 4 to 6 h, relativity crystallinity increased from 44.5% to 72.4% for Na>,CO;
fused CFA. The optimum point for NaOH fused fly ash, was 4 h which produced a 68.2% crystallinity;
above 4 h, sodalite was observed in the product. An increase in hydrothermal time was also observed
to improve both yield and crystallinity by Sivalingam [158]. In this work, the hydrothermal times were
varied between 5, 7.5 and 10 h increasing yield from 59 to 88%. Hong et al. revealed that when
modifying conditions with influence on the rate of crystallisation, such as NaOH/FA ratio or the
hydrothermal temperature, the hydrothermal time must be adjusted in order to target phases such as
type A and type X due to the metastable nature [165]. In their work, an optimum LTA product was
identified at an NaOH/CFA ratio of 1.5, a hydrothermal temperature of 100 °C and a duration of 12 h.
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The hydrothermal duration of the syntheses was also revealed to be of importance by Bai ef al. [164]
where prolonging the time was found to improve the type X product’s crystallinity, at 24 h the
crystallinity was 82.5%. This was attributed to the crystallisation process comprising both induction
and growth periods, in the absence of sufficient time, crystallisation is rarely complete [166]. Whilst
the literature is less conflicting for this factor, it does appear to be contingent on the other factors at play
such as temperature and NaOH concentration. Any increase to the latter may result in reduced product

quality for the same durations.

2.6.4. Liquid to Solid Ratio
In conventional hydrothermal synthesis the liquid to solid ratio directly correlates to the solution pH or
basicity, in the case of alkaline fusion assisted hydrothermal, this variable refers to the ratio of water to
alkali fused fly ash. Whilst direct correlation with pH is difficult, this factor plays a key role during the
hydrothermal component of an alkaline-fusion assisted hydrothermal scheme. A wide range of ratios
are often investigated and are usually optimised to specific fly ash precursors owing to their inherently
variable composition. At a liquid to solid ratio of 8, Yang et al. produced a zeolite with the highest
purity and crystallinity, albeit type 4A (LTA), at lower ratios (3) only sodalite was formed [160]. This
was attributed to the metastable nature of LTA’s ring skeleton having a higher structural energy than
that of the sodalite [167]. Similarly, when Bai et al. [164] studied the effect of liquid to solid ratio, they
revealed that at high liquid to solid ratios, low quality type X formed. At low liquid to solid ratios,
crystallinity was observed to reduce due to the successive dissolution of crystalline species in the
presence of excess hydroxyl ions [168]. There is a definite requirement for optimising the liquid to solid

ratio in order to produce zeolites suitable for their desired application.

2.6.5. Other Factors
Whilst the aforementioned factors present significant influence in the synthesis of zeolites from fly
ashes, other factors are also often considered. These include modification to the mixtures Si/Al ratio (or
oxide ratio) as well as the ratio of other species such as Na,O or H,O. Whilst these are key when tailoring
to specific crystal structures, they require the addition of pure feedstocks or extraction of components
from the fly ash, adding complexity and cost and detracting from the effective utilisation of the bulk
waste residue. With a view to produce zeolites for specific gas adsorption applications (e.g. CO>
adsorption) knowledge of appropriate Si/Al ratios are still of value as this can be useful when
characterising the precursor feedstocks. With that in mind, an Si/Al of around 1.8 (molar) is often
identified as suitable for type X formation. above this and type P1 co-crystallises and lower than this
type A co-crystallises [161,169]. Whilst not the focus of this work, the fusion conditions are also of
importance but most work identifies an optimum at 550 °C, with negligible differences in efficacy for
durations over 1 h [165]. Additionally, aging of the mixture after the addition of the fused solid is also
important as it is related to the development of zeolite nuclei. Studies have shown that aging can reduce

the required crystallisation duration at high temperatures; an optimum aging duration was identified at
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18 by Ojha et al. [141]. That said, most studies employ stirred aging of between 10 and 16 h. In the
remit of aging, some work has also sought to filter any solid residue post-aging to remove any solid
particulates during hydrothermal processes [161,170]. Whilst there may be benefit in doing this it

produces an additional waste stream and adds both cost and complexity.

2.7. Statistical Design of Experiments

Design of experiments (DoE) plays a crucial role in optimising engineering processes and material
synthesis, providing a systematic and both cost and time efficient approach to experimentation. Unlike
parametric studies or the traditional one-factor-at-a-time (OFAT) method, DoE permits the
simultaneous exploration of multiple variables affording a comprehensive understanding of complex
systems. This is of particular importance in engineering and materials science where interactions
between variables often present significant influence over the outcome. By considering these
interactions, DoE reduces the total number of experiments required to achieve optimisation, leading to
time and resource efficiency. The robust statistical framework of DoE enables more reliable conclusions
about the effects of experimental variables by maximising the amount of information which can be
extracted from a specific campaign [171], improving the decision-making process and building
confidence in the optimisation. Thus, DoE is widely favoured for its efficiency, effectiveness, and
ability to handle complex, multi-factorial systems which are often found in the engineering and material

science domains.

Commonly, individual factors are studied by varying them independently via OFAT [172]. Whilst the
OFAT approach can reveal effects of single variables on the investigated output, it’s lacking when
considering any synergistic or antagonistic interactions between factors due to the inherent isolation of
variables, ultimately restricting the investigated design space. In order to investigate the impact of factor
interactions, advanced experimental campaigns require the adoption of statistical DoE which defines
the framework for simultaneous modification of factor levels which also acts to reduce the total number
of required experiments improving cost and time efficiency. Commonly adopted DoE techniques
include factorial designs and Response Surface Methodology (RSM) designs, both of which
systematically vary factor inputs to facilitate regression analysis and hence the prediction of optimal
factor and level configurations whilst also identifying those factors of statistical significance. The
correct implementation of DoE provides opportunity for optimisation of process performance,
efficiency, material properties and product quality amongst other things, making it an invaluable tool
in both the engineering and scientific communities. In the context of this work, DoE can be used for the
investigation and optimisation of both the zeolite synthesis from BFA and the fixed-bed TSA process
in which they will be applied.
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2.7.1. Designs
Within the field of DoE a range of techniques exist, selection of which depends upon the desired
outcome from the experimental campaign. In general, designs are suited to the screening of factors for
those with statistically significant impact on the dependent variable. Alternately, designs can be
employed for statistically informed optimisation so as to maximise or minimise an objective function
or aim for a specific value; this is often achieved through mapping the response surfaces within an
experimental design space. With that said, some experimental designs find use in both applications

simultaneously.

The simplest designs involve the evaluation of all possible combinations of input factors. These factorial
designs are vastly informative but can be burdensome when the number of investigated factors increases
as the number of possible combinations grows exponentially. Factorial designs due to this however,
provide insight into both the main and interaction effects for each factor. Whilst this is beneficial, study
of the complete design space is inefficient, e.g. a 3-factor full factorial would require 23 runs for
completion. Their fidelity however is vast, so they’re often utilised in small-scale campaigns where a
comprehensive understanding of interactions is the objective [172]. With a view to reduce the overall
resource intensity (time and cost), fractional factorial design study the experimental domain by
systematically selecting combinations of factors and levels [173]. These designs are well poised for
campaigns concerned with a large number of factors. This is made possible by assuming interactions of
higher order between factors are negligible whilst priority is given to the factor’s main effects and low
order interactions. Higher order interactions are rarely significant, fractional factorials whilst they have

less fidelity still provide efficient insight into those factors with the greatest significance [172].

Beyond this, fractional factorial designs are the basis for advanced DoE methodologies including the
frameworks proposed by Taguchi and Central Composite Designs (CCD) [174]. The latter falls within
a broader set of Response Surface Methodology (RSM) designs which also includes Box-Behnken
Designs (BBD). As the name implies, these methodologies are better suited to systems where the
relationship between dependent and independent variables is not adequately described by a linear
model. The CCD is defined through the addition of experimental runs at the axial and centre points to
an existing factorial design [175] facilitating the inclusion of quadratic terms in the regression analysis.
This enables any higher-order effects to be revealed improving the response surface mapping and
optimisation [172,176]. These designs have a good degree of flexibility and fidelity in the context of
interactions; therefore, they lend themselves to complex systems with a large potential for interactions.
The disadvantage of CCD designs, however, relates also to the axial points, these tend to be at the upper
range of factor and level configurations, if the system is sensitive to this such as in material syntheses,
the information obtained from the experiments is of limited use. For this reason, BBD designs are often

selected; these typically require slightly fewer experimental runs (for the same number of factors/levels)
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and they avoid the upper range of the experimental domain mitigating certain concerns around the

impracticality or even safety [177,178].

When the intent is to optimise for system robustness, the Taguchi method is often more applicable. Here
the focus is to improve product or process quality by increasing the resilience to external variation, i.e.
increasing the signal to noise ratio of the response [179,180]. The basis of Taguchi designs are
orthogonal arrays; these overlay two factorial designs as an inner array of control factors and an outer
array of noise factors. This enables Taguchi DoEs to evaluate a system’s robustness under simulated
controlled and random variation [172,181]. This consideration for noise and an ability to isolate
individual factor’s main effects and some two-way interactions make Taguchi designs extremely
efficient and reliable [ 172]. The inclusion of both qualitative and quantitative factors is relatively simple
and hence these designs often find application in industrial applications, much in the way Taguchi

himself intended.

The selection of a DoE design depends on the specific goals of the experimental campaign, whether
screening factors for statistical significance or optimising a process by mapping the response surface.
Factorial designs, including full and fractional factorials, are effective for screening and studying
interactions between factors, while RSM designs (CCD and BBD) are ideal for optimisation tasks where
non-linear relationships take precedence. The Taguchi method stands out for its ability to tailor for

robustness, reducing variability in the presence of noise factors.

2.7.2. Statistical Analysis
Post-completion of any suitably designed experimental campaign, a series of statistical analyses are
required to determine significance of the factors and their interactions. Of the analysis techniques,
Analysis of Variance (ANOVA) is commonly employed as it allows for the evaluation of multiple
factors and multiple levels (> 3) [182] and their statistical significance on the response. The technique
was originally developed by Sir Ronald Fisher to provide a way to interpret simulation results by
breaking variation up into accountable sources [183]. For ANOVA to be applicable however, a number
of assumptions must be satisfied and these include: randomisation of the experimental runs, full
independence between replicates and the results must follow a normal distribution [184]. The effective
output of ANOVA includes the relative contribution to the response and both p- and F- statistics, with
the former often set at a 95% confidence level. For a factors to be defined as statistically significant,
the p-value must be sufficiently small so as to reject the null hypothesis, that the response variation is a
result of noise. Contrastingly, the F-value is indicative of the variation between means, with a higher
number suggesting a stronger influence on the dependent variable. For the analysis of CCD or BBD
designs, the RSM approach aims to approximate the relationship between dependent and independent
variables through a surrogate/empirical statistical model [185]. The response is often mapped in three

(surface) or two (contour) dimensions for those factors identified with statistical significance. For

54



Taguchi designs, the analysis often involves ANOVA and analysis of the factors main effects and
Signal-to-Noise (SNR) ratios on the response. The latter is utilised for determination of the optimum
factor and level configuration which satisfy the objective based on the SNRs. The SNRs are calculated
using one of three equations, selection of which relies on the aim to minimise the SNR, maximise the

SNR or nominal is best [179,180].

2.7.3. Design Of Experiments in the Synthesis of Biomass Combustion Fly Ash Derived
Zeolites

In the context of BFA zeolitisation and subsequent applications of these products, DoE techniques have
found some use. A fractional factorial design was adopted by Kastanaki et al. [186] to investigate the
influence of 5 factors on the conversion of lignite (CFA) ash to zeolites: SiO»/Al,Os ratio (4.31 — 6.27),
solid/liquid ratio (1/2 — 1/4), crystallisation temperature (90 — 150 °C) and crystallisation time (2 — 6 h).
Whilst the intent was to maximise yield, the author’s identified the temperature to be statistically
significant with the primary contribution to the response coming from the crystallisation temperature,

time and the interaction between the Si0,/Al,03 and S/L ratios.

A CCD was adopted by Verrechia et al. [187] to investigate the impact of NaOH/CFA weight ratio
(0.87 — 1.53), crystallisation temperature (73 — 107 °C) and crystallisation time (4.3 — 7.7 h) on the
zeolite product’s adsorptive performance. All three factors were identified as statistically significant
with the optimum values of 1.4, 80 °C and 7 h resulting in a type X zeolite with an amorphous
constituent (no other crystalline species were identified). The authors identified that any indefinite
increase to the factor’s levels results in the formation of more stable (and less useful) zeolites such as
sodalite. Chansiriwat et al. also investigated the zeolitisation of CFA via CCD [188]; in this work two
factors were studied, the hydrothermal temperature (105 — 195 °C) and hydrothermal time (12 — 84 h).
The impact was evaluated on the bases of product specific surface area (BET), both factors were
identified as statistically significant with an optimum at 105 °C and 12 h. Both a factorial and CCD
design was implemented by Doumit et al. [175]. In this work, the factorial design (centrally weighted
design, CWD) investigated five factors temperature (75 — 105 °C), time (24 — 72 h), NaOH
concentration (3 — 5 M), S/L ratio (1:5 — 1:3) and Al/Si ratio (1:5 — 2:1). The optimisation revealed the
optimum point to be close to outside the edge of the matrix, reducing reliability. The CCD was then
incorporated by studying the most important variables: temperature (60 — 80 °C), NaOH concentration
(4 — 6 M) and Al/Si ratio (2:5 — 4:5). The optimum zeolite presented a crystalline yield of 38.3% and a
BET surface area of 228 m?-g™! with a hydrothermal temperature of 72.5 °C, 5M NaOH solution and an
Al/Si ratio of 3:5

Taguchi designs have seen more application in the field of fly ash derived zeolites such as in the work
of Tirva et al. [189] where an L9 OA was employed for the investigation of the impact of fusion
temperature (500 — 600 °C), fusion time (9 — 15 h), liquid/solid ratio (L/S = 1.1 — 1.5 ml-g™'") and alkaline
solution concentration (NaOH = 1 — 1.3 M) to maximise Na-X yield. The author’s identified strong
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main effects for all factors but fusion temperature and L/S were identified as the greatest contributors.
The zeolitisation of fumed silica and CFA has also been investigated via Taguchi DoE [190]. Here the
Si0,/Al>0; ratio (4 — 6), NaOH concentration (1 — 2 M), synthesis time (12 — 36 h) and hydrothermal
temperature (100 — 140 °C) were investigated in an L9 OA to study their impact on product crystallinity.
The hydrothermal temperature and NaOH concentration had the main contribution to crystallinity
(58.7% and 32.8%, respectively) based on the ANOVA of the SNRs. Larger Taguchi methods have
also been employed in alkaline fusion hydrothermal conversion of CFA [191]. This L27 design studied
6 factors at 3 levels: NaOH/FA ratio (1.1 — 1.4), fusion temperature (300 — 650 °C), fusion time (0.5 -
2 h), aging time (0.5 — 24 h), crystallisation temperature (60 — 110 °C) and crystallisation time (4 — 16
h). The response in this work was the product’s BET surface area. The optimum factor level
configuration was NaOH/FA = 1.2, fusion temperature = 550 °C, fusion time = 0.5 h, aging time = 24
h and crystallisation time = 16 h. The most significant factor was identified as the crystallisation
temperature; the optimum product was approximately 90 % type X zeolite based on CEC and surface
area with a 65 % product yield. An L27 OA was also employed by Medina et al. [192] however in this
case, the alkaline source (NaOH/KOH/LiOH), weight percent of alkaline, crystallisation time (8 — 24
h), crystallisation temperature (120 — 175 °C) and stirring speed (100 — 600 RPM) were investigated on
the percentage crystallinity of the product. The author’s identified the most statistically significant
factor to be the alkaline type (with 73% contribution to the response) attributed to the activation degree
of the mineralising agent on the FA since this leads to nucleation and zeolite growth. Whilst crystallinity
and quality can be used as responses, so too can adsorptive/catalytic properties. In the work of Haghjoo
et al. [193], Austrian CFA was investigated for zeolitisation in the context of glyphosate removal
efficiency. Here an L9 OA was used to investigate the impact of SiO»/ALOs ratio, alkaline
concentration, crystallisation time and crystallisation temperature. In the work of Tabit et al. [194],
hydrothermal temperature (100 — 150 °C), hydrothermal time (12 — 48 h), NaOH concentration (0.5 —
3.0 mol-L") and L/S ratio (ml-g!) were investigated for their impact on product crystallinity. The
hydrothermal temperature had the greatest contribution to the response (43 %) followed by NaOH
concentration (29%) and L/S ratio (28%).

2.8.  Research Gap

Whilst a good body of research exists in the literature pertaining to the synthesis of zeolites from BFA,
very little exists that focusses on industrially produced residues and even less for the synthesis of
zeolites for selective separation of CO,. A large portion of the literature is actively seeking high purity
zeolites, but this is often associated with a significant degree of experimental complexity or erroneous
conditions. Tailoring any BFA treatments to facilitate improved zeolite synthesis whilst possible, may
limit the potential for scaling up. It is highly likely that the BFA precursor will present variation such
that any optimised pretreatment for a specific batch may be inapplicable for another. Whilst tailoring to

specific batches is technically feasible, it is likely unviable. Feedstock quality is inherently variable so
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any pretreatment should be robust to this. With the view to mitigate fly ash disposal and potentially
reveal the feasibility for zeolitisation as a pathway to remediation, this work seeks to maximise the
utilisation of BFA by employing the bulk residue in the synthesis of zeolites. To do so, statistical design
techniques should be incorporated to ensure suitable optimisation and reliability, something often not
considered in the literature. In the interest of combatting waste variation, Taguchi techniques are well
suited to reduce the variability in the product by optimising the input conditions. Whilst most research
stops here, investigation of the zeolite product’s potential for CO, separation is only truly possible
through representative application in a reaction vessel such as a fixed-bed adsorber. The design, build
and commissioning of such has been in the remit of this thesis. Investigation of the parameters which
influence the BFA-derived zeolites performance for CO; capture in fixed-bed is also required to reveal

the actual potential for these materials in post-combustion CO; capture.
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3. Characterisation Methods

3.1. Material Characterisation
The characterisation of adsorbents is necessary for both understanding and describing the adsorption
properties they have as well as for their comparison. Various techniques can be used to generate a

comprehensive picture of the adsorbent’s physicochemical properties and characteristics.

3.2. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

The morphological characteristics of both fly ash precursor and zeolite product specimens can be
identified through the use of a Scanning Electron Microscope (SEM) which can elucidate to the
topographical nature of the materials. When coupled with the Energy Dispersive X-ray Spectroscopy

(EDS), identification of the distribution of elements present in the adsorbents can be achieved [195].

Morphological analysis of the as-received biomass combustion fly ashes and the produced specimens
has been completed by employing Scanning Electron Microscopy (SEM). As a non-destructive
technique this instrument directs a focussed beam of electrons onto the surface of a specimen. The
electrons interact and produce secondary electrons, backscattered electrons and X-rays, all of which can
be detected to produce detailed images. The secondary electrons are produced during inelastic scattering
of the primary electrons and afford the visualisation of the specimen’s topology. Contrastingly, back-
scattered electrons are those produced during elastic scattering, these high energy electrons originate
from deeper in the specimen and result in brighter imagery for atoms of higher atomic number due to
increase scattering. Operationally SEM instruments typically require high vacuum chambers and an
electron gun with an accelerating voltage up to 20 kV. Sample preparation involves affixing the
specimen to an aluminium stub either through dispersion in isopropanol or a conductive adhesive
(carbon tape or silver paint). Both fly ash and zeolite specimens are non-conductive and therefore

require sputter coating with gold to minimise localised charging.

Energy Dispersive X-Ray Spectroscopy (EDS) is an analytical technique used in conjunction with SEM
to determine the surface elemental composition of materials. When subjecting a specimen to an electron
beam, characteristic X-rays are emitted from elements present in the sample. Through determination of
the X-ray energy and their number, the sample’s elemental composition can be estimated. That said, for
elements with an atomic mass below that of Na, EDS often fails to accurately quantify. This is attributed
to the emission of longer wavelength X-rays providing weaker signals which can be absorbed in the
specimen [196]. This technique also facilitates visualisation of the distribution of elements across the
specimen by allowing mapping of the characteristic X-rays providing insight into any localised
concentrations of elements. This corroborates morphological analysis between various species present

in the samples (e.g. crystalline or amorphous).
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3.3. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique used to identify and
characterize chemical substances based on their molecular vibrations. By measuring how a material
absorbs infrared radiation at different wavelengths, FTIR provides a unique spectral fingerprint that
reveals information about the functional groups and molecular structures present. This technique whilst
able to identify various bonds present in crystalline zeolites (both framework and non-framework Si-O
and Al-O vibrations) the information you can draw from this is limited as most unit cells exhibit
vibrations at similar wave numbers. For fly ashes, whilst their inorganic composition may limit the
interaction with IR due to the lack of strong excitation upon exposure to IR spectra [197] it can be used
to corroborate findings from other techniques such as EDS and XRD. Samples are prepared by mixing
trace amounts of specimen with KBr to dilute the specimen and increase the detectability of the IR
radiation. This preparation method suits the transmission methodology of FTIR as KBr does not present
any absorption bands above 400 cm™!. That said, the compression of the mixture into a disc can induce
structural changes in the specimen; KBr is also extremely hygroscopic resulting in large O-H bands in
the absence of dehydration prior to analysis. For this reason, FTIR has only been employed for analysis

of the fly ash precursor.

3.4.  X-ray Diffraction

Identification of phases present in both the fly ash precursors and zeolite products has been achieved
through analysis of X-ray Diffraction (XRD) patterns. As an extremely powerful technique, XRD can
identify the presence of specific crystalline phases of materials through the diffraction and scattering of
X-rays due to interactions with the sample's atomic lattice. This can afford information around
crystallinity, structure quality and composition often achieved through software which can facilitate
both quantitative and qualitative assessments of the mineralogic content in adsorbents [ 146]. The XRD
instrument features an X-ray source where high-energy electrons are accelerated and collide with a
metal target, often copper which causes the emission of X-rays with characteristic wavelengths.
Diffraction occurs when light is scattered by a periodic array which possesses long-range order, this can
produce constructive interference at various angles. The electrons of an atom scatter light coherently,
the strength of which is directly related to the number of electrons around the atom. In crystalline
structures, the atoms are present in an array with periodicity and hence they can diffract light. The
scattering of X-rays in a crystalline specimen will produce a diffraction pattern that contains information
about the crystal’s atomic arrangement. The position of these diffraction peaks is determined by the
distance between parallel planes of an atom as the condition for constructive interference is described
by Braggs Law, EQ. 19, where 4 is the X-ray wavelength, djx is the interplanar spacing. The intensity
of the diffraction peaks is dictated by the location of atoms in a crystal structure and what they are (i.e.
how well they scatter X-rays). When a crystal structure with multiple diffraction peaks is analysed, the

produced diffraction pattern/diffractogram is characteristic to that phase, allowing for accurate phase
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determination based on existing datasets. When multiple phases are present the diffractogram is a
composition of these. If amorphous phases exist, while these will not produce sharp diffraction peaks,

broad peaks are produced often centred at specific angles allowing for an approximate identification.

A= 2dp, sinf EQ. 19
In this work, powder X-ray diffraction or more aptly polycrystalline diffraction has been employed due
to the nature of the investigated specimens, fine powders. The instruments used for this application
often use Bragg-Brentano geometry. In this configuration the diffraction vector, the angle which bisects
the angle between the incident and scattered beam is always normal to the specimen surface and hence
parallel to the plane normal (hkl). Polycrystalline samples contain a large number of crystallites,
meaning all possible diffraction peaks should be observed permitting these are randomly oriented. To
facilitate this, the powder specimen must be produced with a small and narrow size distribution before

lightly pressing into a corundum sample holder.

3.5.  Particle Size Analysis

Particle size analysis of the fly ash precursor has been achieved through laser diffraction techniques.
The particle size distribution of the fly ash is of importance due to the influence on a material properties
and reactivity during the alkaline fusion required prior to the hydrothermal synthesis of ash derived
zeolites. It is suitable for particles with a broad size range and types, such as powders, suspensions and
emulsions. The principle relies on the scattering of light through a suspension whereby the scatter angle
is inversely proportional to the particle size, i.e. larger particles scatter light at small angles and vice-
versa. Detectors measure the intensity of the scattered light, and the size distribution is determined
through mathematical models such as Mie theory. In this work, a Beckman Coulter LS230 Particle size
analyser was employed. Samples were prepared by dispersing the fly ash (< 0.2 g) in 50 ml of 4%
sodium hexametaphosphate solution prior to ultrasonic disaggregation for 10 min. The distribution
width is defined by the D.o.9, Dvo.1, Dvo.s values, which represent the diameter where 90 %, 10 % and 50
% of the population lies below this value. The volume mean diameter is defined by D4 3, EQ. 20.

n
Ditv;
D[4,3] = # EQ. 20

Z 1 D}v;

3.6. Surface Area and Porosity

In the context of gas adsorption, textural properties are also of significant importance. The porosity and
external surface area of a material are largely responsible for its ability to facilitate the adsorption of
adsorbates. Measurement of these properties is most often achieved through analysis of experimental
adsorption isotherms. The initial analysis involves qualitatively assessing the isotherm shape and
features such as hysteresis. The isotherms are then fit with an isotherm model which can facilitate
determination of the external surface areca. The Brunauer-Emmet-Teller or BET model is a popular

choice and employs the adsorption isotherms of nitrogen at 77K (the boiling point of N2) [198,199].
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Other gases are too employed such as Ar or Kr, however these are more costly than N, [59]. The
isotherm is measured after the adsorbent specimen is suitably degassed, in this work the degassing
procedure has been aligned to ASTM D4365 [200] featuring a vacuum degassing temperature of 350
°C (1 ®min™) for 12 h. The external surface area is determined via the BET equation (EQ. 21) in the
P/Py range which satisfy the criteria defined by Rouquerol [201]; traditionally this linear region was
taken between 0.05 — 0.35 however this has limited applicability when the specimen presents
microporosity. In EQ. 21, v is the specific adsorbed volume at relative pressure P/Py, C is the BET

constant and v,, is the specific monolayer adsorbed volume.

p 1 c-1 (P ) E
= + L 0.21
V(pO - p) Vi C VmC \po

Total pore volume and pore size distribution of FA and zeolite samples in this work have also been

estimated via analysis of the N, isotherm at 77K. For FA this was achieved by applying the Barrett-
Joyner-Halenda (BJH) method. This method is considered a classical approach and combines the Kelvin
equation with a cylindrical pore model to determine the distribution of pore sizes and the pore volume
of a porous material in the mesopore range [202]. The applicability of this method to zeolitic materials
is limited as they fail to satisfy the assumption of a cylindrical pore shape. In this case, Density
Functional Theory methods have been applied to estimate the total pore volume as this is often
considered more reliable due to their ability to capture micropore and mesopore filling and hysteresis
[203,204]. Both methods (BJH and DFT) have been implemented in the Kaomi software provided by
Anton Paar. The micropore volume of the samples in this work has been estimated through the t-plot
method. Whilst other methods exist, the t-plot method is widely used due to its versatility. The technique
relies on the estimation of surface area through the thickness of the adsorbed layer, t. The value ¢ is
referred to as the statistical thickness [205]. The adsorbed volume is plotted against the adsorbed layer’s
statistical thickness which is given by the de Boer equation, EQ. 22 [206,207].

1
2
t(A) _ 13.99 ] EQ 22

log (%0) +0.034

3.7. Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is an analytical technique that measures the change in mass of a
material as it is heated or cooled over time. This method provides critical insights into the thermal
stability, composition, and decomposition processes of substances by recording weight changes
associated with physical and chemical transformations. Whilst not conventionally used for the
assessment of adsorption/desorption, the instrument facilitates precise control of both temperature and
chamber atmosphere whilst recording sample mass to high accuracy. In this work a Mettler Toledo
TGA 2 system has been employed for proximate analyses and investigation into the adsorptive

performance of both ash precursor and zeolite product specimens.
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3.7.1. Proximate Analysis and Decomposition
Proximate analyses have been carried out aligned with ASTM D7582 [208] to determine the quantity
of moisture, volatile organic compounds (VOCs), fixed carbon and ash that is present in the biomass
combustion fly ash precursor and derived adsorbents. The procedure follows placing the sample into an
alumina crucible and exposing this to a series of thermal treatments. The first assesses the moisture
content by heating to 107 °C under N, (22 ml-min™") for 1 h. The temperature is then increased to 950
°C (30 °C-min™") under N, for 7 minutes to determine VOC content. The sample is then cooled to 600
°C under N before the gas is switched to an oxidising gas (air, 22 ml'min™) and then heated to 950 °C
(6 °C'min") where it is held for 3 h leaving the ash residue; the fixed carbon content is calculated as

the mass loss during this final heating stage.

3.7.2. Adsorption and Desorption Analysis
The adsorption of CO; has also been evaluated through the use of a TGA by simulating a TSA cycle
with pure component gases. In this context, the sample is loading into an aluminium crucible before it
is degassed at 150 °C (10 °C-min’! from ambient) under N> (50 ml-min™') for 2 h to remove any
preabsorbed species; the lower degassing temperature is employed here to simulate conditions more
representative of the post-combustion capture scenario, i.e. regeneration conditions of approximately
150 °C correlating with low-grade steam availability. After degassing, the sample is cooled to the
adsorption temperature where after settling, the gas flow is switched to 100 mol% CO> (50 ml-min’")
and held until equilibrium has been achieved. In screening assessments, the adsorption time was fixed
at 2 h however equilibrium is defined in this work as a mass change of less than 0.005 mg-min™'. This
final mass value is used to determine the equilibrium adsorption capacity measured gravimetrically.
The dataset of adsorbed amount vs time has been used to investigate the kinetics of CO, adsorption at
the small scale. A typical TGA programme employed for analysis of adsorption and desorption is

provided in Figure 3.1.
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Figure 3.1: A typical programme sequence employed to analyse the adsorption of CO2via TGA.
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3.8. Adsorption Kinetics
With the adsorption data from the TGA, the kinetics have been investigated by fitting the adsorbed
amount against time to various kinetic models. In this work four kinetic models have been evaluated

for quality of fit, these are given in Table 3-1.

Table 3-1 Kinetic models investigated for quality of fit in this thesis.:

Model Differential Equation
Pseudo First Order, PFO dq;
Tt = K1(de — a0
Pseudo Second Order, PSO dqy 5
dar =ky(ge — q¢)
Elovich % _ qe-Ba
dt
Intraparticle Diffusion W&M qr = kipp - tY2 + C

3.9. Volumetric Equilibrium Gas Adsorption

As an alternative to gravimetric techniques, volumetric gas adsorption has been the traditional method
owing to its relative simplicity [53,209]. This technique is that which is employed by most
commercially available BET surface area analysers and relies on the measurement of changes in
pressure in a calibrated volume at a constant temperature. Gas is normally dosed from a vessel of
known/calibrated volume to another containing the adsorbent. The dosed amount should correlate to an
increase in pressure in the second vessel; any deviation from this is a result of adsorption onto the
adsorbent. By plotting the adsorbed amount vs absolute pressure an equilibrium adsorption isotherm is
produced. This isotherm can be fit with theoretical or empirical models to reveal the adsorption
mechanisms. In this work, five isotherm models have been investigated for quality of fit, these are given
in Table 3-2. All samples in this thesis were degassed under high vacuum at 350 °C prior to analysis;
the instrument employed was an Anton Paar NOVA 600 instrument. The sample bulb dead volumes

were corrected by helium expansion.

Table 3-2 Equilibrium adsorption models investigated for quality of fit in this thesis.

Model Equation
Langmuir 9= q _ k. P
qm  1+kP
Freundlich 1
q = kpPmr
Sips g 4 __sP)™

qm 1+ (ksP)"s
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Toth 0 _ 9 _ krP

1
[1+ (kerP)nr]r
Multiple Site Langmuir .= = my ki@ P

1+ kP

L

3.10. Adsorbent Selectivity

Pure component adsorption comprises a significant portion of both academic and industrial research in
the field of adsorptive separations. It is however, extremely uncommon for feed gases to be of pure
components. In the case of post-combustion CO» capture the feed gas is composed in the simplest sense
of N2, Oz, CO» and H,O. The adsorption of CO; then requires the adsorbent to be selective towards this
adsorptive. Assessment of adsorbate selectivity, commonly CO»/N; due to N» being the bulk of the feed
gas, is inherently challenging in gas mixtures due to experimental requirements [210]. Selectivity can
be estimated via breakthrough tests using gaseous mixtures although this requires significant capacity
to measure each gas concentration and the total flow rate, pressure, temperature and etc. Estimation of
the selectivity can be made through analysis of the pure component isotherms. Pure component
selectivity in a binary mixture requires evidence of an adsorbent’s equilibrium capacity for each gas
[211]. Itis estimated at a given pressure and temperature based on EQ. 23., where nco: and ny: represent

the equilibrium adsorption capacities at the same pressure and temperature.

Op(coz/N2) = Ncoz /M2 EQ. 23

Selectivity can also be estimated using the adsorbent-adsorbate Henry’s constants which gives an
indication of the selectivity in the initial adsorption stage (typically below 0.15 bar(a)) which is often
what dictates the breakthrough performance of a specific system. Equilibrium selectivity is calculated
as the ratio of Henry’s Law constants according to EQ. 24 [212]. Henry’s Law constants can be
estimated via fitting the experimental uptake data to the virial expansion as per EQ. 25 with Ky given
by EQ. 26. Here azcoznz) is the equilibrium selectivity (CO2/N2), A;are the virial coefficients, p is the
equilibrium pressure, ¢ is the adsorbed amount at that pressure and Ky is Henry’s Law constant for

species i. [213,214].

OE(co2/N2) = Kuco2/Kun2 EQ. 24

In (2) = Ay + A1q + A,q° EQ. 25
q

Ky =e o EQ. 26

Additionally, the separation factor has also been estimated for the FA-derived zeolites at typical post-
combustion conditions (CO2/N, — 15 kPa/85 kPa) through EQ. 27 where y is the molar fraction of gases

in the gas phase and x is the molar fraction of gases in the adsorbed phase [215].
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Ycoz/Yn2
S — ZL0z2/ /N2 EQ. 27
coz/nz Xcoz/Xn2

3.11. Enthalpy of Adsorption

The isosteric enthalpy of adsorption has been estimated in this work via the Clausius-Clapeyron
approach. The equation for this is provided in EQ. 28 where T is absolute temperature, p is vapour
pressure and the molar enthalpy of adsorption is AH,. This property indicates the strength of the
interaction between adsorbent-adsorbate and typically varies as a function of both temperature and
adsorbent loading. The method involves fitting multiple empirical isotherms (A10 — 20 K) with
continuous functions (e.g. Langmuir, Toth or Sips model) whose constants are used to predict data pairs
comprising the adsorbent loading and adsorbate partial pressure [216]. The isosteric method is based
on the integrated version of EQ. 28 assuming the enthalpy of adsorption is constant over small
temperature intervals (77 — T»), given by equation EQ. 29 [53,216]. Given that most adsorbents present
different adsorption sites and surface energies, their adsorption enthalpies will vary according to the
surface coverage. The variation of AH,s can be seen when plotted against the adsorbent loading

indicating the energetic heterogeneity of the adsorbent-adsorbate pair.

dp _ p-AHugs EQ. 28

dT —RT?

ln&:%<i_i) EQ. 29
P1 R \T; T,

3.12. Compressive Strength

The primary mechanical property of an adsorbent pellet is its’ compressive strength. The common
failure mode for extrudates is a brittle fracture [217] along its radius and hence characterisation of a
pellets radial crush strength is recommended for mechanical stability investigations [218]. In this work,
the radial crush strength has been estimated via ASTM D6175 [219] using a Mecmesin MultiTest-dV.
Briefly, this procedure loads individual pellet samples of aspect ratio (defined as the ratio of pellets
length to diameter) than 1 at a rate of between 4 and 20 N-s'! until failure is observed. The peak force
and length of the pellet then provides a crush strength in the form N-mm™. All materials were

conditioned at 150 °C for 12 h to remove free water before testing.

3.13. Design of a Fixed-bed Reactor

Materials prepared for the selective capture of CO, require comprehensive testing to identify their
suitability for various applications. In the context of PCC the typical flue gas conditions are 40 — 60 °C,
CO; partial pressures are normally in the region of 4 — 16 mol% with the upper representative of coal
fired stations and the lower natural gas, the mid-range is typical for biomass fired stations and other less
conventional fuels [33,220]. Whilst the TGA is often used due to the simplicity and speed with which
data can be collected, the value of this data is dwarfed by that produced through breakthrough apparatus.

These systems are much more representative of the configuration in which adsorbents will be applied.
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In the literature, there appears to be a consensus in the design fixed bed reactors among researchers in
this field, column geometry is often constrained to internal diameter of between 0.01 m and 0.02 m, and
a height of between 0.13 and 0.18 m [221-223] (column height and not bed length) fabricated from
stainless steel. Typical column specifications and process conditions used for the evaluation of ash

derived adsorbents are given in Table 3-3.

Table 3-3: Existing fixed-bed reactors used for the evaluation of ash-based sorbents.

Column Gas Adsorption Desorption

H | ID | CO2/H20/N2 Superficial

| (m) (mol%) (L/min) () T (°C) | P (barg)| T (°C) |P (barg) |Source
- 10.05 5/5/90 1.0 0.0085 60 0 120 0 [224]
0.1 |10.02| 5-20/0/95-80 | 0.2-1.2 | 0.0106-0.0637 | 50-90 0 90-150 0 [225]

0.16|0.02| 5-20/0/95-80 | 0.4-1.2 | 0.0212-0.0637 | 40-80 0 105 0 [222]

0.13]0.02 15/15/60 1.0 0.0531 30-60 0 - - [221]
- 10.02 14/0/86 1.0 0.0531 650 0 900 0 [226]
0.16|0.02| 10/8-16/82-74 | 0.16-0.83 | 0.0085-0.0440 | 60-100 0 120-200 0 [227]
0.18]0.01| 0.08/10/89.92 | 0.3-1.0 | 0.0637-0.2122 |-20-40 0 - - [223]

3.13.1. Design Intent
The design intent of any process is key in order to be able to adequately and satisfactorily assess and
mitigate any of the associated hazards to ultimately improve the inherent safety of the process. The
fixed-bed reactor is designed to capture 30 — 90 % of the CO» from a synthetic flue gas. The composition
of the simulated flue gas will be 4 — 20 mol% CO, in a nitrogen balance; the gas will pass through the
reactor at a total flow rate of 1 — 10 L-min™". Prior to any experiment the equipment will be calibrated.
During adsorption the operating conditions within the reactor will be a pressure of 1.3 bara and a
temperature of 40°C maintained by a pressure control valve (PCV-1) and two electric heaters (E-1 and
E-2) which will be regulated by a temperature controller. The adsorption regime will continue until the
concentration of CO» in S-7 is identical to S-6 and the column is saturated. Upon the saturation condition
being met, the bed will be regenerated by passing a hot purge N, stream through the column. Desorption
will take place at a maximum of 180 °C and 1 bara; the temperature of the column will be maintained
by the two electric heaters (E-1 and E-2) with temperature controllers. The high temperature CO; rich
gas will be cooled passively by an air-cooler (E-3) to room temperature prior to passing through the gas
analyser. The desorption regime will continue until the concentration of CO; in the effluent stream is

equal to the ambient level.
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3.13.2. Final Design
The final design can be seen in Figure 3.2 which exhibits the schematic of the developed process,
instrumentation, and control methods. This design was the result of comprehensive risk assessments

including HAZID and What-if? analyses.
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Figure 3.2: Final process design schematic of the fixed-bed reactor designed, built, commissioned and tested in this work.

3.13.3. Piping & Instrumentation Diagram
3.13.3.1. Node 1 — Synthesising Simulated Flue Gas
The first node comprises the two gas cylinders (CO and N>), two mass flow controllers (MFC1 and
MFC2), two check valves (CV1 and CV2) and an electric resistance heater with temperature controller
(E1). The CO; and N, feed streams are provided from compressed gas cylinders (BOC) and PR1 and

PR2 represent the two stage pressure regulators in the laboratory. All piping is seamless 4” OD 316
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stainless steel (Swagelok). The two mass flow controllers have been sized to be capable of supplying
the reactor with between 1 and 10 L-min™! synthetic flue gas of between 4 and 20 mol% CO; carried in
an N balance. Given that the pressure in the CO; and N, cylinders is 50 and 200 bar respectively, there
will be a significant drop in temperature as the pressure reduces to the line pressure after the regulators
cl.3bara. This effect is known as the Joule-Thomson effect which describes the isenthalpic reduction
in gas pressure, resulting in either an increase or decrease in temperature. Estimations of this effect have
been carried out and elucidated to CO, and N» gas temperatures of -63 °C and -16 °C, respectively at
the regulator outlets (V-1 and V-2, respectively). By conducting heat balances across the pipe’s inlet to
the two MFCs, it was clear that the low heat capacities of the gas meant that the gas temperature would
normalise extremely quickly and thus no heater is required prior to the MFCs. Gas supply to the reactor

at a desired temperature for both adsorption (~40 °C) and desorption (150 °C) requires the addition of
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Figure 3.3: Revised piping & instrumentation diagram for the fixed-bed reactor after completion of the risk assessment process.
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heat in S-3 by the heater E1. The heater is of resistance type and features full PID control. The heater
has been sized through estimated of the overall heat transfer coefficient 4, Different correlation are
required for laminar, transition or turbulent flow, the correlation for laminar flow is given EQ. 30 where
D = pipe diameter, L = pipe length before mixing occurs in the pipe in m, u» = fluid viscosity at bulk
average temperature in Pas, u, = viscosity at the wall temperature, ¢, = heat capacity in J/kg'K, k =
thermal conductivity in W/m'K, h, = average heat-transfer coefficient in W/m?, and Ny, =
dimensionless Nusselt number. All physical properties are evaluated at the bulk fluid temperature

except .

1

hqD D\3 (pp\O1* EQ. 30

(Nyvu)a = (;C =1-86<NReNPrZ) (_) ¢
Hw

The Reynolds number is given by EQ. 31 and the Prandtl by EQ. 32

Dv
Nge = -ve EQ. 31
U
C
Np, = pTH EQ. 32

The viscosity of the mixture can be calculated at both the bulk and wall temperature. For viscosity
calculations Schmik’s equation for binary mixtures can be used shown in EQ. 33 although approximate
values can also be found using mass fraction averaged calculations. Wilke’s equation can also be used

although this can lead to significant errors in real gases [228].

iy = M EQ. 33
% xi/M;
The area of pipe required to be at the wall temperature can be found using the equation detailed in EQ.
34 where T, = wall temperature in K, T = inlet bulk fluid temperature and 75, = outlet bulk fluid

temperature in K.

(Tw - Tbi) + (Tw - Tbo) EQ. 34
2

q = hyAAT, = h A

3.13.3.2.  Node 2 — Fixed-bed Reactor

The second node comprises the fixed-bed reactor, R1, a needle valve (NV1) to vent to atmosphere
during calibration, a solenoid valve (SV1) to contain the system in the event of failure or incorrect flow,
a pressure relief valve (PSV1) to ensure the pressure within reactor would be released in the event of
excessive fluid pressure increase, a back pressure regulator (PCV1) to regulate pressure in the vessel
and a cooling system (E3) to reduce the gas temperature during desorption prior to entering the gas
analyser in node 3. The reactor itself features a second electric heater (E2) of the resistance type
controlled via full PID with feedback from the column wall temperature and/or top/bottom fluid

temperature. Given the reactor vessel is classified as a pressure vessel there are requirements for the
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material specifications outlined by various organisations, for example the American Society of
Mechanical Engineers (ASME) [229,230] or the British Standards Institution [231]. Using these
standards and design specifications for the reactor of a maximum 150 °C and 8 bar the minimum wall
thickness would be 0.3mm with an internal diameter of 50 mm. The connection fittings for the reactor
and process piping are provided by Swagelok. Swagelok specify that a 2” OD pipe must have a
minimum thickness to ensure a leak-tight connection. For gas service this thickness is 0.188” or 4.76mm
[232] far exceeding that of the minimum requirement. Cooling requirements for E3 were estimated
using the equations detailed in the previous section. The pressure drop through the column can be
estimated using the Ergun equation for fixed beds and is given in EQ. 35 where 4P = pressure drop, Ly
= length of bed of solids, ¢ = void fraction, x4 = fluid viscosity, # = superficial velocity, d, = particle
effective mean diameter and pr = fluid density. The pressure drop is estimated for a range of effective
particle diameters, bed heights, void fractions and feed conditions.
AP (1-¢e)?u-u a- e)pru’

—=150————+1.75
Ly e3d3 e3d,

EQ. 35
3.13.3.3. Node 3 — Gas Analysis

The third node encompasses the gas analysis section and includes three needle valves (NV2, NV3 and
NV4) to meter the gas flow to the analyser (GA 1) for the calibration, adsorption and desorption regimes,
an N/C solenoid valve (SV2) which would stop flow to the analyser if the gas stream is at an extreme
temperature or pressure that exceeds the limits of the analyser, a particulate filter and moisture trap. The
gas analyser is a Gascard NG sourced from Edinburgh Sensors with a CO, measuring range of 30 mol%

CO,. The needle valves are required to ensure appropriate flow distribution so that the correct flow rate

of gas passes through the analyser (~ 1 L-min™).

3.13.1. Reactor Control
The reactor has been designed to run with near complete autonomy, requiring only the selection of set
temperatures and pressures and their tolerable range during operation. This has been achieved by
developing a control architecture for each of the operating schemes in LabVIEW. The control
architecture employs a state-machine with both error control/handling and emergency shutdown
procedures. All of the control systems including the two heating PID control loops, MFC control loops
and gas conditioning and analysis systems are software based whilst the emergency shutdown

procedures are both hardware and software-based. The state diagram is provided in Figure 3.4
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Figure 3.4: State machine schematic for the developed fixed-bed reactor control system.
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4. Characterisation of Biomass Combustion Fly Ash

4.1. Introduction

Utilisation of BFA requires knowledge of composition and physicochemical properties, without which
selection of an application will likely be misplaced. Vassilev et al. state that the two fundamental aspects
connected with the use of biomass ashes are: 1) to extend and improve the basic knowledge on
composition and properties; and 2) to apply this knowledge for the most innovative and sustainable
utilisation and/or environmentally safe disposal [233]. Initial characterisation of BFA is critical for
determining an end use. To that end, this chapter presents the comprehensive characterisation of BFA

sourced from Drax Power Station, Selby.

The biomass fuel used at Drax power plant is typically wood and woody biomass pellets; the ash formed
from its combustion tends to have some of the lowest ash yields when compared to other variants such
as animal or agricultural biomass [39] with ash yield increasing as you move vertically away from the
stems/stumps toward foliage. Wood grown in hotter climates tend to produce more ash although this is
also dependent on the age and type (hardwood has higher ash content than soft) [234-236]. Even with
a basic understanding of the origin of the biomass and its growing conditions, the thermochemical

conversion processes and any downstream gas processing can significantly alter the final ash properties.

Drax Power Station comprises four individual biomass boilers which were originally intended for the
combustion of pulverised coal. A number of factors can influence the fly ash properties and introduce
heterogeneity, including combustion efficiency and plant load. Ash heterogeneity is problematic for
any secondary applications. Characterisation of fly ash provided by Drax Power Station provides insight
to their associated properties, informing the pathway to ash valorisation and application in CO, capture.
In this context, four separate fly ash samples collected at different times from Drax have been
characterised in terms of surface morphology and elemental composition, phase composition, proximate
analyses, particle size and adsorption of N (77 K) and CO; (273 K). Evaluation of the ashes is made in
the context of their direct application in post-combustion CO, capture and alternately, their use as a

precursor for zeolitic adsorbents.
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4.2. Surface Morphology Analyses

The surface morphology of the raw BFA from Drax was evaluated using SEM which can be seen in
Figure 4.1 to Figure 4.3. Given the nature of biomass FA i.e. non-conductive, the samples were gold
coated prior to analysis which involved fixing the sample on conductive carbon tape to the sample stub

followed by deposition of a thin layer of gold via the gold sputtering technique.

|

Figure 4.1:BFA SEM: a) 10kV, 500pA and 0.5kX magnification; b) 10kV, 500pA and 0.5kX magnification; c) 20kV, 500pA
and 2kX magnification; d) 10kV, 500pA and 2kX magnification; e) 10kV 500pA and 1kX magnification; f) 10kV, 500pA and
3kX magnification.
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The ash is comprised of multiple morphologies including spherical particles with wide size variation;
particle agglomerates and a selection of porous elements, as can be seen in Figure 4.1.a). The spherical
particles are typical of fly ash and can be attributed to their amorphous/glassy outer layer formed as a
result of relatively abrupt cooling directly after combustion [237]; these particles will often have a
varying wall thickness as a result of this. Fly ash particles can also present as hollow particles, consisting
of aluminosilicate shells having inclusions of crystalline phases such as quartz or mullite [238,239],
examples of these albeit non-spherical can be seen in Figure 4.2 and Figure 4.3. The broad range of
morphologies can be seen clearly in Figure 4.1.b) along with evidence of porosity. The porous particles
can be seen more clearly in Figure 4.1.c) through f), although these pores are within the macroporous

region and of limited value in the context of CO, adsorption.

N : : < D, : ¢ N i85

Figure 4.2: BFA SEM: a) 20kV, 300pA and 1kX magnification; b) 20kV, 300pA and 2kX magnification; c) 10kV, 50pA and
3kX magnification; d) 10kV, 100pA and 3kX magnification.

Figure 4.2.a) through d) show similar characteristics i.e. a wide size distribution of spherical particles,
agglomerations of these and a select number of porous elements, the exception being Figure 4.2.c). The
EDS analysis of this image elucidated to the presence of a significant amount of O (41wt%), Ca
(25wt%) and Si (15wt%) as well as Al, Fe, Mg, and K. This particle will be an aluminosilicate sphere
with inclusions of various other elements. Irregularly shaped particles can be seen in Figure 4.2.d)
perhaps elucidating to the accumulation of various similar elements. When increasing the magnification

shown in Figure 4.3.a) and b), it can be seen that on the surface of the irregular and slightly porous
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elements there exists a rough surface or the attachment of non-spherical features. When increasing the
magnification further in Figure 4.3.c) and d) the tetrahedral indentations seen in Figure 4.2.c) can be
seen more clearly and occur in various sizes. Surface inclusions of crystalline phases can also be seen
due to their non-spherical morphology. For example, hematite can present as small crystalline

inclusions [240].

i 'k'g:\\'* Sy

AT

Figure 4.3: BFA SEM: a) 20kV, 300pA and 3kX magnification; b) 20kV, 300pA and 5kX magnification; c) 10kV, 50pA and
10kX magnification; d) 20kV, 50pA and 15kX magnification.

Owing to their intrinsic variability, the ashes produced from biomass combustion will present a more
diverse range of morphologies than their coal analogues. For wood and woody biomasses, there is often
a prevalence of calcium rich particles that present as irregularly shaped, loosely bound, and sub-micron
salt particles [241]. An elevated presence of calcium in a biomass feedstock is known to reduce ash
melt/fusion by the increasing the temperature required for such, by between 100 and 200 °C, this
however is also dependent on the other components present in the ash [242]. In this case, particles which
do not undergo complete melt/fusion processes will exhibit angular rather spherical morphologies and

owing to their high melt temperatures, will often be quartz or feldspar phases [243].

4.1.  Elemental Analysis
The specific elemental composition of fly ash is primarily a function of the biomass feedstock as the

inorganic matter within the biomass comprises the bulk of the ash residue [242]. The combustion
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process is often dynamic with fluctuations in gas velocity, pressure and temperature influencing the ash
formation mechanisms. This can alter the distribution of elements within the residue and when coupled
with variations in the inorganic constituents of biomass, ultimately leads to heterogeneity [244]. This
heterogeneity makes accurate measurement of bulk fly ash elemental composition challenging. Fly
ashes are also a relatively complex matrix of phases both crystalline and amorphous phases. Commonly
employed techniques such as XRF and EDS exploit the characteristic X-rays emitted from individual
elements to quantitatively assess elemental composition. As a technique, the accuracy of XRF is heavily
dependent on the availability of referenceable standards; the heterogeneity of biomass fly ashes and the
complexity of them as a matrix of different phases, limit the applicability of this technique as accurate
standards are unavailable [245]. Although EDS is considered a surface level analysis only, it can be

successfully used to semi-quantitatively characterise the elemental composition.

Table 4-1: Surface elemental composition of the four fly ash batches evaluated via EDS.

FA1l FA2 FA3 FA4 Relative Standard Deviation
wt% wt% wt% wt%
_ _ _ _ S
Element X S X S X S X S = x 100
Na 07 06 15 04| 19 |02 13 06 36.7 %
Mg 24 15 21 04 22 01 22 03 7.4 %
Al 10.7 1 0.8 79 30 99 09| 9.6 | 05 12.4 %
Si 178 2.7 175 3.7 168 14 17.6 0.7 2.6 %
05 04 09 05 07 05 08 03 27.4 %
S 1.2 1.1 21 06 15 04 14 02 25.1 %
K 105 | 1.7 97 1.8 102 | 1.0 9.6 0.5 4.3 %
Ca 100 24 117 19 101 15 102 0.9 7.8 %
Fe 41 04 50 24|52 |05 50 04 9.9 %
(0) 421 1.1 417 1.0 415 0.6 424 0.7 1.0 %

The elemental composition of the four fly ash batches, measured via EDS by averaging 10 areas of the
sample, is provided in Table 4-1 where X and S are the mean value and standard deviation, respectively.
The relative standard deviation (RSD) has been calculated by dividing the mean by the standard
deviation and is provided as a percentage. The analysis has revealed the fly ash to be primarily
comprised of Si, Al, Ca and K with significant quantities of Fe. Sodium, Mg, P and S have also been
identified but in smaller concentrations and associated with a larger degree of variability. The largest
variation is observed with Na; however, this, to some extent, can be attributed to limitations with the
EDS technique as it fails to accurately quantify elements with low atomic numbers such as those
including and below Na. This is due to the absence of core electrons for the generation of any X ray

(e.g. hydrogen), or, as a result of too low-intensity of the emitted X ray for reliable detection and
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measurement (e.g. lithium). Phosphorus and Sulphur are commonly observed in biomass ash residues
due to their presence in soils and fertilisers [246]. These elements when present in the ash are mostly
secondary (i.e formed during combustion) and as such heavily influenced by the combustion conditions
resulting in a large standard deviation [233]. Less variation is observed in elements at greater
concentration such as Si and Ca. Aluminium is an exception to this and whilst comprising
approximately 10 wt% of the FA, the samples present a 12.4 % relative standard deviation. This is due
to the low concentration measured in FA2; this fly ash also presents a slightly higher Ca content than
the other batches. The oxygen content for all samples is calculated assuming oxide stoichiometry. The
silicon to aluminium weight ratio based on the EDS analysis is 1.67, 2.22, 1.70 and 1.83 for FA1, FA2,
FA3 and FA4, respectively. Faujasite and LTA zeolites are commonly synthesised with Si/Al ratios of
1.5 and 1, respectively [247] which suggests these FAs may not be entirely suitable for their synthesis
without provision of aluminium. Synthesis of these phases however, has been reported for fly ash
precursors with wide ranging Si/Al ratios including beyond those typical for synthetic zeolites A and X
[120,146,147,149,160,165,187,248-250]. During the combustion process, sulphur, phosphorous and to
a lesser extent, sodium, magnesium, potassium and calcium can vaporise after which they will re-
condense and form aerosols as the temperature decreases downstream of the combustion reaction [241].
Normal biomass boiler furnace temperatures are typically between 800 — 900 °C with exit gas
temperatures often higher than this [251]. This can promote slag formation and fouling on heat transfer
surfaces due to condensation of gaseous sulphates and chlorides. The presence of potassium in the
biomass fuel is the primary concern as these species promote lower temperature melting of siliceous
species further promoting slag formation and fouling; the incorporation of additional alkali and alkaline
earth metals usually lowers the melting point further. In the context of zeolitisation, sodium is the
common cation selection and facilitates the formation of common CBUs such as sodalite cages and
D4Rs; calcium and potassium however, can exhibit structure breaking effects [131]. High concentration
of calcium is very common to biomass ashes and it has been reported that its inclusion within zeolitic
phases can also promote CO, adsorption by enhancing the acid-base interactions [140]. Iron is also
common in biomass fly ashes and although less reported in terms of CO, adsorption on zeolites, as a
charge compensating cation, it enhances the catalytic performance of FA-derived zeolites [132]. That
said, oxides of both iron and calcium can hinder the nucleation rate during fly ash-zeolitisation [116].
The bond length of Fe-O (1.9 A) is greater than that of Ca-O’s, which increases strain in the lattice,
whereas calcium often preferentially reacts with silicates to form hydrated calcium silicates rather than

crystalline zeolite phases [129,130].

4.2. Proximate Analysis
Proximate analysis is used to estimate the relative percentage of moisture, VOC, fixed carbon and ash
within a specific material. Although typical for organic or carbonaceous substances owing to their

composition, as a tool it is still useful for bulk characterisation of fly ashes. In this case, it can facilitate
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a first estimation of the variation that exists within the fly ash between sample batches. In this work,
the analysis has been conducted aligned with ASTM D3172 which is the standard for proximate
analyses of coal and coke. Of the four fly ash batches based on the RSD for each component, a degree
of variation does exist. This can arise from both the mechanism of production (i.e. differences in the
combustion, transportation or storage of the ash) and the heterogeneity in the biomass feedstock. The
tabulated results are provided in Table 4-2. Moisture content between the four batches does vary
between FA1, FA2 and FA3, FA4; however, this can be attributed to FA1 and FA2 being collected from
the production site earlier than FA3 and FA4, whilst the analysis was conducted at the same time.
Additionally, fly ashes are generally hygroscopic so the weight percent of moisture is expected to
increase during storage. Denoting the fly ash weight loss during heating to 950 °C under N as volatile
organic compounds (VOCs) is potentially misleading as this will possess contributions from both VOCs
(from incomplete combustion) and the decomposition of inorganic phases [252]. Given the composition
of the FA, the mass loss during this step is more easily attributed to the decomposition of various alkali-
and alkaline earth metal-based compounds, including carbonates [253]. The presence of fixed carbon
in all samples is relatively consistent for all batches and is expected, given their grey colour. This carbon
is a result of incomplete combustion of biomass in the boiler [254]. Ash content sits at around 90 wt%
for all samples bar FA2; this batch exhibits the highest content of volatile compounds and the lowest
ash content. This could be a result of an increased calcium content which exists in its carbonate form in
the fly ash which is subsequently calcined, increasing the weight loss during volatile determination and

hence reducing the final ash weight.

Table 4-2: Proximate analysis as per ASTM D3172.

Fly Ash Moisture, wt% VOC, wt% Fixed Carbon, wt% Ash, wt%
FA1l 0.57 5.20 3.20 91.03
FA2 0.49 6.09 4.45 88.97
FA3 0.15 3.42 4.45 91.98
FA4 0.14 3.48 4.59 91.79
RSD 67.1 % 28.9 % 15.6 % 1.5%

4.3. Phase Identification

With inorganic elements comprising the majority of the fly ash; the nature of the inorganic phases which
contain these elements is of equal importance. The inorganic phases in FA can present as amorphous,
semi-crystalline or crystalline constituents [233,246,255], identification of which can inform
subsequent valorisation and application methods. Depending on the phases present, the degree of
reactivity which could be expected from alkaline hydrothermal procedures is variable, with crystalline
phases such as mullite considered inert in the context of fly ash zeolitisation [40]. The four fly ash
batches have been characterised by powder X-ray diffraction to identify which crystalline phases are

present, these are provided in Figure 4.4; the PDF numbers are provided for all identified phases in
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Table 4-3. The diffractograms corroborate the results of the EDS analysis with each of the elements
evidenced in the crystalline phases, specifically, quartz, mullite, hematite, portlandite and calcite. All
of the fly ash batches present a broad ridge on their diffractograms centred at a 26 of approximately
30°. This ridge is a result of the lack of long-range order in amorphous phases and potential scattering
as a result of this disorder; the position of this peak is related to the average interatomic distances within
the material and hence can still elucidate to the material type. In this case, centred at 30° the amorphous
constituent is likely a complex mixture of glassy aluminosilicate phases [256,257] formed during the

abrupt cooling after combustion [246,258,259].
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Figure 4.4: Powder X-ray Diffractograms of the four fly ash batches.

Calcium is essential for plant growth and exists in biomass in various forms including calcium oxalate
and calcium carbonate [128]; the high temperature thermochemical conversion of biomass can lead to
decomposition of these phases forming CaO. In oxide form, calcium has good potential for direct
carbonation although this is typically carried out at elevated temperatures (e.g. 650 °C); less likely is
the application of these oxides for post-combustion capture due to the high temperature requirements
for carbonation and regeneration and/or the slow kinetics of the carbonation process when carried out
at low temperatures [260]. Portlandite has also been identified in the fly ash batches and is likely a
derivative of calcium oxide. The formation of portlandite occurs during the transport and storage of fly
ash hence, it’s considered a tertiary phase forming via hydration of CaO with ambient moisture [42].
Portlandite will react with CO, at much lower temperatures than CaQ, typically from ambient to below

100 °C after which dehydration occurs [261,262]. That said, formation of CaCO; would still require

79



extremely high regeneration temperatures. Considering the high combustion temperatures and elevated
concentration of CO, within a boiler, it is to be expected that calcium carbonate exists in the ash
residues. Calcium is present in woody biomass at naturally high concentrations and presents as calcite

in the ash due to exposure to high temperatures and high CO» partial pressures [263].

Magnesium is also present in the diffractogram in periclase (MgO). Periclase can be formed by similar
mechanisms to CaO [242]. Although a minor constituent in the fly ashes based on the measured EDS
quantity, periclase requires lower temperatures for carbonation reactions (100 — 300 °C) and calcination
(<500 °C) [264]. The presence of anhydrite further confirms the presence of sulphur identified in small
quantities via EDS. Anhydrite is anhydrous calcium sulphate which forms through oxidation of sulphur
contained in the biomass and the subsequent reactions with calcium-species [265]. This chemical
reaction is used to reduce SO emissions in flue gases and is employed by Drax Power Station. In the
FGD process a scrubber introduces the gas to CaCOj3; and/or Ca(OH), sorbents which react with SO, in
the flue gas to form Ca-S compounds such as gypsum [266]. In the case of Drax however, FGD is
downstream of the FA collection, so anhydrite in the ash suggests this is formed in the boiler. Some
traces of hematite can be observed in the diffractogram; however, this is assumed to be of limited
quantity owing to the relatively low concentration of iron in the fly ash and the low peak intensity (at
20 = 33.2 and 35.6 °). Hematite can form via decomposition on pyrite and other iron containing
compounds such as iron sulphides through thermal decomposition and subsequent oxidation or direct

oxidation [267].
Table 4-3: Powder Diffraction Files (PDF) of the phases identified.

Phase PDF

CaO 01-070-4068
Ca(OH), | 01-070-5492
CaCOs3; | 01-071-3699
Hematite  01-073-8431
Mullite | 01-074-4145
Periclase  01-076-3013
Anhydrite 01-080-0787
Quartz | 01-089-1961

Mullite is a stable aluminosilicate mineral and is often found in fly ash due to the exposure of clay-type
minerals (e.g. kaolinite) to temperatures of approximately 1000 °C during combustion forming
crystalline mullite [268,269]. Properties of mullite include high thermal, mechanical and chemical
stability, with the latter reducing efficacy of any alkaline treatments in view of zeolitisation [40]. The
presence of mullite however, proves this biomass fly ash as a candidate for such. Conversion of mullite

and other stable crystalline phases through high temperature alkali activation/fusion increases the
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availability of Si and Al containing species by forming soluble sodium silicates and aluminates [135].
Traditional hydrothermal procedures are often unable convert phases such as mullite, limiting the
zeolite yield and leaving unreacted ash particles as product impurities [40]. Based on the EDS analysis,
silicon is the primary constituent of the fly ash, with crystalline silica (quartz) observed in each of the
fly ash diffractograms. The sharp and angular morphology of quartz has also been observed in the SEM
[270]. Although quartz may remain unchanged through combustion it can also form through various
conversion mechanisms, one being the conversion of kaolinite to mullite and amorphous quartz at

approximately 900 °C [243].

4.4. Thermogravimetric Analysis

As a complement to the previous analyses, thermogravimetric analysis (TGA) can further the
understanding of the specific phases present by observing the fly ashes behaviour at elevated
temperatures. When used in conjunction with derivative thermogravimetry (DTG) these analyses can
facilitate determination of specific decomposition reactions and their associated temperatures. Curves
(TGA and DTGQG) are provided for all fly ash batches in Figure 4.5 under three different gases, air,

nitrogen and carbon dioxide.

Evaluation of the fly ashes under air provides insight into the potential for any combustion or oxidation
reactions. Given that volatile compounds and carbon have been identified in all of the four fly ash
batches (Table 4-2), mass loss in the region of 400 — 600 °C is expected. Under air, the largest mass
loss for all fly ashes occurs at approximately 460 °C. This is typical of residual carbon oxidation forming
CO; [271], with FA1 presenting the least mass loss and FA2 the greatest. Based on the proximate
analyses, FA1 presents the lowest fixed carbon content and highest VOC, decomposition of the volatiles
can be observed in a gradual mass loss prior to the significant drop at 466 °C likely owing to the slower
decomposition of volatiles. In the 650 — 700 °C region, the mass loss can be attributed to dehydration
of hydroxides and/or decomposition of carbonates; variation in the specific temperature is influenced
by differences in the four FAs mineralogical composition and structural or phase differences
[255,272,273]. Residual ash content largely agrees with the proximate analyses, with FA2 exhibiting
the lowest ash content vs FA1, FA3 and FA4. Under a nitrogen atmosphere, the fly ashes present
between 3 (FA1, FA3 and FA4) and 4 (FA2) distinct mass losses. At approximately 400 °C, FA1 and
FA2 exhibit a minor mass loss due to dehydration of such as portlandite [274] which may not have been
observed under air due to the overlap of oxidation reactions. Mass losses above 600 °C are attributed
to decomposition of carbonates such as calcite [272]. Although not a conventional assessment, TGA
under CO; can further the insight into the composition of the fly ashes as any species with potential for
carbonation will be calcined and subsequently exposed to a high temperature CO, environment. A mass
increase for FA2 can be observed at 470 °C owing to the carbonation reactions of either CaO or Ca(OH);
[275]. The relative intensity of CaO in the diffractograms was highest for FA2 than the other batches;

however, FA3 and FA4 also possess these peaks. The lack of mass increase for the other ashes may be
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due to differences in the fly ash matrix; the mass change is relatively small and may therefore, not be
observed in the other FAs. The accessibility of CaO and Ca(OH), depends on its distribution in the FA,
upon initial carbonation reactions, a surface layer of carbonate can form which limits accessibility to
the particle’s core limiting subsequent carbonation reactions [276,277]. A small mass loss at 730°C is
observed for FA2, FA3 and FA4 which would suggest decomposition of calcite phases; however, this
may be the onset of the largest mass loss at approximately 880 °C for all ashes. The decomposition
temperature is shifted upward due to the presence of CO; in the furnace [278,279]. Mass loss in this
region may also be due in part to CO»-gasification of any residual carbon [279]. This mass loss appears
to be the greatest of all experiments which can be attributed to the calcination of all pre-existing and in-
situ (formed during the ramp up of temperature) carbonate species. No calcium hydroxide is observed
as the carbonation reaction will occur at similar temperatures obscuring decomposition; a greater degree
of decomposition is observed at higher temperatures due to the subsequent decomposition of the
carbonate. Mullite and quartz are typically stable above 1100 °C hence no decomposition has been

observed under any of the gases [280].

82



Weight, wi%

Weight, wi%

Weight, wi%

Air

T 1
100 200 300 400 500 600 700 BOD 800 1000 1100
Temperature, “C

N,

B I B B B R R R AR R R R SRR R REEEsEEEEEREDE ]
100 200 300 400 500 600 700 B0OO0 900 1000 1100

Temperature, “C

——FA1
——FA2
——FA3
—— FA4

co,

T L] T T L] T T T T T L]
100 200 300 400 500 60O 700 BOD 900 1000 1100
Temperature, °C

. ™
466

r T T T T T T T T T 1

L)
0 100 200 300 400 500 600 700D 800 900 1000 11
Temperature, °C

==
Ty BA
| R
71z 848
e 648 851
745
417
748
680

(B RS AL S R AR AR R ED A AR LS ROERE R CE Ran s |
0 100 200 300 400 500 600 70O B0O0 900 1000 1100
Temperature, “°C

| T = [r—
i
- B7R
W
908
: BT
R 470
742
|
|
| — B85

892

T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000 1100

Temperature, °C

Figure 4.5: Thermogravimetric analysis and derivative thermogravimetric curves of the four fly ash batches. Tests conducted
with a ramp rate of 10 °C/min from 25 to 1100 °C. Gas atmospheres air (top), nitrogen (middle) and carbon dioxide (bottom).
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4.5.  Fourier Transform Infrared Spectroscopy

Cc=0

1

Si-O(Al) OH

% T

Si-O (Al) OH

e o F

T T
500 1000

LU B B B (N B B B B N B B B B N B B

3| I L
1500 2000 2500 3000 3500 4000

Wave Number, (cm-1)

Figure 4.6: FTIR spectrum of biomass combustion fly ash (FAI).

An FTIR spectrum of FA1 is provided in Figure 4.6 which was measured in the region of 500 — 4000
cm!, Although not a technique commonly employed for the analysis of inorganic materials, FTIR can
still be used to confirm the presence of bonds in phases identified by other characterisations such as
XRD. In the spectra, a band in the 3000-3500 cm'! region can be seen which is ascribed to OH functional
groups belonging to metal alkoxides in the sample and physisorbed moisture [281,282]. These same
functional groups can also be observed at approximately 1630 and 1385 cm™ which arise due to the
stretching and bending vibrations of the OH bond [197,281]. Carbonyl groups (C=0) have also been
identified at bands 876 and 1410 which can be assigned to the bending vibration and asymmetric tensile
stretching of the double bond, respectively [283,284]. These groups can exist in the FA as carbonyl
functionalities but are more likely a result of metal carbonates [197,284,285]. Confirmation of Si-O
bonds is also found at the bands 1020 and 689 cm™' which are typical of aluminosilicate structures
[197,286,287] due to a shift of the vibration band. Substitution of Si atoms with Al in tetrahedral
formations will decrease the binding energy (T-O, where T = Si or Al) which in turn decreases the

asymmetric stretching band from 1100 cm™ observed in pure Si-O-Si compounds [288].
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4.6. Particle Size Analysis
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Figure 4.7: Particle size analysis of the as-received fly ash measuring using a Beckman Coulter LS230. Red line representing

the differential volume (left y-axis); black line representing the cumulative volume (right y-axis).
Particle size analysis of fly ashes in general is key for their utilisation as structural fill in industries such
as construction. In this application, success is reliant upon adequate compaction, which is primarily a
function of the particle size but also the sphericity [124]. Although spherical morphology is dominant
in these fly ashes as per the SEM, a very broad range of sizes exist as well as many non-spherical
particles. The particle size distribution of the BFA is provided in Figure 4.7 in both differential and
cumulative volume %. The analysis indicates four distinct regions in the differential volume with local
maxima at approximately 12, 30, 70 and 161 um. These peaks corroborate the broad size distribution
or multimodal distribution observed in the SEM due to complex morphology and agglomeration within
the fly ash particles. Although deconvolution of the distribution could facilitate determination of the
specific aspect ratio, most of the particles within the FA are indeed spherical as observed in from SEM.
As such, the FA presents a wide distribution of spherical particles with a median diameter (Dyso) of 15.7
um, whilst the lower and upper percentile Dyi1o and Dyo values are 1.3 um and 92.1 um. The volume
mean, D [4,3] is calculated to be 157.4 um. The high value of D [4,3] being greater than D9y suggests
there is a highly skewed distribution. This can result from the presence of very large particles as seen
in the SEM, which influence volume-mean calculations especially for laser diffraction instruments

[289]. This influence is less apparent when considering the 90" percentile value of 92.1 pm.

4.7.  Pore Structure and Surface Area
The external surface area (Sger) of the BFA has been estimated through analysis of the materials

nitrogen adsorption and desorption isotherms measured at 77 K in the relative pressure range of 0 to
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Figure 4.8: Nitrogen adsorption/desorption isotherms measured at 77K; linear BET plot provided as an inset, datapoints
coloured red are not included in the model fitting.

0.99. The isotherm appears to be of the type Il IUPAC classification which is common for non-porous
or macroporous materials, the shape (i.e. a knee at low P/Py) signifies completion of monolayer
coverage and the onset of multilayer adsorption [59]. Thickness of the multilayer is generally
unbounded at P/Po =1 as can be seen in Figure 4.8. A mild H3 hysteresis is observed on the desorption
branch of the isotherm which closes in the P/P range of 0.35 to 0.4 indicative of macroporous networks
which failed to fill completely during adsorption [59]. The external surface area was calculated as 7.06
m?* g in the P/P, range 0.013 to 0.173 so as to satisfy the criteria proposed by Rouquerol [201]. The
linear plot fit which is provided as an inset to Figure 4.8 results in a C value of approximately 750. A
value this high can limit the validity of the calculated Sger as any value over 150 is considered to suggest
either strong localised adsorption or contribution from micropore filling [53]. Total pore volume has
been calculated as 0.006 cm®-g™! at P/Py = 0.95 due to the unbounded adsorption above this. The t-plot
micropore area and volume were calculated as 2.93 m?-g! and 0.002 cm?-g™!, respectively, suggesting
approximately 40% and 33% contributions to Sger and total pore volumes from micropores.
Assessment of the fly ashes pore size distribution can provide further detail on the ashes textural
properties and corroborate the qualitative assessments above. Pore size has been determined by applying
the BJH methodology to the desorption branch of the N, isotherm with the distribution provided in
Figure 4.9. The most frequent pore width being 1.42 nm, whereas the median pore width was identified
at 17.85 nm. The presence of micropores in the BJH distribution supports the assessment of micropore
contribution to the total pore volumes. That said, both the Sger and micropore volumes are relatively

low. Direct application of these ashes in an adsorption-based separation process is unlikely to be cost
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effective. These results however, are well aligned with the values reported in the literature for both

biomass and coal fly ashes [244].
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Figure 4.9: Pore size distribution plot of FAI.

4.8. Carbon Dioxide Adsorption

Up to now, discussion of the potential application of fly ash for carbon dioxide removal has been
exclusive to mineral carbonation. Adsorption of CO, on the four fly ash batches has been evaluated by
means of static/volumetric adsorption methods. Namely, isotherms measured at 273 K up to 1 bar in
order to quantify the as-received fly ashes innate capacity for CO,. The isotherms are provided in Figure
4.10. Adsorption capacities for the fly ash at these conditions are in the region of 0.14 to 0.20 mmol- g
!, with FA2 presenting the highest, and FA1 the lowest. Variation in capacity between each FA is
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Figure 4.10: Equilibrium CO: adsorption isotherms measured at 273K for the four FA batches, with the Sips isotherm model

fit.
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expected given the previous characterisations. The adsorption fits within the type I [IUPAC classification
due to its concave nature. Although the capacity is low, fitting of the experimental isotherm to
conventional isotherm models provides insight into CO, adsorption equilibria. Quality of fit has been
estimated via the coefficient of determination adjusted for predictors (adj-R?) and the root mean squared
error (RMSE), results are provided in Table 4-4. Both the Sips and Toth isotherm models have been
shown to fit the data well with the Toth model marginally better based on the RMSE. These models
each possess three fitting parameters including one to account for heterogeneity. The Sips model often
describes heterogenous systems at low pressure that tend towards Langmuir behaviour at higher
pressures (i.e. monolayer sorption) [74,290]; the Toth model is used broadly across both high and low
pressure ranges, to describe adsorption systems which present significant heterogeneity [72]. The model
fit parameters are provided in Table 4-4. The Toth model appears to overestimate gm for FA1 (1.26
mmol-g') when compared to the other FAs. Model parameters for the Sips isotherm are more consistent
hence their presentation in Figure 4.10. Based on the Sips model fit, all FAs present similar degrees of

heterogeneity with FA2 presenting the highest adsorption affinity (ks = 0.013).

Table 4-4: Equilibrium isotherm model fitting via non-linear regression results.

FA1l FA2 FA3 FA4
Isotherm Model Adj-R> RMSE Adj-R> RMSE Adj-R? RMSE Adj-R> RMSE
Langmuir 0.9787 | 0.0045  0.9836 0.0056 0.9875 | 0.0047 0.9887 0.0040
Freundlich 0.9980 = 0.0014 = 0.9930 0.0037 0.9943 | 0.0032 0.9960 0.0024
Sips 0.9999 | 0.0002 0.9999 = 0.0004 = 0.9999 | 0.0004 = 0.9999 = 0.0002
Toth 0.9999 = 0.0002 0.9999  0.0002 = 0.9999 | 0.0003 0.9999 0.0002
FA1 FA2 FA3 FA4
) qm=0.415 qm = 0.380 qm = 0.392 qm = 0.380
Sips ks=0.003 ks=0.013 ks=0.010 ks= 0.007
ns=0.538 ns= 0.608 ns=0.639 ns= 0.641
qm = 1.261 qm = 0.550 qm = 0.596 qm = 0.676
Toth kr=0.166 kr=0.127 kr=0.07 kr=0.051
nr=0.205 nr=0.349 nr=0.360 nr=0.329

4.9. Conclusions and Potential Routes for Application in CO; Separation

Four individual batches of biomass combustion fly ash sourced from Drax Power Station have been
comprehensively characterised to provide an understanding of their physicochemical properties. The
fly ashes present as predominately inorganic matter with a combination of both amorphous and
aluminosilicate phases. These phases contain a large proportion of alkali and alkaline earth metals,
specifically calcium, and potassium. Silicon and aluminium content of approximately 17 and 10 wt%,
respectively, with calcium and potassium present at approximately 10 wt% each. The content of Si and
Al (average Si/Al weight ratio = 1.86) suggests these fly ashes may be candidates for subsequent

zeolitisation. The presence of crystalline mullite and quartz, however, would require an additional ash
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pretreatment such as alkaline-fusion in order to maximise availability of Si and Al species for
crystallisation. Adsorption analysis with both N, and CO, suggest the fly ashes possess a minor degree
of porosity, likely contributed by the minor component of carbon present in each. Adsorption capacities
for CO, at 273K and 1 bar are between 0.14 — 0.20 mmol-g"' which is significantly lower than
commercially available adsorbents. Direct application of these ashes in adsorption-based post-
combustion CO; removal, therefore, would not be cost-effective. Similarly, direct carbonation of these
ashes would be of limited value at post-combustion conditions due to the high temperature requirements
for cyclic operation. In terms of exploiting the bulk of the FA, utilisation of these FAs as a precursor
for an adsorbent such as zeolites would enable this to a larger degree than the carbonation of certain
inorganic species (e.g. Ca or K) or the physical adsorption of CO; through modification of the residual

carbon (e.g. activation or surface functionalisation).
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5. Synthesis, Characterisation and Performance Evaluation of Biomass
Combustion Fly Ash Derived Zeolites in COz Adsorption

5.1. Introduction

The pathway to development of a sorbent from FA, is dependent on the ash classification. Based on the
characterisation of the BFA in the previous chapter, the ash can be considered to sit within the F class
of fly ash with a combined silica, alumina and ferric oxide of around 62 wt% although CaO content is
near to the C classification at 15 wt%. The molar ratio of silica/alumina of the BFA used in this work
has been estimated at approximately 3 which is within the range for low-silica zeolites such as type X
[291]. Additionally, in the context of CO, adsorption, mesoporous silicas are typically used as amine-
functionalised supports and hence require post-synthesis modification with amines [292,293], this

would introduce additional cost and concerns around secondary/residual waste and/or emissions.

Zeolite synthesis can be described in the most rudimentary sense as the dissolution of silicates and
aluminates from a precursor, followed by condensation of these monomers to form polymeric silico-
aluminate species which then act as nucleation sites for zeolite crystal growth. This can be achieved in
myriad ways: the conventional hydrothermal protocol [294]; alkaline fusion assisted hydrothermal
[135]; microwave [295]; multistep treatments [170,296]; the sonication approach [297]; and the molten
salt method [155]. There are crossovers between these methods as a result of attempts to improve
individual procedures by incorporating aspects from others. Evaluation of the different protocols is
provided in a previous chapter but if we consider that the issues with traditional hydrothermal zeolite
synthesis from FA arise due to the slow rate of dissolution or lack thereof from crystalline
aluminosilicate phases [40], it is clear why novel methodologies intend to mitigate this. Whether it be
by focussing on local temperatures and pressure through ultrasound induced-cavitation or rapid and
homogenous microwave-heating; similar effects can be achieved by fusing the FA with NaOH [144].
As such and in the interest of potential scalability and robustness, the alkaline-fusion hydrothermal

protocol has been adopted in this thesis.

This synthesis procedure has been reported consistently in the field of coal fly ash zeolites which seek
to utilise the bulk of the fly ash [129,238] and is often studied through variation of: mixture ratios such
as FA/NaOH, liquid/solid and silica/alumina [160,250]; aging/homogenisation: stirring speed, duration
and temperature [120,163]; and crystallisation conditions: temperature, temperature profile and
durations [120,187]. Additives are also often considered with a view to optimise the oxide ratios for
synthesis of specific/pure phases [146,298]. This work seeks to optimise the synthesis from the bulk
FA as-received to maximise CO; adsorption uptake. To support this optimisation, the work initially
sought to identify fusion conditions which facilitate synthesis of crystalline products by considering the
fusion conditions and applying ranges provided in the literature. Subsequently the synthesis is optimised

via a Taguchi DoE, investigating the FA/NaOH ratio, liquid/solid ratio, crystallisation temperature and
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time. This is followed by examination of the influence of FA batch on the zeolite product. The optimum
zeolite produced in this work based on equilibrium CO, adsorption capacity measured gravimetrically

is then characterised in terms of material properties and adsorption equilibria and kinetics.

5.2. Influence of NaOH/FA Ratio

The initial work acts as a proof-of-concept for the synthesis of zeolitic CO,-adsorbents from industrial
BFA produced in the UK. This is necessary as there is limited evidence in the literature that industrial
biomass combustion residues can be used for the selective separation of CO,. The range of synthesis
conditions is also broad and identification of the applicable range in this case requires preliminary
assessment. Due to the varied phase composition of this FA and the lack of comparable data in the
literature, an assessment of the NaOH/FA ratio was made by considering three separate ratios as well
as two different fly ash batches (FA1 and FA2). The two FAs were selected as they represent the
minimum and maximum Si/Al ratios. The range in which the FA/NaOH was studied was selected as
1.2 — 2.0 based on the values studied in similar works investigating zeolitisation of coal or biomass
ashes [147,150,158,165,238]. The procedure employed in these syntheses entails grinding/mixing 10 g
FA and 1.2/1.6/2.0 g NaOH in a pestle and mortar. The ground mixture is then fused in a nickel crucible
at 550 °C for 1 h in a muffle furnace (10 °C-min™' ramp rate). After cooling to ambient temperature, the
fused product is removed and pulverised in a pestle and mortar before dispersing the fused product into
a fixed 100 ml deionised water in a TFM (modified-PTFE) vessel (250 ml). The mixture is then
mechanically stirred (magnetic stirrer) at 300 RPM and room temperature for 16 h. Subsequently, the
magnetic stirrer is removed, and the TFM vessel inserted into a stainless-steel jacket for hydrothermal
treatment in a conventional oven at 90 °C for 4 h (0.5 °C-min™' ramp rate). Finally, the solids are
separated via vacuum filtration and washed with DI water until a pH of 9 is measured in the filtrate.

Experimental conditions are provided in Table 5-1.

Table 5-1: Experimental conditions employed in the initial alkaline fusion assisted hydrothermal study. Uptake measured at
50 °C, 1 bar(a) measured via TGA.

Sample NaOH/FA | HT Time | HT Temp FA1 FA2 | NaOH | Yield Uptake

w/w h °C g g g % mmol-g!
7F1-1.2/4/90 1.2 4 90 10.00 0 12.00 43.1 0.52
ZF2-1.2/4/90 1.2 4 90 0 10.07 = 12.09 42.2 0.43
7ZF1-1.6/4/90 1.6 4 90 10.01 0 16.01 39.1 0.57
7F2-1.6/4/90 1.6 4 90 0 10.03 16.05 43.5 0.55
7ZF1-2.0/4/90 2.0 4 90 10.01 0 20.03 40.1 1.66
7F2-2.0/4/90 2.0 4 90 0 10.03 = 20.06 40.9 0.96

Product yield is calculated on the basis of the fly ash amount added prior to fusion and appears to be
relatively consistent at approximately 40% across the three NaOH/FA ratios. The lowest yield is
observed for ZF1-1.6/4/90 at 39.1 % with the FA2 analogue presenting the highest yield. This variation
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is minor but is likely due to the variations identified between FA1 and FA2 in the previous section. Fly
ash 1, however, does not provide the lowest yield consistently which may suggest that the fluctuations
in yield may be a result of heterogeneity in the bulk ashes. The adsorption capacity for each of the
products has been estimated via TGA at 50 °C, 1 bar(a) after degassing under N, at 150 °C, 1 bar(a) for
1 h. The uptakes for ratios 1.2 and 1.6 are relatively consistent between 0.43 and 0.57 mmol-g™!, i.e. 0.3
mmol-g! more than the raw FAs. At the higher NaOH/FA ratio of 2.0, capacities are improved
significantly. The ZF1-2.0/4/90 sample presented a capacity of 1.66 mmol-g! and the FA2 analogue
0.96 mmol-g!. The increase here can be associated with the production of a crystalline phase with
improved porosity that can facilitate the adsorption of CO,. The FA1 batch can be seen to facilitate
improved CO; adsorption at all NaOH/FA ratios than for FA2. The larger amount of Ca and lower
amount of Al identified in FA2 may be reducing the efficacy of the synthesis procedure limiting
purity/crystallinity of the product. Calcium can influence zeolite synthesis by competing with sodium
(Na) during crystallisation. High concentrations of Ca in the reaction mixture is associated with
structure breaking properties, as such this leads to suppression of zeolite crystallisation [299]. With the
fundamental role Al plays in facilitating zeolite crystallisation, a lower weight percentage suggests that

the degree of zeolitisation would be reduced as less is available for conversion.

5.2.1. Phase Identification of Initial Products
The improved CO, adsorption capacity of ZF1-2.0/4/90 suggests that this product may be of greater
crystallinity than its counterparts. Confirmation of crystallinity has been achieved through powder-XRD
with subsequent identification of crystalline phases. The diffractograms measured in the 26 range 5 —
50 © are provided in Figure 5.1 for each product. Of the six samples, ZF1-2.0/4/90 can be clearly seen
as distinctly crystalline due to the well-defined peaks characteristic of primarily LTA but also FAU
zeolites. Interestingly, most of the pattern is typical of LTA zeolites with the peak centred below 7 °
corresponding to the (200) lattice plane. Linde Type A and FAU diffraction patterns have a number of
overlaps; however, the first peak at around 6 ° (111) is specific to the FAU unit cell. The presence of
this suggests the co-crystallisation of LTA and FAU. The sample produced at the same conditions with
FA2 does not feature any indication of FAU. Evidently, the presence of LTA in this sample is reduced
due to the decreased peak intensity in the diffractogram. Of the other two ratios, we can see that no
clear crystalline phase has been formed, there is however broad ridge centred at around 30 ° which
indicates the presence of amorphous aluminosilicate species in the product. A small peak can be seen
at aratio of 1.6 for both FA1 and FA2 derived samples, although these cannot be confirmed as a specific

phase. Potentially, a slightly longer hydrothermal step may have facilitated zeolite crystallisation.
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Although unsuccessful in producing crystalline zeolites at each of the ratios, we have confirmed that
the fusion successfully converts all crystalline phases present in the precursor FA as none of the patterns
identified in the FA XRD persist. By maintaining the hydrothermal conditions and water addition whilst
varying the NaOH/FA ratio, the mixture liquid/solid ratio has inevitably varied between samples. This
will lead to variations in the solution y which can have significant effects on the product. Study of this
and the hydrothermal conditions needs to be conducted simultaneously to better understand the
synthesis. Solution pH will have a large impact on Si and Al species solubility and hence the degree of
saturation in the solution prior to gel condensation [300]. Variation of the hydrothermal conditions can
modify this further hence identification of the optimum configuration is necessary. Before doing so, the

products produced during this initial study have been characterised by XRD, SEM and EDS.
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Figure 5.1: Diffractograms of the products produced during the initial NaOH/FA ratio study.

5.2.2. Product Morphology — Initial NaOH/FA Ratio Investigation
Crystalline and amorphous phases are often extremely dissimilar morphologically and with the presence
of both crystalline and amorphous components, ZF1-2.0/4/90 has been studied via SEM to reveal the
samples morphology. Given that this sample has the highest capacity, crystallinity should be observable
in the SEM. Images are provided in Figure 5.2. In the left image the solid can be seen as a heterogenous
solid with distinct sharply faceted morphologies attributed to type A and type X zeolites. Amorphous
components are also present evidenced by irregular particles with disorder. The crystalline components
have formed from the amorphous gel which still remains after the hydrothermal treatment. The right

image exhibits less crystallinity and a larger mass of amorphous components, evidencing a degree of
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heterogeneity in the bulk product. The presence of residual amorphicity around crystalline particles
suggest an incomplete crystallisation [162]. A longer hydrothermal time may have facilitated an
improvement in crystallisation as kinetics are a key component of zeolite crystallisation [301]; however,
this can also be due to impurities as non-aluminosilicates species can also influence the product
crystallinity and purity [123,161]. The SEM images show no unreacted FA-particles, corroborating the
XRD result in which no crystalline FA-phases were detected. The persistence of amorphous material
indicates that the fixed synthesis conditions were insufficient for complete crystallisation. As
hydrothermal time was not varied here, its’ influence cannot be isolated from that of possible impurities;

that said, this data suggests complete crystallisation may not be required for high CO- uptakes.
B : ‘ l’fng_» ; ‘ . }"
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Figure 5.2: SEM images of ZF1-2.0/4/90 produced with an accelerating voltage of 15 kV.

5.2.3. Elemental Composition Estimated via EDS — Initial NaOH/FA Ratio Investigation
Having established the coexistence of both LTA and FAU type structures in the XRD and SEM, an
analysis of the surface composition further demonstrates the change in composition (from the FA).
Cation exchange in zeolite is common and with the presence of a significant quantity of Ca and K in
the FA used in this work, there is potential for the zeolite to have either formed or exchanged with
cations present in the mixture. The diffractogram can provide indication to the presence of specific
cations due to the differences in scattering power for each and levels of site occupation as these
influence peak intensities and angle shifts [302,303]. That said, due to the limited crystallinity,
refinement of the XRD will be of limited accuracy. The composition, therefore, has been estimated by
analysing a minimum of ten areas of a sample stub and the results are provided in Table 5-2. Based on
these averages, the adsorbent has an average Si/Al weight ratio of 1.46 which is lower than the fly ash
precursor (1.67 for FA1). This implies that Al has been concentrated in the zeolitic product or Si species
have been lost in the supernatant. There is a significant quantity of calcium present in the sample
although associated with a large RSD. Similarly, Na content demonstrates a large RSD. The low
concentration of Na, suggests the type A present in the sample may be of the type SA, as calcium ions

can take place as charge compensators in the LTA [120]. Some of the Ca present (and K) in the bulk
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solid can also exist in the amorphous component of the sample, as an unused product of the alkali-

fusion due to incomplete crystallisation.

Table 5-2: Surface elemental composition of ZF1-2.0/4/90 evaluated via EDS (averaged over 10 different surface areas).

ZF1-2.0/4/90 | Relative Standard Deviation

Element W% %
Na ‘ 45 ‘ 345
Mg 2.5 55.7
Al ‘ 12.7 ‘ 16.0
Si 18.5 11.5
K ‘ 0.7 ‘ 435
Ca 8.9 44.4
Fe ‘ 5.5 ‘ 51.7
o 46.7 9.7

5.3. Taguchi Optimisation

After identifying the NaOH/FA ratio of 2.0 as suitable for producing crystalline zeolites for CO2 adsorption, optimisation of
the hydrothermal conditions is required. A randomized Taguchi (L9) DoE has been employed to study the impact of NaOH/FA
ratio (NaOH/FA), hydrothermal time (tcry), hydrothermal temperature (Tery) and the liquid/solid ratio (L/S) on the product’s
equilibrium CO: adsorption capacity measured via TGA (at 50 °C, I bar(a)). The factors and levels for this design are provided
in Table 5-3 and have been informed by the previous study (NaOH/FA) and literature values for synthesis of LTA and FAU
zeolites from fly ash [71,119,147,238]. The results are provided in

Table 5-4, the adsorption capacities are clearly positioned around 0.6 and 1.7 mmol-g". This may
indicate that the former is amorphous and the latter crystalline; this has been confirmed by powder
XRD. Analysis of the signal-to-noise ratios facilitates identification of the factor levels that minimise
response variation, i.e. improving robustness. With a view to maximise adsorption capacity, the “larger-

the-better” SNR equation is employed (see EQ. 36).

Table 5-3: Factor and level configuration of the Taguchi L9 DoE.

Factors Levels
NaOH/FA, w/w 1.8 2.0 2.2
Hydrothermal Time, h 2 6 10
Hydrothermal Temperature, °C 50 70 90
Liquid/Solid, w/w 5 6 7

Table 5-4.: Experimental conditions employed in the Taguchi L9 DoE. Uptake measured at 50 °C, I bar(a) measured via TGA.

Sample NaOH/FA |HT Time | HT Temp | Liquid/Solid | Yield ‘ Uptake
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w/w h °C w/w % mmol-g’!
7-1.8/2/50/5 1.8 2 50 5 70.8 0.65
7-1.8/6/70/6 1.8 6 70 6 75.3 0.61
7-1.8/10/90/7 1.8 10 90 7 80.9 1.51
7-2/2/70/7 2.0 2 70 7 714 0.56
7-2/6/90/5 2.0 6 90 5 715 1.67
Z-2/10/50/6 2.0 10 50 6 735 0.56
7-2.2/2/90/6 22 2 90 6 71.4 0.59
7-2.2/6/50/7 2.2 6 50 7 72.3 0.49
7-2.2/10/70/5 22 10 70 5 72.9 1.70
%: ~10-log (z (%) /n) EQ. 36

The response table for the SNRs is provided in Table 5-5 which provides both the delta and rank of
each factor. The delta values describe the magnitude of variation existing within a factor across the
studied levels; rank provides an indication to the relative importance of each factor on the equilibrium
CO; uptake within the design space [304]. The results demonstrate a sequence of importance that
follows L/S > Ty >ty > NaOH/FA. A graphic representation of the factors relative importance is
provided in a main effects plot for both the SNRs and data means (Figure 5.3). The magnitude of
variation between the SNRs and means suggest the factor to be a significant contributor to the dependent
variable [305]. This is observed in the gradient of the main effect plot for each factor. It can be seen
that the NaOH/FA ratio has little effect on the SNR or mean. The three remaining factors all exhibit
strong main effects on both the SNR and means, in agreement with the SNR response table.
Optimisation based on the main effects plots depends on the objective, either to minimise variability
(SNR) or to simply maximise the response (mean). In this case and based on the main effects plot for
the means, the optimum configuration of factors and levels would be: NaOH/FA ratio of 2.2, t.y equal

to 10 hours, Ty equal to 90 °C, and L/S equal to 5 [71].

Table 5-5: Response table for the signal to noise ratios.

NaOH/FA HT Time HT Temp Liquid/Solid
Level
w/w h °C w/w

1 -1.485 -4.454 -4.991 1.774

2 -1.873 -2.012 -1.574 -4.638

3 -2.057 1.041 1.15 -2.551
Delta 0.571 5.504 6.142 6.411
Rank 4 3 2 1
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Main Effects Plot for SN ratios
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Figure 5.3: Main effects plots for SNRs and data means from the Taguchi L9 DoE.

Upon completing the confirmation experiment, the predicted optimum (ZOPT-2.2/10/90/5) presented
an adsorption capacity of 1.84 mmol-g"' or 0.14 mmol- g higher than the highest from the L9 design.
A significant limitation can arise when analysis an L9 Taguchi DoE due to the potential for model
overfitting. This occurs when there are more fitting terms than there are observations, i.e. degrees of
freedom [306]. Terms which are not considered significantly influential on the dependent variable, such
as the NaOH/FA ratio, can be removed. With this factor removed, ANOVA has been conducted on the
design with results provided in Table 5-6. Each of these factors present a p-value far below 0.05 with
significantly large F-values. The most statistically significant factor within the design space is identified
as the L/S ratio. The L/S ratio determines the water content in the mixture and hence basicity of the
solution. These are key considerations when synthesising zeolites [126] and can have significant impact
on the product’s quality (i.e. crystallinity) as well as the structure type [307]. The percentage
contribution to the equilibrium uptake for each factor is also provided at approximately 30% for Tery

and tery, whilst L/S represents 39% contribution in agreement with the response tables ranking.
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Table 5-6: ANOVA results for the Taguchi L9 design.

Factor Percentage F- value p-value Order of
Contribution (%) Significance
Crystallisation Time 29.49 5721.91 0.000 3
(tery)
Crystallisation Temp 31.87 6183.58 0.000 2
(Tery)
Liquid/Solid Ratio 38.63 7495.90 0.000 1
(L/S)
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Figure 5.4: Contour plots of CO:z uptake for a) L/S vs Tery; b) tery vS Tery, €) tery vs L/S.

Contour plots which illustrate the effect of the statistically significant factors on the CO, adsorption
uptake are provided in Figure 5.4. Considering Figure 5.4.a), there are two ranges of the predictors (7ery
and L/S) which would result in products with improved adsorption capacity. At lower L/S ratios, there
is a broad range of 7., at which crystalline zeolites will form. When increasing the L/S ratio, however,
the high-capacity products are only achievable at elevated 7.,. At lower temperatures the capacity
decreases significantly indicating synthesis conditions unsuitable to facilitate zeolitisation Figure 5.4.b)
illustrates the effect of 7., and #., on the CO, adsorption capacity. At both lower durations and
temperatures, the predicted adsorption capacity is at a minimum. The large region indicative of
synthesis conditions which do not facilitate zeolitisation/development of uniform microporosity and

hence result in a poor adsorption capacity likely a result of the phase’s amorphicity. At the other
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extreme, it is clear that elevated temperatures and durations produce phases with increased capacity.
Interestingly, the two regions of highest capacity form either side of the maximum (7, and #.,, at +1),
suggesting that at the extreme of each of these factors, the product actually sees a decrease in CO;
capacity. This is assumed to be a result of the generation of more stable and denser zeolite phases with
less suitable pore structures for CO, separation [187]. The improved capacity will be a result of the
development of crystalline phases which possess a uniform micropore structure providing sites for the
adsorption of CO,. The two distinct regions in the contour plot clearly demonstrate there is a minimum
energy requirement whether through extended exposure or intensity of heating which if not met will be
insufficient to overcome the energy barrier and facilitate zeolite formation [117]. Figure 5.4.c) plots the
effect of #., and L/S on the CO, adsorption capacity. As in the previous case (Figure 5.4.a)) at low L/S
ratios there is a broad range of durations which result in improved adsorption performance; at elevated
L/S ratios this is exclusive to the extended durations. This is likely a result of a reduction to the degree
of saturation during the aging step reducing the crystallisation kinetics [308,309]. Lower L/S ratios will
simultaneously increase the degree of saturation whilst reducing the energy requirement for the

synthesis by minimising the mass within the system.

5.3.1. Phase Identification from the Taguchi Optimisation
Comparison of the nine samples CO; adsorption capacity has highlighted that three (Z-1.8/10/90/7, Z-
2.0/6/90/5 and Z-2.2/10/70/5) may be distinctly crystalline. Identification of which crystalline phases
exist requires analysis of the powder X-ray diffractograms. The diffractograms are provided for the
crystalline phases in Figure 5.5. The remaining samples (not shown) all present a broad peak centred at
30 ° 20 typical of amorphous aluminosilicates [256,257]. This ridge also exists in the crystalline samples
which indicates the persistence of amorphous components that have failed to produce crystalline
zeolites [119]. The peaks observed in all of the crystalline samples are characteristic of LTA and FAU
zeolites. Owing to the similarity of the CBU’s which comprise these phases there is some overlap in
the patterns, that said, each presents a number of characteristic peaks. Product Z-2.0/6/90/5 exhibits the
greatest relative intensities to the other two produced in the campaign (not ZOPT) which corroborates
the findings from the contour plots, in that elevated hydrothermal temperatures will produce zeolites
with improved CO; adsorption capacity. The improved adsorption capacity can be correlated with the
relative intensity of peaks characteristic of certain phases in the products. The highest capacity sample
presents a peak at approximately 6 © 20 due to the (111) lattice plane of FAU zeolites. Ata 20 of 7 °, a
peak indicative of LTA zeolites (200) lattice plane can be seen in all of the products. The uptakes of the
samples suggests that those with peaks typical of FAU zeolites have a higher capacity. Zeolite 13X or
NaX, a commercial FAU zeolite presents a larger capacity than commercially available LTA zeolites
[211]. Powder diffraction files of the zeolites identified in Figure 5.5 are for FAU: PDF: 01-070-2168
and for LTA PDF: 01-089-8015. The optimum sample exhibits a well-defined pattern of increased
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relative intensity compared to the other three samples, a result of improved crystallinity in ZOPT. The
conditions employed are clearly more favourable for zeolite crystallisation as is evidenced by the
reduced intensity of the amorphous ridge at 30 © 20. The improved crystallisation consumes more of
the amorphous aluminosilicates in the fused fly ash. For all syntheses in this campaign, none have any
indication of phases present in the fly ash precursor. Interestingly for the four diffractograms in Figure
5.5, the peak positions for LTA appear to be shifted slightly to lower Bragg angles whilst for FAU
slightly higher. This is typically indicative of unit cell expansion (lower angles) or contraction (higher
angles). Given both LTA and FAU are cubic structures, a unit cell expansion implies an increase to the
lattice parameter whilst contraction the opposite. The unit cell parameter can be directly correlated to
the phase’s Si/Al ratio due to the differing bond length of Si-O and Al-O [310-312]. This suggests the
LTA present in the products may present slightly lower Si/Al ratios than in the example pattern whilst
the FAU may present slightly higher Si/Al ratios. The presence of additional cations not present in the
example patterns along with differences in moisture content, can also modify the unit cell [313] and

hence complicate determination of the zeolite product’s Si/Al ratio owing to the sample’s heterogeneity.
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Figure 5.5: Powder x-ray diffractogram for crystalline zeolites produced in the L9 OA and the predicted optimum, ZOPT.
Diffractograms provided for type X and type A zeolites adjacent to the x-axis.

100



5.3.2. Product Morphology — Taguchi Optimisation

Figure 5.6: SEM images of ZOPT-2.2/10/90/5 at 2500x (left) and 3300x (right) magnification.

During the previous study, the SEM images of the crystalline products indicated poor crystallinity and
a diverse range of morphologies. Optimisation of the hydrothermal conditions has facilitated an
improvement to CO. adsorption capacity which has been attributed to the formation of crystalline
zeolites, both LTA and FAU. Given the adsorption capacity of zeolites is largely influenced by available
pore volume and composition, an increase in capacity implies either an increase in pore volume or
compositional variation, such as the Si/Al ratio or exchanged cations. Pore volume would increase if
the degree of crystallisation improves, which itself would be observed via SEM as morphological
regularity and less disorder. Additionally, exchange of Na cations with Ca in LTA (and other small-
pore) zeolites is known to increase pore volume and hence CO, capacity due to the lower number of
multivalent cations required to balance framework charge [26,28,211]. Two pairs of images are
provided in Figure 5.6 and Figure 5.7, with the latter at a higher magnification. The particles observed
in Figure 5.6 indicate a greater proportion of crystalline phases vs amorphous than the sample produced

in the initial study (Figure 5.2). This suggests the synthesis is improved as already evidenced by XRD

Figure 5.7: SEM images of ZOPT-2.2/10/90/5 at higher magnification.



most presenting as agglomerations of both crystalline and amorphous masses. This amorphous mass
will comprise all unreacted fly ash species such as aluminosilicates and alkali and alkaline earth metals.
At higher magnification (Figure 5.7) both cubic and octahedral morphologies are observed in the sample
indicating that both LTA and FAU unit cells exist [164,314] . The quality of the zeolite crystals is still
relatively low owing to the presence of disorder and irregularities in the crystal structures and

intergrowth.

5.3.3. Elemental Composition Estimated via EDS — Taguchi Optimisation
With primarily LTA and some FAU identified in the zeolitic products, EDS can complement both the
XRD and SEM analyses by elucidating the presence of certain cations in the frameworks and amorphous
constituents. An assessment of the crystalline phase composition has been achieved by averaging EDS
data across ten areas of the sample which present a clearly crystalline morphology, results of which are
provided in Table 5-7 for ZOPT-2.2/10/90/5. In this sample, Ca was identified in most of the crystalline
morphologies and typically at greater quantities than Na. The results suggest the crystalline component
in ZOPT presents a Si/Al weight ratio of approximately 1.71 which is higher than found in the previous
zeolite study (1.46) and the fly ash precursor (1.67). This increase could be a result of a larger proportion
of FAU zeolites which typically form at higher Si/Al ratios than LTA [149]. Higher quantities of
calcium have also been identified (14.6 wt% vs 8.9 wt%) in ZOPT than ZF1-2.0/4/90; however, Fe
content is slightly lower (3.9 wt% vs 5.5 wt%). That said, both elements demonstrate a lower RSD in
ZOPT. The presence of calcium further suggests that the LTA in the sample may be calcium-exchanged
[315]. Type X is also known to exchange Na for Ca and may even feature Mg as compensating cations
[238,316]. The RSD of both Al and Si has increased in ZOPT from 16.0 and 11.5 % to 18.6 and 25.4
%, respectively. An increase in the variation could indicate a varying Si/Al ratio of the crystalline
components. The existence of variation between the Si/Al ratio could be attributed to there being both

LTA and FAU zeolites, which often present dissimilar Si/Al ratios both in pure form and FA-derived.

Table 5-7: Surface elemental composition of ZOPT-2.2/10/90/5 evaluated via EDS averaged over 10 distinct sample areas.

ZOPT-2.2/10/90/5 Relative Standard Deviation
Element W% v
Na 3.9 18.2
Mg 1.4 54.5
Al 11.3 18.6
Si 19.3 254
K 0.6 41.8
Ca 14.6 25.9
Fe 3.9 23.3
(0] 44.9 17.7
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54. Impact of Fly Ash on Zeolite Product

With the common understanding that fly ash is inherently heterogenous coupled with the measured
variation in both the fly ash batches and the zeolite products produced from FA1l and FA2, an
investigation into the effect of each FA on the zeolite product is required. Using the optimum point
identified via Taguchi optimisation, four samples have been produced using the same conditions but
differing fly ash batches (FA1/FA2/FA3/FA4). The equilibrium CO; adsorption has also been estimated
via TGA at 50 °C, results are provided in Table 5-8. The sample produced from FAI is the second
produced at these conditions, so it should be considered a repeat batch of ZOPT-2.2/10/90/5. An
assessment of sample variation is provided in the next chapter. The yield from the four individual fly
ashes is higher than that in the original confirmation experiment. Fly ash batch 1 presented the lowest
yield during this study at 76.70%, FA3 had the largest yield at 87.85 %. Adsorption capacities for the
FA1 precursor are consistent with the FA3-derived sample even with the variation between FA1 and
FA3. Conversely, FA2 and FA4 both present lower capacities, with FA2 at 1.14 mmol-g!. This can be
explained in part by the elevated concentration of Ca in FA2. Calcium present during synthesis can
reduce the efficacy of zeolitisation by acting as a “structure-breaking” cation [131]. Two roles exist for
the alkali-metal cations in zeolite synthesis: provision of OH required to solubilise silicate and
aluminate species; and a limited structure directing role [317]. The structure directing role of the
hydrated alkali-metal cations involves the ordering of H>O molecules around the cations, these H.O
molecules are then displaced by silicate and aluminate species forming small nucleation centres for
CBUs [317-319]. The aluminium content in FA2 was also lower than the other batches which can limit
the extent of zeolitisation. With FA4 possessing similar properties to FA3, a reduced capacity is
unexpected and may arise due to heterogeneity in the fly ash batches themselves. That said, the yield

for both FA3 and FA4 is higher (16%) than the original ZOPT (FA1).

Table 5-8: Yield and uptake of samples produced at conditions 2.2/10/90/5 using FAI, FA2, FA3 and FA4.

Yield Uptake
Sample

% mmol-g’!
Z0PT-2.2/10/90/5 71.07 1.84
ZF1-2.2/10/90/5 76.70 1.80
ZF2-2.2/10/90/5 82.72 1.14
ZF3-2.2/10/90/5 87.85 1.80
ZF4-2.2/10/90/5 82.76 1.66
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5.5.  Porosity and Surface Area Analysis
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Figure 5.8: N2 adsorption/desorption isotherm measured at 77 K (BET) with the linear BET plot (inset).

A nitrogen isotherm measured at 77 K is provided in Figure 5.8 for ZOPT. Visually the isotherm
presents type IV (IUPAC) characteristics defined by the sharp rise in adsorbed amount at low p/po due
to micropore filling [320], followed by formation of a multilayer and onset of capillary condensation in
larger pores [165]. The hysteresis loop suggests the adsorbent possesses mixed micro-mesoporosity
which in this case can be attributed to either formation of mesoporosity via aggregation of zeolite
crystals/crystallites or the presence of an amorphous impurity likely composed of residual sodium
silicate and aluminate species[120,148,321]. As the adsorption isotherm presents a composite of type |
and II shapes (i.e. type 1V), the hysteresis can be defined as a type H4 [59] which is typical for mixed
micro-mesoporous materials and is likely a result of the aggregation of the individual zeolite crystals
[71,120,148,321]. Type IV isotherms typically show an adsorption plateau towards the saturation
pressure and the absence of this in ZOPT suggests a lack of saturation, this can be attributed to the
presence of pores in the macropore domain [322]. This causes a near limitless increase in adsorbed
amount as there is no (theoretical) restriction of the multilayer. Framework defects in the crystalline
phases can create microporosity as can the aggregation of larger crystals [323]. The linear region which
satisfies Rouquerol’s criteria [201] was identified between p/po of 0.0012 and 0.05, facilitating
estimation of the external BET surface area as 329.89 m?-g"!. The linear BET plot is provided as an

inset of Figure 5.8. The total pore volume has been estimated via DFT as 0.225 cm3-g™!. Analysis of the
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micropore contribution has been achieved by t-plot analysis (Table 5-9). The micropore contributes to

71.67 % & and 41.86 % of the total surface area and pore volumes, respectively.

Table 5-9: Textural properties of ZOPT estimated via the N2 adsorption/desorption at 77K.

BET Surface Area Micropore Area Micropore Volume Total Pore Volume
mZ,g-l m2.g-1 cm3'g'1 c“13,g-1
329.89 236.42 0.094 0.225

p/po: 0.0012 — 0.050 p/po: 0.0755-0.50 p/po=0.95

5.6.  Adsorption Equilibria
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Figure 5.9: Equilibrium CO: adsorption isotherms (discrete) and the fitted Toth isotherm model (continuous line).

Equilibrium CO, adsorption isotherms have been generated for the optimum zeolite, i.e. ZOPT. The
experimental data have been modelled via non-linear regression analysis with the fit-quality data for
four models provided in Table 4-4. Across the studied temperatures, the Toth isotherm model presents
the best fit based on the adj-R* and RMSE values. The isotherm plots are provided in Figure 5.9.
Visually, the fits corroborate the statistical results and display typical type I IUPAC traits. The large
increase in adsorbed amount in the low pressure region is primarily influenced by a zeolite’s Si/Al ratio
as this dictates the site occupation of framework cations [324,325]. The presence of different cations
and multiple zeolite phases will lead to heterogeneity in the adsorbent’s overall matrix. This is
evidenced by the Toth constant, n7; when below one the adsorbent is considered heterogeneous. Table

5-11 exhibits the isotherm constants estimated through non-linear regression with their associated
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standard error. For all temperatures, nr can be seen to be below 1, reaching a minimum of 0.36 at 0 °C.
This suggests a significant degree of heterogeneity in the adsorbent which can be attributed to the
presence of multiple crystalline phases (LTA and FAU) and amorphous constituents, each of which
facilitate CO, adsorption mechanisms and affinities [326]. The difference in both pore size and
adsorption enthalpy between LTA and FAU could also result in significant adsorbent heterogeneity.
Additionally, with potential for cation exchange, even pure crystalline zeolites can present multiple
adsorption sites with varied energetics due to the distribution and position of framework cations [211]
as well as the varying levels of occupation arising due to the size and charge of the cation and the
frameworks Si/Al ratio [247], leading to heterogeneity of gas distribution [327]. The Toth constant is
temperature dependent and typically seen to approach 1 (homogeneity) as temperature increases [73].
For ZOPT, a general trend is observed which sees nr tend towards 0.44 at 40 °C; however, at 50 °C it
drops to 0.41. A general reduction in heterogeneity can be explained by an increase in adsorbate
mobility promoting lateral interactions [328]. This would in turn narrow the range of adsorption site
energies [329]. As the temperature increases further, low energy sites reliant on van der Waals
dispersion interactions (i.e. Debye, London and Keesom) are no longer viable, decreasing site
heterogeneity. An increase in site heterogeneity between 40 °C and 50 °C, and albeit small, 25 °C and
30 °C as evidenced by nr, implies its dependence on temperature to be non-linear and non-monotonic,

potentially due to modification of the adsorption mechanisms as temperature increases.

Table 5-10: Equilibrium isotherm model fitting via non-linear regression results.

Isotherm

Model Langmuir Freundlich Sips Toth
Temperature | Adj-R? | RMSE | Adj-R? | RMSE | Adj-R? | RMSE | Adj-R? | RMSE
0°C 0.9413 0.1675 0.9452 0.1619 0.9970 0.0379 0.9988 0.0241
10 °C 0.9541 0.1386 0.9485 0.1468 0.9960 0.0407 0.9993 0.0177
20°C 0.9653 0.1152 0.9578 0.1270 0.9989 0.0203 0.9996 0.0129
25°C 0.9689 0.1081 0.9609 0.1214 0.9990 0.0190 0.9996 0.0127
30 °C 0.9735 0.0973 0.9686 0.1059 0.9992 0.0169 0.9996 0.0117
40 °C 0.9813 0.0780 0.9712 0.0968 0.9996 0.0120 0.9998 0.0087
50 °C 0.9831 0.0737 0.9801 0.0799 0.9998 0.0086 0.9998 0.0072
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Table 5-11: Toth fitted isotherm model constants.

Temperature qm kr nr

°C Val SE Val SE Val SE

0 3.028 0.044 10.375 1.219 0.360 0.010
10 2.907 0.035 4.496 0.376 0.389 0.009
20 2.855 0.032 2.327 0.149 0.402 0.008
25 2.854 0.034 1.784 0.109 0.407 0.008
30 2.884 0.041 1.228 0.076 0.404 0.009
40 2.751 0.033 0.612 0.025 0.441 0.008
30 3.039 0.045 0.413 0.015 0.415 0.007

5.7. Adsorption Kinetics

The adsorption kinetics of ZOPT have been estimated via modelling of the adsorption uptake data

produced via TGA at 50 °C. In total, four

kinetic models were evaluated, the results of which are

provided in Table 5-12. Based on adj-R? and RMSE, the best fit would be the Elovich kinetic model.

The Elovich model often describes heterogeneous gas-solid systems or those exhibiting chemisorption

interactions [330].
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Figure 5.10: ZOPT CO: adsorption kinetic model fitting; PFO, PSO, Elovich and W&M Intraparticle Diffusion model

shown.
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Table 5-12: Adsorption kinetic model fitting via non-linear regression results.

Pseudo-first
Pseudo-second Order Elovich W&M Intraparticle Diffusion
Order
Adj-R? | RMSE Adj-R? RMSE Adj-R? | RMSE Adj-R? RMSE
0.3694 7.904 0.6955 5.492 0.9430 2.376 0.9212 2.794

As an empirical model, the parameters have limited physical implications [331], although the derivation
considers both the dependency of adsorption energies and adsorption rate on the surface coverage
[332,333]. The four kinetic models can be seen in Figure 5.10 and visually, all fail to represent the data
accurately. One cause for this would be the presence of multiple rate or diffusion mechanisms
influencing the overall rate of adsorption (i.e. adsorption kinetics) [334]. Confirmation of this is
achieved by plotting ¢, vs ¢ which identified three separate linear regions. Wang and Guo have
successfully modelled similar systems by fitting individual Intraparticle Diffusion (IPD) functions to
each region, doing so ensures consistency with the IPD theory [84]. As such, the ZOPT kinetic data has
been fitted to three IPD functions (EQ. 37 to EQ. 39) where The fitted plot is provided in Figure 5.11.

e = kippy - /2 EQ. 37
4t — qe1 = kipp2(t — t1)1/2 EQ. 38
qr — Gra = kippa(t — )2 EQ. 39

The adsorption kinetics of ZOPT can be described by three primary diffusion-controlled steps
connected by transient regions with a clear decrease in the rate constant such that kpp; < kipp2 < kipps.
This indicates the reduction adsorption rate due to an increase of diffusional resistance [148]. The
adsorption capacity was estimated at 1 minute as 1.2 mmol-g™! which results in a significant initial rate

of adsorption due to strong adsorbent-adsorbate interactions [335].
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Figure 5.11:CO:2 adsorption kinetics (ZOPT) at 50 °C and 1 bai{/ill-ed with three Intraparticle Diffusion model functions.
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5.8.  Enthalpy of Adsorption
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Figure 5.12: Adsorption enthalpy ZOPT-CO: estimated using Toth isotherm model fit.

Adsorption enthalpy has been estimated from the equilibrium isotherms between 0 and 50 °C and has
been provided in Figure 5.12. This can facilitate estimation of regeneration energy requirements which
for TSA translates to the heat demand during desorption. The absolute value of isosteric enthalpy of
adsorption has been calculated for ZOPT to be 33.7 kJ-mol™. It can be seen to increase at lower CO»
loadings, with a maximum estimated at zero coverage of 46 kJ-mol!. This occurs due to heterogeneity
of adsorption sites, and with the highest energy sites occupied first, the adsorption enthalpy is expected
to be larger [216]. In the case of zeolites, the high energy sites are those closest to the framework cations
which have been associated with adsorption enthalpies in the region of 30 to 90 kJ-mol™! [211]. The
general trend indicates a decrease in adsorption enthalpy, this is expected as coverage increases to the
maximum loading. Here, the interactions between CO, and the framework oxygen become more
prevalent [336]. The interaction between CO, and framework oxygen is comparatively weaker to those

with framework cations as it is primarily a product of van der Waals dispersion interactions.

5.9. Working Capacity

An initial estimate of the sorbents working capacity under typical adsorption/desorption conditions
(50°C/150°C) has been provided in Figure 5.13 where fractional coverage (0) is based on the initial
uptake during the very first adsorption cycle. This was measured via TGA by simulating a TSA process
by repeating desorption (150 °C, 1 atm N, 1 h) and adsorption (50 °C, 1 atm CO», 2 h) steps for a total

of 40 complete cycles. The five cycles occurring after cycle 1 demonstrate a general decline in capacity
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to approximately 90% of the initial. Relative stability is achieved after cycle 6 whereby capacity
fluctuates minimally around a median value of 0.87. Given most adsorbents are expected to have a
(theoretical) lifetime of multiple thousands of cycles (in the absence of any deactivating impurities in
the inlet gas stream), this reduction is quite substantial after 40. The cause of this is likely an insufficient
desorption step in the context of either time or temperature. Without sufficient degassing between each
cycle, adsorptive will remain in the adsorbent and reduce the availability of adsorption sites, reducing
the uptake during the next adsorption cycle. With hysteresis often reported for LTA zeolites, this is to
be expected as desorption is controlled by the adsorbent’s effective pore aperture which is smaller than
the adsorption rate-controlling diameter, the LTA a-cage [337] i.¢. the a-cage diameter is approximately

11.4 A [338] vs an effective pore aperture of 4.3 A [247].
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Figure 5.13: Working CO: adsorption capacity of the optimised BFA-derived zeolite. Adsorption at 50 °C, 100 mol%CO:
at 1 atm for 2 h; desorption at 150 °C, 100 mol%N: at 1 atm for 1 h.

5.10. Conclusion

Industrial biomass combustion fly ashes produced at Drax power station in the UK have been
successfully employed as a precursor for the synthesis of LTA and FAU zeolites. The zeolitic product
has been synthesised via an optimised alkaline fusion assisted hydrothermal protocol. The Taguchi
optimisation employed an L9 orthogonal array to study the impact of NaOH/FA ratio, hydrothermal
temperature, hydrothermal time and liquid/solid ratio on the equilibrium CO; adsorption capacity at 50
°C and 1 atm. The optimum zeolite, ZOPT, exhibited an improved adsorption capacity of 1.84 mmol-g’
at 50 °C, 1 atm or approximately 1.6 mmol-g™! higher than the FA from which it was derived. The net
improvement in capacity from the initial NaOH/FA study is 0.18 mmol-g'. Three of the four studied
factors in the L9 were identified as statistically significant within the design space: the hydrothermal
time, hydrothermal duration and liquid/solid ratio. Crystalline zeolites however were produced at all of
the investigated NaOH/FA ratios demonstrating the statistical insignificance when varying between 1.8

and 2.2. The optimum sample has been comprehensively characterised to reveal the product’s phase
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composition, morphology and surface elemental composition. Results suggest both LTA and FAU type
zeolite structures have co-crystallised with evidence of the amorphous gel from which they formed
also present. Evaluation of pure component N> and CO, adsorption has shown that ZOPT has an
external BET surface area of 330 m?-g!, of which, 72% is contributed by microporosity. This suggests
the adsorbent possesses both micro and mesoporosity due to structural defects and residual amorphous
aluminosilicates. The generation of crystalline and microporous zeolitic phases promotes CO;
adsorption which was evidenced by analysis of the adsorption equilibria and kinetics. The Toth
equilibrium isotherm model was identified as the best fit for the data highlighting significant
heterogeneity in the adsorbent. Additionally, the kinetic data was fitted with a piece-wise intraparticle
diffusion model further corroborating the notion of mixed porosity and sample heterogeneity.
Adsorption enthalpy was identified as coverage dependent, reducing to approximately 33.7 kJ-mol™! at
a loading of 2 mmol-g™!. An initial estimate of the adsorbent’s working capacity was made via TGA
which demonstrated a reduction in capacity to 87% after 40 cycles however, this significant drop was
attributed to insufficient desorption cycle time. This work has identified that industrial-grade biomass
combustion fly ashes are potential feedstock candidates for the synthesis of zeolites LTA and FAU. An
investigation is now required to understand the variability and repeatability in the optimised synthesis
procedure and requirements for powder structuring to facilitate representative mass transfer studies in

a fixed-bed adsorber to reveal the potential of biomass FA-derived zeolites for selective CO, separation.
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6. Scale-up and Structuring of Fly Ash Derived Zeolites

6.1. Introduction

Considering the variation identified in the fly ash precursor, an evaluation of the variation present in
the derived zeolite is required. Confirmation of replicability will provide confidence in both the
adsorption performance and pathway for fly ash valorisation. Of equal importance is the potential
deployment of this technology which is currently associated with a lengthy synthesis time (> 24h). The
aging of the mixture takes 16 h, and reductions to this would reduce the overall synthesis time
significantly. Water usage is also non-negligible due to washing the produced zeolites. In this work, the
average water consumption per synthesis is primarily driven by the washing water post-separation of
the solid product, each synthesis using approximately 5 — 8. If washing to a lower degree, i.e. a higher

supernatant pH then less water is required reducing the overall cost and inherent waste production.

Effective utilisation of waste fly ash derived zeolites demands macroscopic structure and form
compatible with the intended application. Fixed-bed adsorption processes often require particle sizes
above that of powders for avoidance of excessive pressure drops and operational issues within the
reactor vessel. Mechanically, these particles need to maintain and preserve their physical form across
the operating envelope. This typically involves the production of pellets or granules achieved via
extrusion, granulation or casting. Naturally, zeolite powders do not retain structured form without the
aid of binders. To overcome this and increase the mechanical strength of the adsorbents, binders such
as kaolin or boehmite are added [339-342]. This unfortunately reduces the performance of the adsorbent

as the additives in most cases do not contribute positively to CO, adsorption.

This chapter seeks to identify synthesis improvements to reduce both total time and water usage whilst
maintaining the adsorption performance. Variation present in the ash derived zeolites is quantified
through analysis of the 35 batches produced for the fixed bed adsorption experiments. Finally, the
zeolites are evaluated for extrusion with and without the addition of kaolin binder to determine the
optimum mixture ratio which permits sufficient mechanical strength and minimal impact to
performance. Production of a suitable particle size is achieved through wet granulation of the best

mixture before a comparative characterisation of the powder and pellets.

6.2. Impact of Stirring Conditions

Utilising the optimised synthesis conditions from the previous chapter, the influence of stirring rate and
duration is evaluated with the intention of reducing the total synthesis time. Each sample is produced
as per the methodology defined previously but with different stirring speeds and durations as outlined
in Table 5-8. Stirring rate was initially increased to 500 RPM and the duration halved, after which it

was increased until the produced zeolite presented a capacity consistent with ZOPT. The adsorption
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capacities have been estimated via TGA at 50 °C, 100 mol% CO, at atmospheric pressure after

degassing at 150 °C under 100 mol% N for 1 h.

Table 6-1: Stirring conditions, yield and uptake of samples produced during synthesis method adjustments. ZOPT provided in
row 1 for comparison.

Sample Stirring Speed Stirring Duration Yield Uptake
RPM h % mmol-g!
ZOPT-2.2/10/90/5 300 16 71.07 1.84
ZOPT-ST8 500 8 82.79 1.68
ZOPT-ST10 500 10 79.14 1.83

The table above presents the results of increasing the stirring rate and reducing the stirring duration.
Upon reducing the total stirring duration to 8 h, the yield can be seen to increase by over 11% whereas
the capacity is reduced. At a stirring duration of 10 h, the capacity of the produced zeolite is consistent
with the optimum produced in the previous chapter suggesting the stirring duration can be reduced by
6 h without significant impact to product quality or performance. Interestingly, the yield of sample
ZOPT-ST10 is 8% greater than the previously produced optimum. Although this yield may be the result
of precursor heterogeneity, the increase stirring rate (500 RPM vs 300 RPM) may have improved the
dissolution of aluminosilicate species [343]. Stirring during aging facilitates the dissolution of silica
and alumina species [317,343]; any reduction in this may limit subsequent nucleation and crystallisation
reactions as less precursor species are available. Reductions in Al and Si species availability during
zeolite crystallisation often extends the required crystallisation time as the crystallisation rate is heavily
dependent on the quantity and composition of the amorphous aluminosilicates formed during aging as

these serve as nuclei precursors that induce subsequent crystallisation [344,345].

6.2.1. Analysis of Surface Morphology
Given the products produced in the previous subsection exhibit CO, adsorption capacities consistent
with the optimum, it is assumed that they possess a crystalline structure which are confirmed in the next
section. Morphologically, adjustments to synthesis conditions such as aging can result in marked
differences, primarily in zeolite crystal size distribution [346,347]. The two samples, ZOPT-ST8 and
ZOPT-ST10 have been evaluated via SEM (IT200) after gold-coating via the sputtering technique
(Figure 6.1). The morphology of ZOPT-STS is significantly dissimilar to ZOPT-2.2/10/90/5 due to the
presence of layered-like crystalline structures which have not been observed in previous analyses. These
structures are likely alternate crystal structures such as cancrinite or sodalite [348,349], both are denser
zeolitic phases with less applicability for CO, adsorption without significant modification [350].
Faujasite zeolites such as 13X is known to crystallise as an intergrowth of FAU and EMT in the form
of layered-like zeolites which can introduce a degree of inter-crystalline macro and mesoporosity in the
material [323] and hence enhance transport of CO, into the pore system by reducing the diffusional
path length [108]. Quantification of the ratio of the two is difficult as they often form as an intergrowth
introducing overlaps within the diffractogram [351] and with EMT often presenting only a minor
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contribution further adding complexity. Wang et al. reported a 7% EMT contribution in their FAU/EMT
intergrowth estimated via analysis of relative peak intensities (5 — 7 © 20) from high-resolution
diffractograms [352]. The sphericity of the layered-like zeolites in ZOPT-ST8 would suggest these to
be sodalite [353,354] although these were also absent in the diffractogram. Sample ZOPT-ST10 is also
provided in Figure 6.1 (bottom) which is morphologically consistent with ZOPT-2.2/90/10/5 albeit with
the addition of layered-like crystalline structures. Both cubic and hexagonal morphologies can be seen
emerging from the amorphous constituents (left) with a larger particle exhibiting layers on the external
surface appearing to have been deconstructed. This can occur by the process of Ostwald ripening
whereby crystals formed early during the reaction will subsequently dissolve and recrystallise as a
different structures [355,356]. The right-hand image of ZOPT-ST10 exhibits morphologies
characteristic of FAU/EMT intergrowth due to their hexagonal, plate-like shape. This typically only
occurs if templating techniques are employed which can involve inorganic salts (hard-templating) or
surfactants (soft-templating) [323,357]. In this case and in the absence of templating agents, the

presence of inorganic phases from the FA precursor may have similar effects, especially when

considering calcium species are both present in the FA and are an example of hard-templating agent

[358].

Figure 6.1: SEM images of ZOPT-STS (top) and ZOPT-ST10 (bottom); accelerating voltage 15kV.

114



6.2.2. Phase Identification
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Figure 6.2: Powder x-ray diffractograms of samples produced during assessment of stirring conditions;, ZOPT-2.2/90/10/5

provided for comparison.
Confirmation of the phases present in the ZOPT-ST8 and ZOPT-ST10 has been made via analysis of
their powder X-ray diffractograms which are provided in Figure 6.2 with ZOPT-2.2/90/10/5 provided
for comparison. Considering the primary peak characteristic of type X zeolites (111) a reduction in peak
intensity is observed for ZOPT-STS8 compared to the original zeolite sample. The intensity at this Bragg
angle for ZOPT-ST10 is more consistent with the original further suggesting that aging conducted by
stirring for 8 h at 500 RPM is insufficient for replication of the original synthesis; however, at 10 h
stirring the produced zeolite is comparable. When considering type A zeolite phases, both ZOPT-ST8
and ZOPT-ST10 appear to present stronger peak intensities than for the original ZOPT. This suggests
a reduced stirring regime actually favours (slightly) the crystallisation of type A. Zeolite A (LTA) is
known to crystallise in shorter times than type X (FAU) and if there was a reduction in nucleation rate
as a product of the reduced stirring duration, the conditions for ZOPT-8ST were likely unsuitable for

the crystallisation of the FAU zeolites present in ZOPT-ST10.

6.3.  Impact of Degree of Washing

The previous method utilised vacuum filtration to both separate and wash the produced zeolites with a
target supernatant pH of 9. Assessment of this property’s impact on CO, adsorption should be quantified
in order to identify if improvements can be made to the synthesis such as reductions in water usage. As
such, a single batch produced at the same conditions as ZOPT-2.2/10/90/5 was separated into five

individual samples prior to individual, post-synthesis washing. The samples and their final supernatant
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pH are provided in Table 6-2. The uptakes are relatively consistent when completing the washing to a
pH of between 7 and 10 and are aligned with the original ZOPT. When reducing the washing further to
a pH of 11, a significant drop in capacity is observed. Sample ZOPT-PH11 presents a CO, adsorption
capacity of 1.59 mmol-g™!, which is approximately 85% of both the original ZOPT and the other samples

which have been washed to a greater degree.

Table 6-2: Washing conditions and uptake of samples produced during synthesis method adjustments. ZOPT provided in row
1 for comparison.

Uptake

Sample Supernatant pH mmol-g”
ZOPT-2.2/10/90/5 9 1.84
ZOPT-PH7 7 1.81
ZOPT-PHS 8 1.83
ZOPT-PH9 9 1.80
ZOPT-PH10 10 1.80
ZOPT-PHI11 11 1.59

Washing of the solid product after zeolitisation is applied to remove any residual and unreacted
hydroxide, which in this case is NaOH. The reduction in capacity observed for ZOPT-PH11 is likely a
result of pore blockage due to the presence of non-framework sodium species or other solid phases
[359]. Thorough washing is key to ensure the availability of active sites for CO, adsorption; however,
too intensive a washing may lead to removal of structural cations [360], negatively impacting CO»
adsorption by reducing the intensity of its interaction with the ion-deficient framework. Based on this
investigation, it is clear that a reduction in water usage is possible by reducing the number of washes
(aiming for a supernatant pH of 10) without significant implications on the biomass fly ash derived

zeolite.

6.3.1. Analysis of Surface Morphology

Given the consistency in CO; adsorption capacities of samples washed to a pH of between 7 and 10, it

is unlikely that significant differences in their morphology will be present. For ZOPT-PH11 though, the
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reduction in capacity which has been attributed to blockage by residual sodium species, should be
indicated by significant non-crystalline phases surrounding the crystalline frameworks. It is however,
unlikely that these will look dissimilar to the amorphous component known to exist in ZOPT-
2.2/90/10/5. Images of ZOPT-PH7 and ZOPT-PH11 are provided Figure 6.3. The SEM image of ZOPT-
PH7 (Figure 6.3 left) exhibits both crystalline and amorphous morphologies in an agglomerated mass.
This is also true for ZOPT-PHI11 (Figure 6.3 right); however, there appears to be a greater degree of
amorphous constituents evidenced by less pronounced crystalline geometries. This is likely a result of
their being a greater relative proportion of amorphous components due to the residual and unreacted

sodium aluminosilicate species which have not been removed via washing.

6.3.2. Phase Identification
With respect to crystallography of the samples produced at varying supernatant pH, the crystalline
phases should be unchanged and consistent. The presence of an increased amorphous aluminosilicate
component however, may reduce the relative intensity of the crystalline diffractograms as these too
scatter x-rays, albeit broadly [256,257]. The results of the XRD are provided in Figure 6.4. For all
samples washed to a pH of 10 or less, the diffractograms are extremely similar with regards to both
peak positions and intensity. When washing to the lowest degree (i.e. ZOPT-PH11), the intensity of all
peaks is reduced. This infers that this sample is less crystalline; however, given the nature of their

preparation, this is a result of there being a greater degree of residual NaOH and other amorphous
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Figure 6.4: Powder x-ray diffractograms of samples produced during assessment of washing degree.
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species in the solid product reducing the relative crystalline content. These findings further corroborate
the potential to reduce the degree of washing during synthesis without significant change to adsorption

performance or crystallinity.

6.4. Scale-up Quality

In order to produce sufficient volume of adsorbent to facilitate evaluation of the breakthrough
performance and determine mass transfer properties of the fly ash derived zeolites in a fixed-bed
column, a larger number of individual batch syntheses is required. Given the variation identified in the
fly ash precursor it is highly likely that the subsequent zeolite is also associated with a level of
heterogeneity, both in terms of structure and adsorption performance. Consequently, in total, 35 batches
were produced during this work, totalling approximately 300 g of fly-ash derived ZOPT-2.2/10/90/5.
Assessment of the variation has been achieved by analysis of the individual samples’ CO, adsorption
capacities and X-ray diffractograms Figure 6.5 details the adsorbed amounts measured via TGA at 50
°C and 1 bar pure CO; for the individual batches. The yields of the 35 individual batches represent an
average of 88.34 %, the standard deviation is 3.69%. The CO; adsorption capacities however, exhibit a
significant degree of variation between batch 5 and 10. This has been attributed to the presence of

carbon in the biomass fly ash precursor which is understood to be associated with significant variability.
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Figure 6.5: Yield and CO: adsorption capacity of the replicate ZOPT batches. Capacity estimated via TGA at 50 °C, 1 bar
CO: after degassing for 1 under N-.
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The presence of carbon in the hydrothermal mixture can negatively impact the alkaline fusion step
through decomposition of the carbonaceous species [361] at the elevated fusion temperatures. Removal
of the carbon was facilitated by heating the fly ash to 550 °C in the presence of air for 1 h. Equally this
could be achieved through use of an ashing furnace which ensures adequate exchange of the furnace
gas volume which is assumed to have been insufficient for batches 5 through 11. Employing the same
conditions as those in the alkaline fusion step will minimise the additional energy expenditure for

synthesis by combining the carbon removal and alkaline fusion steps.

Table 6-3: Synthesis yields and CO: adsorption capacities from the 35 individual batches.

Mean Lower 95% CI of | Upper 95% CI of
mmol-g! Mean Mean
CO; Adsorption Capacity 1.43 1.33 1.53
Predicted Capacity 1.90 1.21 2.59

Given these individual batches constitute subsequent repeats of the optimised synthesis from the
Taguchi DoE further analysis of the experimental design can be made such as validation of the predicted
uptake. The upper and lower 95% confidence intervals (CI) of the mean adsorption capacity of the 35
batches and the predicted value is provided in Table 6-3. The measured range of CO- adsorption
capacities at the 95% Cl range (1.33 — 1.53) overlaps well with the 95% CI range of the predicted value
identified during analysis of the Taguchi DoE (1.21 — 2.59). This suggests the data to be reproducible
and well aligned to the analysis of the Taguchi DoE.

6.5. Thermal Stability of Fly Ash Zeolites

The intended application of these fly ash derived zeolites does not require significant thermal stability
owing to the relatively mild temperature swing of 40 — 150 °C. Industrially however, structuring of
zeolites to increase granulometry typically involves high temperature calcination which can induce
interactions within the precursor matrix improving the mechanical stability [362] and influence the
reactivity and selectivity [340]. It can also remove any residual water including framework water
[363,364]. Given the requirement to increase particle size for fixed-bed experiments, an understanding
of the thermal stability of the synthesised zeolites is key. As such, the bulk ZOPT adsorbent underwent
a series of tests via TGA to investigate the impact of high temperature on the CO; capacity during
subsequent adsorption cycles. In the absence of framework collapse, the capacity should be relatively
repeatable. Commercial zeolites will often maintain their crystalline structures below temperatures of
around 800-900 °C after which the framework collapses and the microporosity is lost and hence so too
is the adsorption capacity [363,365,366]. The TGA procedure adopted to investigate intermediary high
temperature desorption at increasing temperatures on structural stability can be seen in Figure 6.6 along
with the experimental results for weight change of the sample. Briefly, the sample was degassed at 150
°C under N flow before cooling to 50 °C where CO; was then introduced under isothermal conditions.

Thereafter, the sample underwent subsequent desorption and adsorption cycles where the desorption
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Figure 6.6: Weight change of the bulk ZOPT adsorbent during high temperature desorption and 50 °C adsorption.

temperature was increased to 400 °C to desorb and then cooled once more to 50 °C for adsorption. An
additional desorption at 150 °C and adsorption at 50 °C cycle was evaluated before increasing the high
temperature desorption again by 200 °C. This was repeated until a desorption temperature of 800 °C.
The adsorption capacities calculated from the weight change are provided in Table 6-4 for the individual
cycles. The adsorption capacity after high temperature desorption (below 800 °C) increase by 8.89 %
and 0.42 % for 400 °C and 600 °C, respectively. This suggests that the higher temperatures are able to
increase the availability of adsorption sites through an improved degree of desorption. Interestingly, the
capacity after the subsequent 150 °C desorption is between 12 and 18 % lower than the initial cycle.
This suggests that 150 °C may be insufficient to effectively remove all adsorbed gases or that the
adsorbent has changed structurally such as through loss of framework water. Loss of framework water
can damage the structure of zeolites due to the rapid expansion of vapour, i.e. self-steaming if the
heating rate is too large [200]. The loss of this water can be seen at approximately 450 °C which is in
agreement with the literature for FA-derived zeolites [339,367]. After increasing the temperature to 800
°C, a similar weight loss is observed to that during the 600 °C desorption; however, the subsequent
adsorption step indicated zero adsorbed CO; suggesting a complete collapse of microporosity and
therefore, the crystalline framework. This is slightly lower than for commercial zeolites; however, the
presence of amorphous constituents and additional cations (e.g. Ca) instead of Na may have a pore
filling effect [363]. Thermal stability of zeolites is often reported to be dependent on Si/Al ratio [368]

and any dissimilarities in this ratio between FA-derived and commercial zeolites will result in
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modification to the zeolites’ thermal stability. The results show that biomass combustion fly ash zeolites
retain their adsorption capacity up to 600 °C which increases the potential applications of this valorised

waste.

Table 6-4: Adsorption capacities estimated via TGA after high temperature desorption. Adsorption at 50 °C, 100 mol%CO:>
at I atm for 2 h.

Cycle Desorption Uptake Change from Initial
Temperature 1 %
oC mmol-g

1

(initial) 150 1.53 N/A
2 400 1.67 8.89
3 150 1.35 -12.28
4 600 1.54 0.42
5 150 1.25 -18.40
6 800 0 -100
7 150 0 -100

6.6. Powder Extrusion with Kaolin Binder

Application of biomass fly ash derived zeolites in CO; separation requires material compatible with
large scale processes. These processes traditionally employ fixed bed configurations although fluidised
beds are becoming more commonplace. That said, investigation of the derived zeolites suitability for
pelletisation is required to determine the potential improvements to mechanical stability by increasing
granulometry. This also facilitates identification of performance implications and will reveal the
potential for optimisation of binder ratios in the context of equilibrium CO; adsorption capacity and
mechanical crush strength. The extrusion process was conducted by first grinding and sieving the bulk
ZOPT sorbent to ensure a consistent particle size of narrow distribution (< 70 um). The fine powder
was then mixed with varying amounts of kaolin binder as per the ratios defined in Table 6-5 before
water was added until the mixture was “workable”. Thereafter, the wet mixture was extruded manually
through a syringe with a 1.5 mm die aperture. Two different thermal post-treatments were investigated
to identify if any phase-change or interaction occurs with the kaolin binder and ZOPT adsorbent under
calcination conditions. The two adopted procedures were a simple drying at 150 °C (using a 1°C-min’!
ramp rate from ambient) for 1 h and a drying and calcination procedure. With the dried and calcined
samples, drying remained unchanged and the subsequent calcination took place at 550 °C in a muffle

furnace (5 °C-min’! ramp rate from ambient) for 1 h.

6.6.1. Compressive Strength Testing
The compressive strength of the pellets produced in this work has been estimated via ASTM D6175
with a load rate of 4 N-s™! after conditioning of the materials at 150 °C for 12 h to remove free-water.

To determine the pellet population’s crush strength, a suitable sample size is required, in this case 30

121



samples were evaluated for each binder ratio and drying condition. The results are provided in Table

6-5.

Table 6-5: Samples produced during the pelletisation campaign investigating kaolin as binder for pellet extrusion and their
associated radial crush strengths, N-mm™.

Sample Kao | Thermal Mean Crush Crush Strength Relative Change
lin | Treatment Strength Std Dev %
°C N-mm! N-mm’! Strength

wt

%
ZOPT-0K-D 0 150 1.08 0.35 N/A
ZOPT-15K-D 15 150 1.85 0.59 71.63
ZOPT-30K-D 30 150 1.67 0.38 54.81
ZOPT-45K-D 45 150 1.31 0.37 21.10
ZOPT-0K-C 0 150 & 550 1.22 0.58 N/A
ZOPT-15K-C 15 | 150 & 550 1.95 1.21 59.22
ZOPT-30K-C 30 | 150 & 550 247 1.02 101.37
ZOPT-45K-C 45 | 150 & 550 2.82 0.74 129.97

The compressive strength of the dried pellets does not increase monotonically with the increase in
binder content. At binder ratios above 15 wt% the contribution of the kaolin binder negatively impacts
the extrudate’s mechanical stability. This can be attributed to an increase in the secondary pore
dimension and a heterogeneous distribution of the binder [339,369]. At high concentrations, the kaolin
binder’s plate-like morphology may introduce areas within the matrix where force can concentrate,
increasing the likelihood of mechanical failure. At ratios below 15 wt% the two morphologies may act
to improve the mechanical stability by stopping lattice faults from propagating. The estimated
compressive strength for the calcined pellet however, does increase monotonically with the addition of
binder. The increase in crush strength can be attributed to the calcination step which facilitates de-
hydroxylation of the kaolin phase to metakaolin [282,370]. Metakaolin forms when kaolin is heated in
air at around 550 °C [371], the amorphicity presented by the metakaolin increases the crush strength of
the pellet by minimising the potential for fault propagation within the matrix. The crush strength’s
standard deviation is highest for samples ZOPT-15K-C and ZOPT-30K-C, suggesting a degree of
variation in the prepared extrudates. This and the variation exhibited by the other samples can be
attributed to irregularities in the extruded pellets which distribute the load non-uniformly [217,372].
Any heterogeneity in the extrudates will lead to deviation between an individual pellet’s crush strength
due to matrix defects, the distribution and orientation of bonds and pore size distribution [373].
Additionally, the extrusion method introduces additional inconsistencies due to the non-constant
syringe pressure owing to the manual nature of the process. ZOPT-0K-D presents a crush strength of
approximately 1.1 N-mm™' (0.46 MPa) which is significantly lower than for industrial
catalysts/adsorbents but aligned with those produced experimentally in the published literature (0.22 —
0.54 MPa) [86,374-376].
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6.6.2. Pellet Adsorption Capacity
All samples have been evaluated for their equilibrium CO; adsorption capacity via TGA at 50 °C, 1
bar(a) pure CO; after an initial degassing at 150 °C, 1 bar(a) N> for 1 h. These adsorption tests were
conducted in triplicate with the mean and standard deviation provided in Table 6-6. The adsorption
capacities decrease close to linearly with the increase in binder addition due to the inert (in the context
of CO; adsorption) nature of the kaolin binder. This is true for both the dried and dried/calcined samples.
Interestingly, the capacity of the calcined samples is actually lower for all binder ratios than the samples
produced with a simple drying. The reduction in capacity for the calcined samples can be attributed to
potential pore blockage after the phase transformation of kaolin to metakaolin which would limit
accessibility to the active sites [339,377,378]. The pure kaolin binder has been shown to exhibit a
negligible CO; adsorption capacity (0.06 mmol-g™') when compared with the 1.51 demonstrated by the
ZOPT-bulk powder. The consistency in uptake between the pellets without binder and the bulk-powder
suggest there is negligible impact on the average CO, uptake when forming 1.5 mm pellets via syringe

extrusion.

Table 6-6: Samples produced during the pelletisation campaign investigating kaolin as binder for pellet extrusion and their
associated equilibrium CO: adsorption capacities estimated via TGA at 50 °C, 1 bar(a).

Sample ‘ Kaolin Thermal Treatment | Mean CO; Uptake CO; Uptake

wt% °C 50°C 1 bar(a) Standard

Deviation
ZOPT-0K-D 0 150 1.53 0.03
ZOPT-15K-D 15 150 1.26 0.08
ZOPT-30K-D 30 150 1.08 0.07
ZOPT-45K-D 45 150 0.91 0.03
ZOPT-0K-C 0 150 & 550 1.28 0.04
ZOPT-15K-C 15 150 & 550 1.12 0.02
Z0OPT-30K-C 30 150 & 550 0.91 0.02
Z0OPT-45K-C 45 150 & 550 0.78 0.01
Kaolin 100 N/A — Powder 0.06 0.002
ZOPT-bulk 0 150 1.51 0.02

(powder)

6.6.3. Pellet Adsorption Kinetics
The kinetics of CO, adsorption for each of the produced pellets have been investigated by fitting the
uptake data estimated via TGA at 50 °C and 1 bar(a) CO,. The kinetic data has been fitted with the
PFO, PSO, Elovich and W&M Intraparticle Diffusion kinetic models with the quality of fit determined
via adjusted R? and RMSE values provided in Table 6-7. The Elovich kinetic model can be seen as the
best fit with adj-R? values above 0.97 for all datasets. The experimental data and the fitted Elovich
kinetic model are given in Figure 6.7 with the estimated model constants in Table 6-7. Visually the
fitted model appears to describe the adsorption kinetics well. Previously, the Elovich model failed to

capture the three distinct regions of the CO; adsorption kinetics for ZOPT-2.2/10/90/5. The decrease in
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equilibrium capacity with increasing kaolin content can also be seen although the step change between

the 30 and 45 wt% samples is less significant than for the 0 and 15 wt% samples.

Table 6-7: Results of the biomass combustion fly ash zeolite pellets kinetic modelling. Experimental data produced via TGA
under at 50 °C, 1 bar CO..

W&M
Pseudo-first Pseudo-second Elovich Intraparticle

Sample Order Order Diffusion
Adj-R? RMSE Adj-R>  RMSE  Adj-R? RMSE Adj-R> RMSE
ZOPT-0K-D | 0.5518 | 0.1223 = 0.8242 | 0.0766 0.9866 0.0212 0.8759 0.0643
ZOPT-15K-D | 04303 0.1132  0.7376 @ 0.0768 0.9706 0.0257 09186  0.0428
ZOPT-30K-D | 0.5247 0.0876 | 0.8069 | 0.0558 0.9862 0.0149 0.8897 0.0422
ZOPT-45K-D | 0.5241 0.0742 | 0.8050 @ 0.0475 0.9864 0.0126 0.8958  0.0347
ZOPT-0K-C | 0.6706 | 0.0860 0.8991 | 0.0476 0.9811 0.0206 0.8001 0.0670
ZOPT-15K-C | 0.5325 0.0928 0.8072 @ 0.0596 @ 0.9857 0.0162 0.9046  0.0419
ZOPT-30K-C | 0.4667 | 0.0797 0.7637 | 0.0531 0.9761 0.0169 09173 0.0314
ZOPT-45K-C | 0.4535 0.0669 0.7568 @ 0.0446 @ 0.9764 0.0139 0.9143 0.0265
ZOPT-bulk | 0.4740 ' 0.1297 0.7701 | 0.0857 0.9769 0.0272 0.9121 0.0530

Powder

The model constants estimated via non-linear regression also exhibit trends with the increasing kaolin

content. The initial adsorption rate constant, o, decreases with an increase in kaolin content for the dried

samples but less so for the calcined samples; the value reaches a relatively stable 2.4 mmol-g!-min™!

for kaolin contents between 15 and 45 wt%. The desorption constant, 5, is seen to decrease more

consistently with the increasing kaolin content for both dried and calcined extrudates. The calcined

pellets exhibit slightly higher desorption constants for all binder ratios due to the lower equilibrium

capacity. The desorption constant, although without physical meaning, can be associated with a lack of

available active sites which is attributed to the increase in relative proportion of inert kaolin binder.
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Figure 6.7: CO7 adsorption kinetics at 50 °C and 1 bar for the dried extrudates (left) and calcined (vight). The dashed line

represents the experimental data and the solid line the fitted Elovich kinetic model.
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Table 6-8: Elovich kinetic model constants estimated via non-linear regression.

Sample (1_1 . 0
mmol- g™ -min g-mmol

ZOPT-0K-D \ 4.47 5.59
ZOPT-15K-D 4.30 6.88
ZOPT-30K-D | 3.17 8.04
ZOPT-45K-D 2.49 9.50
ZOPT-0K-C \ 4.93 6.86
ZOPT-15K-C 2.46 7.51
ZOPT-30K-C | 2.33 9.40
ZOPT-45K-C 2.38 11.35
ZOPT-bulk Powder \ 3.78 5.74

6.6.4. Surface Morphology
The surface morphology of the produced extrudates has also been revealed via SEM (IT200). The
samples produced at binder ratios of 0 and 45 wt% kaolin for both thermal post-treatments are provided
in Figure 6.8 and Figure 6.9, respectively. The extrudates produced without the addition of kaolin binder
(Figure 6.8) exhibit morphologies consistent with their powdered analogues which is to be expected.
The differences between the dried (ZOPT-0K-D) and calcined (ZOPT-0K-C) samples are not distinct
which suggests the high temperature (550 °C) treatment does not induce significant morphological
changes of the bulk ZOPT adsorbent. As such the decrease in CO, adsorption capacity is likely due to
slight modifications to the zeolite framework owing to the loss of framework water [379]. In both
samples, a relatively broad size distribution is observed for both the crystalline constituents (LTA and
FAU zeolites) and amorphous aluminosilicates. No unexpected morphologies have been observed as
were in the stirring condition assessment. There is also an improved segregation of the amorphous and
crystalline components when compared with the samples produced during the washing degree
investigation. This is likely a result of the extrusion procedure which involved a significant degree of
mixing. Figure 6.9 presents both ZOPT-45K-D (left) and ZOPT-45K-C (right). The morphologies are

distinctly dissimilar to each other and those in Figure 6.8 with very limited evidence of crystalline

wD

Figure 6.8: Scanning electron microscope images of ZOPT-0K-D (left) and ZOPT-0K-C (right).



morphologies. For the dried samples, the presence of kaolin binder is clear due to the plate-like and
sharp morphology of the mixture. Due to this, a large number of voids and cracks can be seen which
could decrease the adsorbent’s mechanical stability during crush strength testing. For the calcined
sample, the angular morphology is absent and has been replaced by a more continuous surface. This is
due to the conversion of crystalline kaolin to amorphous metakaolin upon high temperature treatments.
The amorphous nature of this additive will improve the mechanical stability of the extrudate which has
been experimentally confirmed in section 6.6.1. That said, some porosity is observed; however, this
presents more rounded morphology which will not concentrate internal stresses to the same degree as
those seen in ZOPT-45K-0D. Given these findings, it is to be expected that the pellet mixed with 45
wt% kaolin and treated thermally at 550 °C would have the highest crush strength as per ASTM D6175.

6.6.5. Elemental Composition — EDS

Figure 6.9: Scanning electron microscope images of ZOPT-45K-D (left) and ZOPT-45K-C (right).

The elemental composition of the produced extrudates has been estimated via EDS, the results of which
are provided in Table 6-9 with both the mean value (x) and standard deviations (S) computed after
analysis of 10 individual sites for each sample. Although semi-quantitative, this analysis allows for
comparative assessment of the elemental composition of the pelletised samples produced with 0 and 45
wt% kaolin additions under the two thermal post-treatments. The addition of kaolin binder increases
the relative composition of both Si and Al which appears to be independent of the thermal treatments.
The phase change of kaolin to metakaolin produces water due to the loss of hydroxyl groups, a slight
reduction in O content is observed in ZOPT-45K-C vs ZOPT-45K-D which further suggests phase
transformation. The limitations of EDS limit confidence in this; however, XRD will confirm the
presence of kaolin in the samples. These limitations can explain why calcium content drops from
approximately 17 wt% for ZOPT-0K samples to 3 wt% for the ZOPT-45K samples; EDS being a
surface level analyses will not quantify the pellets internal or bulk composition, rather the external

surface. Visually, both ZOPT-45K-D and ZOPT-45K-C present primarily the binder’s morphology and
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so any calcium present in the ZOPT precursor is underestimated as kaolin/metakaolin is an
aluminosilicate. The Si/Al weight ratios are also provided Table 6-9. The estimated Si/Al ratio for
ZOPT-0K-D and ZOPT-0K-C are 1.88 and 1.95, respectively. For ZOPT-45K-D and ZOPT-45K-C,
they are 1.10 and 1.16, respectively. The reduction in these ratios after adding 45 wt% binder is due to
the chemical composition of the kaolin binder (Al,Si,0s(OH)a). Its prevalence in the pellets morphology

likely underestimates the Si content of the ZOPT precursor, hence reducing the Si/Al ratio.

Table 6-9: Elemental composition of pelletised fly ash zeolites, estimated via EDS.

Element ZOPT-0K-D ZOPT-0K-C ZOPT-45K-D ZOPT-45K-C
wt% wt% wt% wt%

X S X S X S X S

Na 3.5 2.5 2.8 1.0 2.9 2.2 3.6 0.9

Mg 1.3 1.0 0.9 0.5 0.4 0.1 0.7 1.0

Al 7.6 3.5 7.1 3.1 20.0 1.3 19.6 2.4

Si 14.2 5.9 13.9 5.5 22.0 1.7 22.8 1.1

P 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

K 1.1 04 1.2 0.3 0.3 0.1 0.3 0.1

Ca 16.7 7.6 17.7 5.3 3.2 1.5 2.5 1.9

Ti 0.2 0.4 1.4 0.4 0.6 0.4 0.6 0.2

Mn 0.9 1.0 2.3 1.4 0.1 0.2 0.2 0.2

Fe 11.2 7.9 15.4 8.0 1.1 0.5 2.2 1.3

(0] 432 17.2 37.9 5.7 49.1 2.3 47.4 1.3

Avg. wt.

Si/Al 1.88 1.95 1.10 1.16

6.6.6. Phase Identification
Given the nature of the two thermal post-treatments and the anticipated phase change during calcination
at 550 °C, identification of crystalline phases via XRD has been completed for both the dried, and the
dried and calcined extrudates (Figure 6.10). The dried pellets present diffractograms which appear as a
superimposition of the individual precursors, kaolin and ZOPT. The peak intensity for those
characteristics of kaolin becoming stronger as the relative concentration of kaolin increases from 15 to
45 wt%. This is also associated with a decrease in the peak intensity of ZOPT due to the decrease in its
relative concentration. When considering the dried and calcined pellets, the addition of kaolin and
subsequent high temperature calcination has induced certain interactions between the precursor matrix
[340]. Additionally, kaolin is a crystalline phase and undergoes a series of de-hydroxylation reactions
at elevated temperatures, resulting in disordered metakaolin [282,370]. This phase transformation
typically improves the mechanical stability confirmed by the compressive strength testing and
postulated in the morphological analysis. In the diffractograms for the calcined pellets, all characteristic
peaks of kaolin are absent suggesting no kaolin remains in the pellets. The kaolin precursor has
therefore, undergone dehydroxylation to form metakaolin which exhibits no distinct diffractogram.

Although de-hydroxylation of kaolin typically occurs above 700 °C, kaolin phase transformation has
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been reported at lower temperatures such as 550 °C with subsequent transformation to mullite at

approximately 1050 °C [371].
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Figure 6.10: Powder x-ray diffractograms of the extruded biomass ash derived fly ash zeolite adsorbents; diffractograms of
the bulk ZOPT sample and 100 wt% kaolin provided for comparison.

6.7. Conclusion

In order to facilitate evaluation of the breakthrough performance of biomass combustion fly ash derived
zeolites, 35 replicates at the optimum synthesis conditions have been carried out after an investigation
into potential for method intensification. Slight modification was made to the synthesis procedure in
order to minimise synthesis duration and water consumption. This was informed by an evaluation of

the impact on both CO; adsorption capacity and zeolite quality. It was found that a reduction in washing
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degree is realisable if targeting a supernatant pH of 10 without degradation of performance. Similarly,
a reduction in the stirring step from 16 to 10 h was also realised. The bulk sorbent, a mixture of the 35
replicates then underwent a series of pelletisation experiments via extrusion to determine the optimum
kaolin binder ratio which facilitates sufficient mechanical stability and maintained CO; capture
performance. The results revealed that an addition of 45 wt% kaolin and subsequent calcination at 550
C produces a pellet with a crush strength exceeding 2.7 N-mm’!. This however was associated with a
significant decrease in equilibrium uptake and adsorption kinetics, based on the kinetic modelling.
Binderless zeolites prepared without calcination presented a crush strength above 1 N-mm whilst
maintaining the powders adsorption capacity and kinetics. Thereafter the produced pellets were
characterised via XRD and SEM for phase identification and analysis of surface morphology,

respectively.

The ability to extrude biomass fly ash derived zeolites without the requirement to introduce CO> inert
binder, is of significant importance as there is no net reduction in adsorption performance. The ability
of the powder precursor to form pellets with sufficient strength has been attributed to the presence of
mixed zeolite phases with broad size distribution and an amorphous constituent which acts as an
inherent binding material after extrusion much in the same manner that the kaolin binder does.
Implementation of binderless fly ash zeolite pellets in adsorption processes would mitigate potential
reductions to performance often experienced when tailoring adsorbent particles towards specific

mechanical requirements.
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7. Lab-scale Fixed-bed Adsorption of CO: by Biomass Combustion Fly Ash
Derived Zeolites

7.1. Introduction

Development of zeolitic adsorbents from industrially produced biomass combustion fly ashes requires
assessment of their performance in process configurations representative of those in which they would
be deployed. In this work, a lab-scale fixed bed TSA system has been designed, built and tested to
facilitate both the analysis and optimisation of process conditions representative of post-combustion
CO; capture. This is crucial for evaluating the efficacy of the proposed fly ash valorisation pathway and
will provide insight into the key performance indicators characteristic of adsorption process such as bed
capacity and breakthrough time. This information facilitates subsequent design of larger-scale systems

as well as validation of adsorption process modelling.

This chapter presents a detailed investigation into the breakthrough performance of these zeolites under
simulated biomass combustion flue gases using a lab-scale fixed bed reactor. The granulometry of the
fly ash derived zeolites has been increase based on the work in the previous chapter. Due to the diameter
of the fixed bed column, a particle size of around 1 mm is required, as such, the wet granulation
technique has been employed to formulate binderless zeolite granules. The CO, adsorption equilibria
and kinetics have been revealed via both volumetric and gravimetric adsorption techniques supported
by modelling of the phenomenon to facilitate comparison between the original ZOPT adsorbent, the
derivative bulk ZOPT and the granulated bulk ZOPT and ultimately provide the foundational data
required for scale-up of this process technology. Through systematic variation of the adsorption process
operating parameters by Taguchi DoE, this work has identified conditions which facilitate an improved
adsorption efficiency defined by the bed’s usable adsorption capacity. This offers insight into the
dynamic behaviour of the adsorption process informing the design and scaling of an industrial scale

post-combustion carbon capture system.

The data produced during these breakthrough investigations can facilitate an informed process design
for a large-scale post-combustion CO; capture plant. The use of empirical techniques in the design of
adsorption processes is often the quickest pathway as there is no requirement for identifying solutions
to the array of governing heat and mass balances [58]. That said empirical routes are often plagued by
inaccuracy and error; implementation of empirical methods within the framework of statistical Design
of Experiments can further improve the time and cost efficiency for development of biomass fly ash-

derived zeolite adsorbents for post-combustion CO; capture.

7.2.  Binderless Wet Granulation
Confirmation of potential improvements to mechanical stability has been achieved through
investigation of the impact of kaolin binder addition during extrusion. Although commercially viable,

the lower limit for typical extrudate diameter is on the order of multiple millimetres [61,380]. The fixed-
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bed reactor designed and built during this research has an internal diameter of approximately 40 mm
(with the mesh adsorbent cartridge) and a maximum bed length of 250 mm. Particles with typical
extrudate diameters of 3-5 mm would be outside of the conventional particle size to column ratio which
minimises potential for wall channelling, d./d, < 30, where d. is the column diameter and d, the particle
diameter [381]. Considering the column diameter, the largest compatible particle size would be
approximately 1.3mm. Additionally, it is desirable that the bed length be > 100 times the adsorbent
particle diameter [381]. Formation of adsorbents with a diameter of around 1 mm to minimise potential
for channelling and flow maldistribution typically requires granulation technologies. Wet granulation
is an industrially employed process and has been used to increase the particle size of fly ash derived
zeolites without the addition of kaolin due to the tolerable mechanical stability of the previous extrusion
testing. The procedure involved wet massing the dried and sieved (70 pm) bulk ZOPT sorbent until the
solids could be compressed by hand and retain their shape. This equated to a water addition
approximately 50% of the adsorbent mass. Thereafter the wet mass was passed through a sieve
granulator (Erweka FGS wet granulator coupled to Erweka AR 403 drive unit) with a mesh size of 1.4
mm. The granules were then dried in an oven at 110 °C overnight before loading into the fixed-bed

reactor.

7.3. Surface Morphology — Comparison

Without the addition of kaolin binder and the relatively mild mechanical processing which is associated
with wet granulation, the surface morphology of the powder and granules should have remained
relatively unchanged. The bulk ZOPT powder can be seen in the left side Figure 7.1 at two
magnifications, the granulated ZOPT adsorbent is provided in the right of Figure 7.1. As expected,
limited morphological differences are seen between the two however the individual particles do appear
to be more densely packed in the granulated form. This is apparent at both magnifications (top and
bottom) suggesting that the wet granulation process has successfully bound ZOPT-BULK together
through compaction [323,382]. At the higher magnification, the individual crystals are more dispersed
within the sample suggesting the granulation technique has blended the crystalline and amorphous
components to a higher degree than which exists in the ZOPT powder. This can explain the tolerable
mechanical stability of the binderless FA-zeolites. The presence of large voids between the individual
crystal structures provides a level of hierarchical porosity [383] which should promote the inter-
crystalline transport of CO, during the adsorption process [384] That said however, the irregular and
rough surface may increase the thickness of the boundary layer at low flow rates reducing the rate of

film diffusion from the bulk gas phase [334,385].
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Figure 7.1: Scanning electron microscope images of the bulk ZOPT powder (left) and the bulk ZOPT granule (right).

7.4. Elemental Composition via Energy Dispersive X-ray Spectroscopy - Comparison

The elemental composition of the bulk adsorbent (ZOPT-BULK) has been estimated via EDS, the
results of which are provided in Table 7-1 along with the results for ZOPT-OG to facilitate comparison.
The two samples differ primarily in the percentage weight of Na, Mg and Ca although the first two are
relatively small components of the sample and are present with a significant degree of variation. The
Ca content of the two samples differs by approximately 4 wt%, again both samples have a large degree
of variation. This difference suggests that less Ca is present in the crystalline frameworks of ZOPT-
BULK vs ZOPT-OG,; the increased content of Na in ZOPT-BULK is present by way of compensation
of the reduced Ca present in the crystalline frameworks are charge compensating cations. The Si content
of ZOPT-OG presents a greater degree of variation (S = 4.9 wt%) compared with ZOPT-BULK (S =
1.5 wt%) which can be attributed to a larger proportion of LTA in ZOPT-BULK than ZOPT-OG as
evidenced by the reduced intensities of the FAU-type XRD peaks. Type A and type X zeolites typically
present dissimilar Si/Al ratios so a reduction in the relative proportion of one phase will reduce the bulk
sample’s Si/Al ratio variation as type X often form with higher Si/Al ratios than LTA [149]. The average
Si/Al ratio for both is relatively consistent at between 1.66 for ZOPT-BULK and 1.71 for ZOPT-OG.

Interestingly, the Si/Al ratio of ZOPT-BULK (1.66) is extremely close to the parent fly ash (1.67).
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Table 7-1: Elemental analysis estimated via EDS for the original ZOPT sample and the bulk-ZOPT adsorbent.

ZOPT-0G ZOPT-BULK
wt% wt%
Element X S X S
Na 3.9 0.7 7.5 1.9
Mg 1.4 0.8 2.4 1.7
Al 11.3 2.1 11.7 3.1
Si 19.3 49 19.4 1.5
P 0.0 0.2 0.1 0.4
K 0.6 0.3 0.8 0.4
Ca 14.6 3.8 10.2 4.5
Ti 0.0 0.0 0.5 0.5
Fe 3.9 0.9 4.7 2.6
(0] 449 7.9 43.2 2.3
Avg. wt. Si/Al 1.71 1.66

7.5. Apparent BET Surface Area — Comparison

As an additional quality metric, the apparent BET surface area can be used to compare the original
(ZOPT-0OG) and bulk adsorbent (ZOPT-BULK). Although not representative of actual external surface
area as it is essentially erroneous to apply to microporous materials [201] as the assumption of
monolayer coverage in a micropore has no clear physical or theoretical meaning. That said, the relative
change in this metric can still be used as indication of quality deviation between samples or batches of
the same mixture [60]. The BET surface area has been estimated via analysis of the N, adsorption
isotherm at 77K. The samples were degassed prior to the isotherm measurement as per ASTM D4365
[200], by ramping the sample under vacuum from ambient to 350 °C at a ramp rate of 1 °C-min™! before
holding at 350 °C for 12 h. The sample tube was backfilled with nitrogen before commencing the

isotherm measurement.

Table 7-2: Textural properties of ZOPT estimated via the N2 adsorption/desorption at 77K.

Sample BET Surface Area  Micropore Area  Micropore Volume Total Pore Volume
ml,g-l ml,g-l cl.n3,g-1 cl.n3,g-1
ZOPT-BULK 163.96 43.62 0.019 0.185
p/po: 0.032 -0.1716 p/po: 0.196 — 0.499 p/po=0.95
Z0OPT-0G 329.89 236.42 0.094 0.225
p/po: 0.0012 — 0.050 p/po: 0.0755 - 0.50 p/po=0.95

The N, adsorption and desorption isotherm measured at 77K for ZOPT-BULK is provided in Figure
7.2 with the linear BET plot provided as an inset. The textural properties estimated via analysis of the
N; adsorption isotherms at 77K for ZOPT-BULK and ZOPT-OG are provided in Table 5-9. The
characteristics of the ZOPT-BULK isotherm are consistent with those of ZOPT-OG suggesting a similar
pore structure in that a combination of both micro- and mesoporosity evidenced by the type IV (IUPAC)
shape and type H4 hysteresis [59,165,320]. The hysteresis once more attributed to the formation of
mesoporosity through individual crystal aggregation and the amorphous constituents [120,148,321].

133



The lack of an adsorption plateau at high relative pressures also indicative of microporosity [322]. in
the bulk sample as for ZOPT-OG. There is however a significant difference between the estimated BET
surface areas and pore volumes for the two samples. This is to be expected given the difference in both
material characterisations and adsorption performance. The bulk adsorbent presents a BET surface area
of approximately half the original sample (164 vs 330 m?-g™!). Total pore volume is slightly smaller for
the bulk sample but the micropore contribution is only 20 % of that estimated for ZOPT-OG, 0.019 vs
0.094 m?-g’!. Although direct correlation between BET surface area and CO, adsorption capacity isn’t
possible, the decreased microporosity corroborates the decreased CO, adsorption capacity. A lack of
microporosity is also evidenced by the position of the linear region which satisfy Rouquerol’s criteria
[201] identified during the model fitting; the relative pressure range for ZOPT-BULK was 0.03 — 0.17
(vs 0.001 — 0.05 for ZOPT-OG)) which is more typical of mesoporous materials [53].
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Figure 7.2: N2 adsorption/desorption isotherm measured at 77 K; linear BET plot (inset). Produced for bulk ZOPT adsorbent.

7.6. Equilibrium CO; Adsorption

Equilibrium CO, adsorption isotherms have been estimated volumetrically between 0 and 1 bar(a) for

between 0 and 50 °C. The samples were degassed prior to the isotherm measurement as per ASTM

D4365 [200]. The equilibrium isotherms are provided in Figure 7.3 (discrete data points); the fitted

curve is that defined by the Toth adsorption model which was identified as the best fit. The data was fit
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with adsorption models via non-linear regression with the results provided in Table 7-3. For all of the
investigated temperatures, the adj-R?> and RMSE values are lowest for the Toth model. The model
constants defined during the regression are given in Table 7-4. In general, both ZOPT-OG and ZOPT-
BULK present similar adsorption characteristics but with a decrease in the equilibrium adsorption
capacity for the latter (ZOPT-BULK). The degree of heterogeneity also appears to be greater for ZOPT-
BULK, nr was estimated as 0.21 [unit] for the 10 °C isotherm. Generally, the fitted g. and Kr values
decrease with an increasing temperature as the adsorption of CO; is less favourable [386]. Considering

the adsorption mechanisms in the zeolite-CO; system, their temperature dependence is expected.

Table 7-3: Equilibrium isotherm model fitting via non-linear regression results.

Isotherm Langmuir Freundlich Sips Toth
Temperature | Adj-R*> | RMSE | Adj-R? | RMSE | Adj-R? | RMSE | Adj-R®> | RMSE
0°C 0.9058 | 0.1723 | 0.9787 | 0.0819 | 0.9972 | 0.0297 | 0.9987 | 0.0206
10 °C 0.9144 | 0.1539 | 0.9828 | 0.0691 | 0.9967 | 0.0303 | 0.9981 | 0.0228
20 °C 0.9327 | 0.1285 | 0.9845 | 0.0618 | 0.9981 | 0.0216 | 0.9992 | 0.0143
25°C 0.9343 | 0.1221 | 0.9862 | 0.056 | 0.9981 | 0.0206 | 0.9992 | 0.0137
30 °C 0.9471 | 0.1074 | 0.9869 | 0.0535 | 0.9984 | 0.0187 | 0.9993 | 0.0119
40 °C 0.9572 | 0.0907 | 0.9873 | 0.0494 | 0.9984 | 0.0177 | 0.9993 | 0.0117
50 °C 0.9635 | 0.0785 | 0.9893 | 0.0426 | 0.9993 | 0.0111 | 0.9998 | 0.0058
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Figure 7.3: Equilibrium CO: adsorption isotherms measured volumetrically for ZOPT-BULK, with the Toth model fitted.
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Table 7-4: Toth fitted isotherm model constants estimated via non-linear regression for ZOPT-BULK.

Temperature qm kr ny

°C mmol-g! bar!

0 3.835 2.648 0.210
10 4111 2.262 0.208
20 3.825 1.936 0.222
25 3.998 1.847 0.217
30 3.734 1.618 0.233
40 3.474 1.300 0.259
S0 3.482 1.159 0.262

7.7.  Adsorption Kinetics - Comparison

Increasing the scale of granulometry of zeolitic adsorbents can significantly influence the adsorption
kinetics for adsorbates. Zeolites present a number of diffusion mechanisms which are often the rate-
determining step during the adsorption phenomenon [387]. This is especially true in the case of LTA
zeolites due to their relatively small alpha cages. By increasing particle size, the contribution to
adsorption kinetics from intra-particle and intra-crystalline diffusion can become greater and hence
decrease the overall kinetics [388]. As such, the CO; adsorption kinetics have been estimated via non-
linear regression of typical adsorption kinetic models for both the bulk ZOPT sorbent and the bulk
ZOPT granules, these are provided in Table 7-5. The uptake data which has been modelled was
measured via TGA at 50 °C under pure CO; after an initial degassing at 150 °C under 100 mol% N for
1 h. Although not representative of a typical adsorption process this analysis facilitates a comparative
assessment of adsorption kinetics when increasing particle size. The Elovich kinetic model has been

identified as the best fitting with the highest adj-R* and RMSE values.

Table 7-5: Results of the adsorption kinetic modelling for the bulk ZOPT adsorbent (powder) and the derived bulk ZOPT
granules; the model constants from the original ZOPT sample is provided for comparison.

Pseudo-first Pseudo-second . W&M.
Elovich Intraparticle
Sample Order Order Diffusion

Adji-R> RMSE Adj-R> RMSE Adj-R>* RMSE Adj-R> RMSE
Powder  0.4740  0.1297  0.7701 = 0.0857 = 0.9769 = 0.0272  0.9121  0.0530
Granule | 0.7256 0.0882 09173  0.0484 09481 0.0384 0.7309  0.0873

The Elovich constants determined via non-linear regression analysis are provided in Table 7-6 for the
granulated and powder ZOPT-BULK zeolite. The observed values of a and S are higher in the
granulated form than powder. During granulation and in the absence of binders, particle agglomeration
may improve active site accessibility by making the geometry more favourable for gas diffusion through
introducing hierarchical porosity and hence improve the overall adsorption kinetics [383,389,390].
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When considering the gravimetric method, the granulated form provides a better surface area to volume
ratio compared to the powder which should promote the adsorption kinetics when passing the adsorptive

over a crucible containing the adsorbent.

Table 7-6: Elovich kinetic model constants estimated via non-linear regression for powdered and granulated ZOPT-BULK..

a p
Sample mmol-g!-min’! g-mmol’
Powder 3.78 5.74
Granule 5.99 6.21

The uptake curves are provided in Figure 7.4. along with the fitted Elovich kinetic model for both
powder and granulated forms of ZOPT-BULK. The powdered adsorbent exhibits a marginally higher
initial adsorption rate reaching 0.8 mmol-g! within the two and a half minutes (vs 5 for the granulated
form). That said, the granulated form reaches an adsorption plateau albeit at a reduced capacity than the
powdered adsorbent in around half the time. For the powdered adsorbent, the adsorption of CO; appears
to be more drawn out than the granulated form likely due to the diffusional resistance as the adsorptive
migrates from the top surface of the crucible to the bottom. This phenomenon while still existent in the

granulated form represents a smaller contribution as the diffusional distance is smaller.
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Figure 7.4: CO: adsorption vs time measured via TGA at 50 °C for the granulated and powder form of ZOPT-BULK. The
dashed line represents the experimental data and the solid line the fitted Elovich model.
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7.8.  Enthalpy of Adsorption

The adsorption enthalpy has been estimated from the Toth equilibrium adsorption model for ZOPT-
BULK between 0 and 50 °C. This facilitates a comparison between the original sample (ZOPT-OG)
and the bulk adsorbent used in this chapter. The value for ZOPT-BULK, 32.4 kJ-mol"! represents a
3.9% decrease from 33.7 kJ-mol ™ estimated for ZOPT-OG. Whilst this is a minor difference, at higher
loadings, it is generally accepted that the zeolitic framework oxygen become the dominant adsorption
site [336] and with similar Si/Al ratios, it is to be expected that ZOPT-BULK and ZOPT-OG would
present similar CO, adsorption enthalpies. Interestingly, at zero loading ZOPT-BULK presents a
maximum enthalpy of adsorption at 54 kJ-mol™! vs 46 kJ-mol™! for ZOPT-OG. This suggests that at low
loading, the strength of the interaction between ZOPT-BULK and CO; is greater than for ZOPT-OG.
This can be explained when considering that at CO; loadings below 1 molecule per unit cell, the
predominant adsorption sites are those in the vicinity of a compensating framework cation [389]. Given
the likelihood that ZOPT-BULK presents a greater proportion of both LTA zeolites and Na-type
cations, the strength of interaction between the adsorbent and COs is larger than for ZOPT-OG, at low
loadings due to the smaller charge-to-size ratio of the Na cation [391]. This in turn induces a greater
charge, i.e. structural Lewis basicity in the zeolite framework due to the smaller electronegativity of Na
vs Ca creating stronger framework interactions with CO, [392—-394]; Pauling’s electronegativity for Na
is 0.9 and for Ca, 1.0 [395,396]. That said, a higher proportional of Al in the zeolite framework also

contributes to an increased basicity [397,398].
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Figure 7.5: The enthalpy of adsorption determined between CO2 and ZOPT-BULK via analysis of the equilibrium adsorption
isotherms (Toth) between 0 and 50 °C up to I bar(a).
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7.9.  Working Capacity
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Figure 7.6: Working capacity of ZOPT-BULK estimated via TGA simulating a TSA cycle in the temperature range of 50(C0O2)
and 150 °C (N2) at I bar(a).

The working capacity of ZOPT-BULK has been estimated by the same method as that for ZOPT-OG,
through a simulated TSA process at similar temperatures to that of post-combustion CO, capture, 50
°C adsorption (50 °C, 1 atm CO», 2 h) and 150 °C desorption (150 °C, 1 atm N, 1 h). After 40 cycles,
the working capacity is approximately 90% of the initial after cycle 1 (i.e. 0.97 after cycle 1 and 0.88
after cycle 40). Much in the same way as ZOPT-OG the working capacity stabilises after between 5 and
10 cycles. This reduction can be attributed to the investigated conditions of temperature and cycle time.
Improvements to the working capacity could be achieved by modifying the desorption conditions during
the adsorbent’s operational life such as extended degassing cycles or increasing the regeneration
temperature. This may incur additional energy penalties but would improve the available working

capacity between cycles.

7.10. Adsorbent Selectivity — CO2/N,

Table 7-7: Adsorption selectivity for ZOPT-OG and ZOPT-BULK at three temperatures. Pure selectivity has been estimated
at 1 bar(a) and the separation factor at 1 bar(a) adsorption pressures 15 mol% CQOo.
Separation Factor

Pure Selectivity Equilibrium Selectivity

Tem[le(lj'ature (@pcoz/n2)) (Xecoz/n2)) Scoz/n2
ZOPT-OG | ZOPT-BULK | ZOPT-OG | ZOPT-BULK | ZOPT-OG | ZOPT-BULK
0 7.83 9.59 1788 4769 33.8 48.3
25 15.36 13.01 1588 2354 66.3 72.8
50 21.05 18.97 901 993 84.1 91.8

Nitrogen isotherms have been measured at 0 °C, 25 °C and 50°C between 0 and 1 bar(a) in order to

provide approximations for the CO,/N; selectivity of the fly-ash derived zeolites. The equilibrium CO;

adsorption isotherms are given in Figure 7.3 and those for N» in Figure 7.7.
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Figure 7.7: Equilibrium N2 adsorption isotherms for ZOPT-BULK.

Pure component equilibrium selectivity is the simplest estimation of selectivity and requires knowledge
of an adsorbent’s equilibrium adsorption capacity for each gas in a binary mixture [211]. In this case
the equilibrium CO, and N, capacities have been used to estimate the pure component selectivity, results
of which are provided in Table 7-7, in this case, 1 bar(a) and 0, 25 and 50 °C have been estimated. A
general trend is observed in an increase in the pure component selectivity for both ZOPT-OG and
ZOPT-BULK with an increase in temperature. Given that most separation process employing zeolites
are kinetic rather than equilibrium-based operations, utilisation of the equilibrium capacities to estimate
selectivity is likely conservative. The initial adsorption phenomena for CO; is rapid whereas for N the
increase in adsorbed amount is close to linear. The equilibrium selectivity is observed to decrease with
an increase in temperature for both ZOPT-OG and ZOPT-BULK, with the latter demonstrating a greater
selectivity for CO, over N,. The separation factor has also been estimated for the CO,/N; system at
typical post combustion conditions (CO»/N» - 15 kPa/85 kPa) for ZOPT-OG and ZOPT-BULK. The
separation factor is seen to increase with an increase in temperature for both adsorbents, with ZOPT-
BULK presenting between 10 and 40% higher than ZOPT-OG. This suggests that the bulk adsorbent
may have an improved selectivity for CO, vs the original ZOPT-OG.

7.11. Assessment of Operating Variables on Adsorption Breakthrough
The breakthrough performance of biomass fly ash derived zeolites has been evaluated using the fixed

bed reactor designed in this work. The column features an internal diameter of 40.25 mm and a
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maximum bed length of 250 mm. The same adsorbent bed was employed for each of the experimental
design points. The bed was filled to a total bed height, Hrof 240mm which equated to 100g. The weight
loss during desorption was observed at approximately 14 wt% and therefore the adsorbent fill weight
can be taken as 86g. Prior to each of the breakthrough experiments, the column was heated via resistance
heaters surrounding the external bore. The initial purge sequence follows an initial pre-heating of the
column to a surface temperature of 180 °C prior to supply of a 100 mol% N> purge at a total flow rate
of 3 L-min’!. The purge stream was preheated to a set temperature of 150 °C before injection into the
column. These conditions were held until an outlet CO, concentration of < 0.16 mol% and an exhaust
gas temperature of >150 °C was observed consistently for 5 minutes. After this, the bed was allowed to
cool under isolated conditions (i.e. no gas flow, with the column filled with N;). After cooling, the
column was preheated to the defined adsorption temperature (measured at the column surface) before
introducing a feed stream of pure N at the desired total flow rate. After adjustment and stabilisation of
column pressure the CO, was introduced to the feed stream in the appropriate concentration (reducing
the N, flow). All adsorption experiments were performed at a column pressure of 1.3 bar(a), desorption
was performed at atmospheric pressure. After each adsorption cycle an extended desorption was carried
out to ensure as near complete removal of any adsorbed gas before the next cycle to minimise the impact
of capacity loss due to cycling. An estimate of working capacity has been achieved via completion of
40 adsorption/desorption cycles via TGA (see 7.9, above) which revealed a 15% reduction in the
working capacity at temperatures and cycle times of 150 °C, 1 h and 50 °C 2 h for desorption and

adsorption, respectively under pure N, and pure COx.

7.11.1. Taguchi L9 OA
The experimental design adopted for this work was an L9 Taguchi OA that investigated 3 factors at 3
levels. The factors were selected with a view to focus the investigation on parameters which are possible
to modify without significant implications to both upstream and downstream processes. The factors and
their associated levels are provided in Table 7-8 with the individual experiments and results in Table
7-9. The DoE was randomised prior to commencement. The superficial velocity range has been selected
to ensure the mass transfer zone is retained in the bed whilst also ensuring typical fixed bed superficial
gas velocities were considered; the normal range is between 15 and 45 cm-s™ [399] although a number
of publications at lab-scale utilise velocities much lower than this including from below 1 cm-s™ and up
to 50 cm-s™! [221,222,224-227,400,401]. The feed stream CO, concentration, Co varies between a range
representative of gas-fired power stations utilising exhaust gas recirculation (~ 7 mol%) [402], biomass
combustion facilities (~ 12 mol%) [403] and traditional coal-fired plants (~ 16 mol%) [404]. The
breakthrough time, tb has been estimated assuming a breakthrough condition of C/Co = 0.05.
Approximation of the equivalent usable bed time, tu and the equivalent stoichiometric, ts has been

achieved through integration of the 1-C/Cy curve between ¢, (adjusted for system deadtime) and ¢, or £,
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respectively as per equations EQ. 40 and EQ. 41. The height of unused bed has been estimated as per
EQ. 42.

Table 7-8: Factors and levels employed in the Taguchi LY OA investigating the adsorption process configurations impact on
bed adsorption capacity.

Factor Superficial Velocity, v; CO; Concentration, Cy Adsorber Temperature, Ty
Level cm-s™! mol% °C
1 2 8 40
2 7 12 50
3 12 16 60
*© C
tg = f (1 — —) dt EQ. 40
0 CO
® ¢ EQ. 41
o= [ (1) ‘
tu -
LuB = (1- Ts) x Hy EQ. 42
Fraction of Bed Used = i—” EQ. 43

N

Table 7-9:Experimental design (Taguchi L9) with factor configurations for each run and associated results from analysis of
the breakthrough curves.

Vs | Breakthrough | Stoichiometric | Bed

m's | Co | Ta | Time | Capacity | Time | Capacity | Utilization | LUB
Experiment ' 1mol% | °C | min | mmol'g' | min | mmol-g’ % mm
1 2 8 40 | 3.50 0.277 7.37 0.585 47.33 131
2 2 12 50 | 3.04 0.340 5.75 0.642 52.74 118
3 2 16 60 | 0.23 0.208 0.71 0.634 58.96 168
4 7 8 50 | 0.63 0.350 1.54 0.855 33.99 148
5 7 12 60  2.87 0.403 4.85 0.679 38.62 102
6 7 16 40 0.32 0.133 1.28 0.539 40.14 188
7 12 8 60 | 0.60 0.220 1.55 0.572 25.46 154
8 12 12 40 0.78 0.205 2.31 0.602 32.72 165
9 12 16 50 @ 0.41 0.291 1.29 0.922 34.45 171

The measured breakthrough curves produced during this DoE are provided in Figure 7.8 with the inset
graph providing a higher time resolution for experiments with a shorter breakthrough time. The
observed breakthrough times vary between 0.23 and 3.50 minutes whilst the equivalent stochiometric
times vary between 0.71 and 7.37 minutes. The length of the bed left unused at breakthrough varies
between 102 and 188 mm which corresponds to a bed utilisation of between 25 to 59%, this can be
considered an efficiency estimation based on column capacity [401]. The estimated equilibrium
capacities are in agreement with those measured volumetrically in section 7.6. The extent to which a
bed’s adsorption capacity is usable can be inferred to some extent by the shape of the breakthrough
curve. This is representative of the mass transfer taking place within the adsorbent bed, the width of the

breakthrough curve being indicative of the width of the mass transfer zone; longer breakthrough curves
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indicative of inefficient bed utilisation. An ideal breakthrough curve would be a steep symmetrical S-
shape, with the outlet adsorptive concentration tending from zero to the feed concentration almost
instantly, approaching a vertical line with suppressed mass transfer resistance. As can be seen in Figure
7.8, all the breakthrough curves exhibit distinct S-shaped curves. That said, those measured with the
lowest superficial gas velocity (2 cm-s™) present a flattening of the breakthrough curve from C/Cyp= 0.9

to 1.0.

Exp 1
Exp 2
Exp 3
Exp 4
Exp 5
, -Exp 6
Exp 7
Exp 8
Exp 9

Time, min

0 5 10 15 20 25 30
Time, min

Figure 7.8: Experimentally determined CO2 fixed-bed adsorption breakthrough curves as per the Taguchi L9 DoE. The inset
graph is of the same datasets.

7.11.2. Breakthrough Optimisation and Statistical Analysis

Optimisation of the breakthrough experiments requires analysis of the main effects on the dependent
variable. Depending on the intention to maximise the usable bed capacity or bed utilisation, the optimum
factor configuration may differ. The SNRs have been calculated using the ‘larger-the-better’ equation

% = —10-log (2 (}%) /n) EQ. 44
The main effects plots for the SNRs are given for both maximisation of the breakthrough or usable bed
adsorption capacity (Figure 7.9) and of the bed utilisation efficiency (Figure 7.10). The usable bed
capacity is impacted by all three of the studied factors within the studied levels. The impact of T is less
pronounced than both vs and Cy and this is evidenced by the reduced variation in the mean SNR values

for that factor. Additionally, the response table given in Table 7-10 details 74 to be the lowest ranked
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Figure 7.9: Main effects plots for the SNR ratios with the objective of maximising usable bed adsorption capacity.
factor indicating a smaller influence on the dependent variable. The superficial velocity was identified
as the factor with the greatest impact on the usable bed adsorption capacity however, the feed
concentration is only marginally different. Both factors can be seen to have huge influence on the
working performance of the adsorbent bed under the studied conditions. Based on the main effects plot,
if intending to maximise the usable bed adsorption capacity, the factor/level configuration would be vy

=2cm-s’, Cp=16 mol% and T, = 40 °C.

Table 7-10: Response table for the SNR ratios with the objective of maximising usable bed adsorption capacity.

Superficial Velocity, v, CO; Concentration, Co Adsorber Temperature, 74
Level 1 0 °
cm's mol% C

1 -9.547 -14.036 -10.284

2 -12.091 -10.938 -12.071

3 -13.472 -10.137 -12.755
Delta 3.924 3.899 2471
Rank 1 2 3

When considering the bed utilisation efficiency, the main effects for the SNR ratios suggest the
magnitude of the factor impacts on the dependent variable to be slightly different. In this case, vs exhibits
a far greater effect on the dependent variable than both Cy, and T4 within the studied factor levels. The
adsorption temperature has been shown to have a relatively small effect on the bed utilisation efficiency
as evidenced by the flatness in the mean SNR values. The superficial gas velocity is known to impact
bed utilisation significantly due to its direct relationship with both residence time and mass transfer
[405]. A higher velocity implies a larger volumetric flow rate and therefore reduced residence time for
the gas in the column which can lead to reduced breakthrough times as insufficient time is provided to

facilitate equilibrium between the adsorbent and CO; [114,406]. Additionally, high flow rates may
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Figure 7.10: Main effects plots for the SNR ratios with the objective of maximising bed utilisation.

T
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promote channelling of the gas at the column wall leading to immature breakthrough times and hence

lower usable capacities [381]. Mass transfer on the other hand is often improved with an increase in

superficial velocity due to increases in the Reynolds numbers which reduces the time to for an adsorbent

to reach saturation which in turn can decrease the time to breakthrough. The response table given in

Table 7-11 corroborates the main effects plot, the ranking of factor impact on the dependent variable is

consistent for both dependent variables albeit with a greater impact of Cy and T4 on the usable capacity

than bed utilisation. This suggests strong reliance on the operational parameters such as superficial

velocity and feed concentration for both the usable bed capacity and bed utilisation efficiency. Based

on the main effects plots, if intending to maximise the bed utilisation efficiency the factor/level

configuration would be v = 2 cm-s™!, Cy = 8 mol% and T, = 40 °C. This suggests that maximisation of

either the usable capacity or bed utilisation may be detrimental to the other.

Table 7-11: Response table for the SNR ratios with the objective of maximising bed utilisation.

Superficial Velocity, vs CO; Concentration, Co Adsorber Temperature, Tx
Level q o o
cm-s mol% C
1 -5.548 -9.251 -8.044
2 -8.522 -7.842 -8.062
3 -10.280 -7.258 -8.245
Delta 4.732 1.994 0.201
Rank 1 2 3

7.11.3. Analysis of Variance

As a complement to analysis of the SNR main effects, Taguchi DoE can employ analysis of variance

(ANOVA) to determine which factors are statistically significant by modelling the experimental

domain. In this case, modelling of the 3 factors from the L9 array requires 6 degrees of freedom (DoF),
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leaving 2 to estimate error. This is because the three factor, three level DoE contributes 2 DoF (the
number of levels minus 1); and the total DoF in the L9 array is 8 (the number of observations — 1) [182].
Without the remaining two DoF it would be impossible to allocate variability estimate error variance

or assess significance [182]

As such, ANOVA for the mean factor values and the fraction of the bed which is utilised up to breakthrough (EQ. 43) is
provided in Table 7-12. The linear model analysis is summarised in

Table 7-13, the adj-R? value is approximately 95.8% and pred-R? is 78.7%. This seemingly suggests
that the linear model fit is somewhat adequate when considering the three investigated factors. That
said only one of the factors has been identified as statistically significant, the superficial velocity. This
is somewhat contradictory to the analysis of the SNR main effects, in that both the superficial velocity
and adsorptive concentration influenced the dependent variable when compared with the adsorption
temperature. Additionally, the distribution of residuals does not appear to be of the normal type based
on the normal probability plot, i.e. the plot could not be approximately described by a straight-line
suggesting overfitting. Removal of the least impactful factor (adsorption temperature, 7,) from the

model has resulted in an improved fit quality.

Table 7-12: Results of the ANOVA for the bed utilisation efficiency data means with three factors.

Source DF Seq SS  Contribution  Adj SS Adj MS F- P-
Value Value
Velocity 2 0.077276 85.23% 0.077276 | 0.038638 &81.06 0.012
Concentration 2 0.012294 13.56% 0.012294 | 0.006147 | 12.90 | 0.072
Temperature 2 0.000140 0.15% 0.000140 | 0.000070 = 0.15 0.872
Error 2 0.000953 1.05% 0.000953 | 0.000477
Total 8 0.090663 100.00%

Table 7-13: Linear model analysis of the bed utilisation efficiency and the main effects of all three factors.

R-sq R-sq(adj) PRESS R-sq(pred)
98.95% 95.79% 0.0193052 | 78.71%

The results of the ANOVA for two factors are given in Table 7-14 with the linear model analysis provided in

Table 7-15. There is a clear improvement in the model fitting quality based on the adj-R? and pred-R?,
at 97.6% and 93.9% respectively. Additionally, both superficial velocity (v;) and adsorptive
concentration (Cy) have been identified as statistically significant, with the former responsible for over
85% of the contribution to the dependent variable, compared with 13.6% for the latter. The normal
probability plot is also given which suggests there is a normal distribution of the residuals, see Figure

7.11.
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Table 7-14: Results of the ANOVA for the bed utilisation efficiency data means with two factors.

Source DF Seq SS  Contribution  Adj SS Adj MS F- P-
Value Value
Velocity 2 0.077276 85.23% 0.077276  0.038638 141.31 0.000
Concentration 2 0.012294 13.56% 0.012294 | 0.006147 @ 22.48 | 0.007
Error 4 0.001094 1.21% 0.001094  0.000273
Total 8 0.090663 100.00%

Table 7-15:Linear model analysis of the bed utilisation efficiency and the main effects with two factors.

S R-sq R-sq(adj) PRESS R-sq(pred)
0.0165356  98.79% 97.59% - 0.0055369 93.89%

Normal Probability Plot
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Figure 7.11: Normal probability plot of residuals for the 2 factor ANOVA.

7.11.4. Validation Experiments
After determining which of the investigated independent factors (i.e. vs, Cy and T44,) and have a
statistically significant effect on the dependent variable, the fraction of the bed used up to breakthrough
(i.e. the column utilisation efficiency), a series of confirmation experiments are required to determine
if the predicted factor and level configuration results in improvement/optimisation of the dependent
variable. Four confirmation experiments were completed at the optimum configuration of v =2 cm-'s”
I, Cp=16 mol%, and T, = 40 °C, (Error! Reference source not found.); four experiments have been
carried out to provide three replicates for the original confirmation. This will allow an improved
determination of the predicted optimum’s accuracy. All the confirmation experiments present
characteristically similar profiles, with a steep increase in outlet CO, concentration after the
breakthrough time to the feed concentration. The results from the confirmation experiments are given
in Table 7-16 with the estimated mean response values and standard deviations. The mean breakthrough
capacity has been identified as 0.591 mmolg™!, with an associated equivalent stoichiometric capacity of
0.951 mmolg!. These values both represent the maximum which has been observed during this
campaign. The highest breakthrough and equilibrium capacities were identified as 0.403 mmolg" and

0.922 mmolg™! for experiments 5 and 9, respectively. The computed standard deviations suggest a
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relative standard deviation for all KPIs of between 1 and 2%. Which suggests good consistency in the

breakthrough adsorption performance, albeit between four cycles.
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Figure 7.12: Breakthrough curves for the confirmation experiments conducted at factor and level configurations of vs = 2

cems-1; CO =16 mol%, TA = 40 °C.

Table 7-16: Confirmation experiments conducted at the optimum design point which maximises the adsorption bed’s usable
capacity. The mean response and the associated standard deviation are also given.

Vs Breakthrough Stoichiometric Bed

m's | Co | Ta | Time | Capacity | Time | Capacity | Utilization | LUB

Experiment ' 1mol% | °C | min | mmol'g' | min | mmol-g’ % mm
Confirmation 2 16 40 | 3.77 0.598 6.09 0.966 61.90 95
Confirmation R1 2 16 40 3.70 0.587 5.89 0.934 62.85 93
Confirmation R2 2 16 40 | 3.76 0.596 6.07 0.963 61.90 95
Confirmation R3 2 16 40 3.68 0.584 5.92 0.939 62.22 95
Mean - - - | 373 0.591 6.0 0.951 62.2 95

Std. Deviation - - - 0.043 | 0.0067 0.10 0.0163 0.4446 1.1

An average length of unused bed of 95 mm correlates to a bed utilisation efficiency of 62.2%. An
increase in the utilisation of the bed suggests the mass transfer zone to be narrower for the investigated
factor and level configuration in the confirmation experiments. When considering the three individual
factors, a reduction in superficial velocity provides an increased residence time within the column
facilitating additional diffusion during the gas-solid contact time [407]. That said, the effective
thickness of the concentration boundary layer around the adsorbent particle is typically higher at lower
superficial gas velocities [61] as viscous forces dominate, this decreases the rate of mass transfer from
the bulk gas phase to the solid phase [408]. It is however, common for mass transfer to be limited

primarily in the porous particle (vs the external film), heat transfer is often limited by the external
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film/boundary layer [381]. Additionally, an increased adsorptive concentration in the feed gas increases
the concentration gradient in the mass transfer zone [409]. Given that adsorption is an exothermic
reaction a reduction in the adsorber temperature is expected to improve both the breakthrough and
stoichiometric capacities and the LUB. Adsorption is more favourable at lower temperatures, that said
however, the relative impact of the adsorption temperature was identified as lower than the other two
factors. This may be due to the narrow range of adsorption temperatures investigated, whilst they
represent a range of post-combustion scenarios, they are all still within typical ranges for gas adsorption
with physisorbents. An additional consideration is the influence of temperature on the diffusion of CO>
through the adsorbent particle, elevated temperatures promote molecular collisions and hence improves
gas diffusion [410]. The fact that within the investigated range, the impact is negligible suggests that

fly ash-derived zeolites are robust to a range of post-combustion flue gas temperatures.

7.12. Conclusion

The bulk fly ash derived zeolite has been characterised in the context of both material and textural
properties with a view to compare the adsorbent in both the powdered and granulated forms. Minimal
differences have been identified in terms of material properties with marginal differences between
surface morphologies and elemental analyses. That said, the differences between the original and bulk
adsorbent are more pronounced, this was identified in the elemental analyses but more drastically in the
textural properties estimated by N, adsorption at 77K. The bulk adsorbent was shown to have around
half of the apparent BET surface area compared to the bulk and with even larger reductions to the
micropore volume. Even with this, the adsorption performance was still shown to be of good quality
for the bulk adsorbent when compared with the original. Whilst reductions in the equilibrium capacity
were observed, they are not proportional to the reductions in BET surface area. Additionally, a greater
degree of LTA is observed in the bulk adsorbent which resulted in variations of the CO, adsorption
enthalpy and the adsorption kinetics. The working capacity of the bulk adsorbent was slightly reduced

vs the original, but the final coverage was still approximately 0.85.

The granulated bulk adsorbent was then investigated via Taguchi L9 DoE in a fixed-bed adsorption
column. The design studied the impact of superficial gas velocity, adsorptive concentration and
adsorption temperature on the usable or breakthrough capacity and the bed utilisation efficiency. For
both KPIs, the superficial gas velocity was identified as the most influential factor, with adsorbate
concentration second and the adsorption temperature third. The superficial velocity and adsorptive
concentration were both identified as statistically significant factors within the design space.
Optimisation of the breakthrough experiments based on analysis of the SNR main effects resulted in a
breakthrough capacity of 0.591 mmol-g!, a LUB of 95 mm, equivalent stoichiometric capacity of 0.951
mmol-g! and a bed utilisation efficiency of 62.2%. This was achieved with a factor and level

configuration of: v; = 2 cm's™!, Cp = 16 mol%, and T4 = 40 °C. Biomass combustion fly ash derived
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zeolites have been employed in a laboratory-scale fixed-bed adsorption column operating via TSA to
selectively remove CO; at post-combustion concentration levels in a simulated flue gas. This highlights

their potential application for post-combustion flue gas treatment.
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8. Conclusions & Future Work

8.1. Conclusions

Whilst concerns around climate change are significant and alternative forms of energy are prioritised,
dispatchable power generation is necessary to balance renewable intermittency. Traditionally this is met
with fossil-fuels but to meet ambitions for net zero and ultimately net-negative GHG emissions, CCS
and BECCS are poised for significant growth. The combustion of biomass fuels results in the co-
generation of waste ash such as fly ashes. The remediation of this waste is of key importance to both
the economic and environmental feasibility of large-scale BECCS implementation. This work sought
to reveal the potential for conversion of industrial-grade biomass combustion fly ash (BFA), sourced

from Drax Power Station in the UK, into effective carbon dioxide (CO-) adsorbents.

This first entailed the comprehensive characterization of four batches of FA to satisfy objective one.
This revealed their predominantly inorganic nature, composed of both amorphous and aluminosilicate
phases enriched with alkali and alkaline earth metals, specifically calcium and potassium at
approximately 10 wt% each. The silicon and aluminium contents presented an average Si/Al weight
ratio of 1.86 indicating potential for subsequent zeolitisation. The presence of crystalline mullite and
quartz phases necessitated an alkaline-fusion pretreatment to liberate Si and Al for subsequent
crystallisation. The relatively poor CO, adsorption performance of the as-received fly ashes (0.14 -

0.20 mmol-g™!) further demonstrated the need for zeolitisation.

The second objective was satisfied in chapter 5 through optimisation of an alkaline fusion-assisted
hydrothermal synthesis protocol. Implementation of an L9 Taguchi orthogonal array to systematically
investigate and enhance the key parameters: NaOH/FA ratio, hydrothermal temperature, time, and
liquid/solid ratio. Characterisation of ZOPT confirmed the co-crystallization of LTA and FAU zeolite
structures alongside residual amorphous aluminosilicates, contributing to a mixed micro- and

mesoporosity with a BET surface area of 330 m*-g™", 72% of which is microporous.

Objective three was fulfilled by the comprehensive thermogravimetric and volumetric analyses in
chapters 5, 6 and 7. These revealed the favourable adsorption equilibria and kinetics for the optimum
materials prepared in this work including the original optimised sample and bulk analogue in powdered,
pellet and granulated forms. The equilibria was best described by the Toth isotherm model indicating
significant adsorbent heterogeneity. The adsorption enthalpy was coverage-dependent, decreasing to
approximately 33.7kJ-mol™" at a loading of 2 mmol-g™". Initial cyclic testing showed a capacity
retention of 87% after 40 cycles, suggesting good stability pending optimization of desorption

conditions.

The fourth objective was realised in chapter 6 which involved assessing the transition from laboratory

synthesis to practical application. Adoption of various method intensification strategies demonstrated
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reductions to both synthesis duration and water consumption without compromising performance. A
bulk sorbent was produced from 35 replicate syntheses, and pelletisation experiments explored the
formation of mechanically robust granules. Notably, binderless pellets achieved a crush strength
exceeding 1 N-mm™" while maintaining their adsorption equilibrium capacity and kinetics, attributed to
the inherent binding properties of the amorphous phases and mixed zeolite structures within the FA-
derived material. This eliminated the need for additional binders, which often diminish adsorption

performance.

The final chapter sought to fulfil the final objective of this research through evaluation of the BFA-
derived zeolite in an experimental fixed-bed reactor using a Taguchi L9 design of experiments. This
DoE optimised the operational parameters of the adsorption process. Under optimal conditions
(2 cm-s™" gas velocity, 16 mol% CO, concentration, and 40 °C temperature), the adsorbent achieved a
breakthrough capacity of 0.591 mmol-g™" and a bed utilization efficiency of 62.2%. These results
underscore the potential of biomass FA-derived zeolites for effective CO, capture in post-combustion

scenarios.

This thesis demonstrates the pathway for industrial biomass fly ash valorisation and application in CO,
separation from flue gas. The work shows that a high-volume biomass combustion by-product can be
remediated into a functional CO, capture medium with measurable and optimisable performance. The
combined use of alkaline fusion and statistically guided hydrothermal synthesis optimisation, and
subsequent process intensification significantly improved the path from waste ash to cost-effective and
performant adsorbents. The successful production of binderless granules mitigated the dilution penalties
typical of binder addition and improves sustainability by reducing reliance on additional/secondary
feedstocks. Finally, dynamic breakthrough experiments conducted under well-defined hydrodynamic
conditions afforded correlation of intrinsic material characteristics (e.g. BET surface area, adsorption
equilibria, kinetics and adsorption enthalpy) with process metrics such as breakthrough capacity and
bed-utilisation efficiency, thereby providing a full assessment of the produced materials potential

application for post-combustion CO; separation.

8.2. Future Work

The present study demonstrates that biomass fly ash (BFA) can be converted into structurally robust
zeolitic sorbents with meaningful COz-capture performance. Nevertheless, full industrial deployment
requires a deeper understanding of feedstock variability, multicomponent adsorption behaviour and

process integration/scale-up. The following research directions are proposed.

The physicochemical properties of the BFA depend heavily on the biomass type, boiler type/design and
combustion conditions. Whilst the synthesis developed here was demonstrated for four batches, a wider
compositional envelope should be studied to guarantee reproducibility both for Drax ash but also for
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the wider BECCS fleet in the UK and internationally. Further to this, the mechanisms by which the
BFA undergoes zeolitisation should be studied to generate an improved understanding of the solution
chemistry, nucleation rates and competitive formation of LTA and FAU phases with respect to the
experimental conditions and ash feedstock composition. This would allow for predictive models that

tailor synthesis protocols for a robust product quality in light of ash variation.

Whilst the presence of the mixed porosity in the BFA-derived zeolite was identified in this thesis, the
contribution of this hierarchical porosity to the overall performance of the material in both static and
dynamic analyses should also be investigated. Further to this, if the synthesis procedure could be
tailored to modify the distribution of pore sizes within the sample this would enable tailored adsorbent

designs for specific process configurations and geometries.

Performance and selectivity of the BFA-derived zeolite should also be investigated under real flue-gas
conditions and compositions. Both moisture and acid gases are ubiquitous in biomass combustion gases;
this necessitates investigation of the adsorption equilibria and kinetics of gaseous mixtures to assess
potential for competitive adsorption and adsorbent poisoning. Alongside this, alternative process
configurations should also be investigated in order to optimise the energy intensity of the capture
process. Both pressure and vacuum swing often feature heavily in industrial-scale adsorber design and
the impact of these regeneration regimes and their hybrids should be investigated systematically to

optimise the BFA-derived adsorbent’s working capacity and specific energy consumption.

Whilst this work endeavoured to assess the separation performance of BFA-derived zeolites at
representative scales and conditions, further scale-up would be necessary before translation to tonne-
scale adsorption process deployment. Pilot-scale demonstrations should be sought to generate both an
improved understanding of the adsorbent’s performance but also elucidate the long-term cyclic stability
of the adsorbent. This should then be supported by a full process model incorporating overall mass
transfer kinetics, full energy balances for gaseous and solid phases, momentum balances and column-
specific heat-loss terms. This would provide a means for full process optimisation at the cycle level

rather than individual column level.

Finally, a comprehensive assessment of the prepared adsorbent’s life cycle should be made supported
by a full technoeconomic assessment of the adsorbent and applied process should be completed. This
would facilitate comparison between commercially available adsorbents and these waste-derived
alternatives in the context of net-emission benefits and both economic and environmental
considerations. Addressing these questions would position BFA-derived zeolites as a circular, low-cost
option for large-scale implementation of BECCS and other post-combustion carbon capture

applications.
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Appendix A — CO; Adsorption Isotherms
Table Al: ZOPT-OG Equilibrium CO> Adsorption Isotherms at 0, 10, 20, 25, 30, 40 and 50

°C.
Equilibrium Amount Equilibrium Amount Equilibrium Amount
Pressure Adsorbed Pressure Adsorbed Pressure Adsorbed
kPa mmol/g kPa mmol/g kPa mmol/g
0°C 10°C 20°C
0.019161 0.123867 0.028292 0.118706 0.038563 0.122416
0.04147 0.246449 0.072318 0.243063 0.106881 0.237674
0.076167 0.366338 0.138811 0.363407 0.223745 0.35601
0.129235 0.483033 0.223175 0.477231 0.377334 0.462135
0.192768 0.595903 0.348938 0.593879 0.571381 0.566385
0.281612 0.715007 0.496393 0.698482 0.809307 0.667326
0.394599 0.824777 0.676802 0.802811 1.08886 0.763207
0.545426 0.938161 0.904429 0.904506 1.41365 0.85366
0.71578 1.04098 1.18145 1.00117 1.79483 0.939459
0.949228 1.13898 1.50974 1.08969 2.24083 1.02157
1.26751 1.23508 1.90667 1.17328 2.7461 1.09591
1.66371 1.32259 2.37038 1.24945 3.30322 1.16377
2.12998 1.40347 2.88434 1.31649 3.92239 1.22603
2.66458 1.47382 3.46187 1.37772 4.60343 1.28227
3.28828 1.53869 4.08068 1.43221 5.26598 1.32917
3.97798 1.59572 4.77291 1.48254 5.992 1.37241
4.72449 1.64753 5.50899 1.52831 6.80017 1.41532
5.46369 1.69044 6.18237 1.565 7.64577 1.45305
6.22329 1.72857 6.91807 1.59946 8.51926 1.48782
6.98307 1.76133 7.74359 1.63437 9.4148 1.51954
7.893 1.79579 8.59671 1.66516 10.336 1.54824
8.83511 1.82677 9.4729 1.69399 11.2755 1.57477
9.79451 1.85465 10.3722 1.72007 16.2447 1.6866
10.7776 1.88048 11.2798 1.74366 21.58 1.77145
16.2616 1.98823 16.2594 1.84576 26.3894 1.82906
20.958 2.05367 20.9981 1.91538 31.7431 1.88147
26.3518 2.11179 26.386 1.97647 37.1618 1.92628
31.8002 2.16018 31.8099 2.0265 42.5534 1.96493
37.1737 2.20059 37.1996 2.06816 47.9185 1.99812
42.5851 2.2357 42.5984 2.10472 53.1286 2.02791
47.9448 2.26686 47.9404 2.13596 58.6468 2.05582
53.3355 2.29496 53.1764 2.16443 63.9389 2.08029
58.7044 2.32021 58.8676 2.19163 69.2761 2.1025
63.9649 2.34373 63.98 2.21398 74.8174 2.12443
69.3625 2.3654 69.181 2.2354 79.8718 2.14284
74.6903 2.38543 74.6473 2.25704 85.3633 2.16218
80.0999 2.40421 80.0941 2.27629 90.6963 2.17996
85.1447 2.42175 85.3367 2.2942 95.8807 2.19787
90.6965 2.43913 90.6498 2.31231 101.349 2.21575
96.1206 2.45497 96.0525 2.32986 106.13 2.23061
101.304 2.47005 101.361 2.34713
106.195 2.48337 106.097 2.36303
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Equilibrium | Amount | Equilibrium | Amount | Equilibrium | Amount | Equilibrium | Amount
Pressure Adsorbed Pressure Adsorbed Pressure Adsorbed Pressure Adsorbed
kPa mmol/g kPa mmol/g kPa mmol/g kPa mmol/g
25°C 30°C 40°C 50°C
0.0406 0.1123 0.061235 0.118944 0.091591 0.103654 0.141945 0.110668
0.115548 0.218856 0.177374 0.226186 0.260521 0.205932 0.395151 0.209208
0.227211 0.319763 0.356269 0.330907 0.497652 0.297819 0.713761 0.294586
0.394432 0.425814 0.590149 0.430136 0.812066 0.389651 1.12456 0.377337
0.60912 0.525558 0.876898 0.521907 1.15026 0.466854 1.53507 0.446423
0.856567 0.619032 1.19862 0.606132 1.57151 0.548624 2.06045 0.517645
1.12332 0.704548 1.60126 0.694879 2.03826 0.623646 2.63738 0.585278
1.43451 0.785695 2.04036 0.775712 2.55012 0.695329 3.24011 0.645963
1.76727 0.85884 2.5255 0.850559 3.09041 0.760644 3.87808 0.705099
2.20068 0.938058 3.04992 0.919486 3.63763 0.81929 4.56485 0.761242
2.6588 1.00998 3.63632 0.98458 4.23328 0.873893 5.28672 0.81279
3.16663 1.07513 4.28457 1.04656 4.88812 0.928009 6.00416 0.859652
3.73507 1.13595 4.92957 1.09758 5.58198 0.977396 6.7798 0.905847
4.31471 1.18865 5.67366 1.14932 6.29672 1.02347 7.58091 0.948046
4.93871 1.2375 6.46267 1.19599 7.04012 1.06612 8.40404 0.988442
5.61281 1.28306 7.22639 1.23463 7.81459 1.10468 9.25481 1.02463
6.32867 1.3242 8.08046 1.27384 8.60292 1.1411 10.1271 1.05972
6.99348 1.35894 8.9669 1.30947 9.42307 1.17409 11.0214 1.0916
7.75643 1.39354 9.87412 1.34291 10.2607 1.20419 16.2348 1.24024
8.54079 1.42553 10.8085 1.37257 11.1136 1.23318 21.6045 1.34909
9.34594 1.45494 16.2513 1.50788 16.247 1.36828 26.2682 1.42147
10.1634 1.48226 21.6294 1.59932 21.6035 1.46682 31.6102 1.4892
11.0041 1.50719 26.31 1.66144 26.364 1.53327 37.0674 1.54653
16.2906 1.63116 31.7151 1.71999 31.7136 1.59388 42.4821 1.59616
20.985 1.70921 37.1418 1.7695 37.125 1.64508 47.8179 1.63925
26.3611 1.77742 42.5624 1.81223 42.5202 1.68878 53.1862 1.67729
31.7959 1.8331 47.8975 1.849 47.9578 1.72725 58.5066 1.71145
37.2494 1.87961 53.1346 1.88131 53.1564 1.76128 63.9518 1.74313
42.6409 1.9186 58.4758 1.91181 58.6564 1.79249 69.2573 1.77216
48.0235 1.95361 63.9333 1.93959 63.8991 1.81915 74.585 1.79936
53.3585 1.9844 69.2231 1.9647 69.2303 1.84422 80.0094 1.82571
58.5785 2.01261 74.6216 1.98814 74.6046 1.86763 85.3797 1.84951
63.9514 2.0393 80.0093 2.01063 80.071 1.88991 90.6908 1.87231
69.3691 2.06249 85.415 2.03127 85.5899 1.91076 95.9644 1.89413
74.7505 2.08405 90.7665 2.05058 90.8512 1.93091 101.263 1.91378
80.1051 2.10438 96.1152 2.06957 95.9758 1.94988 106.211 1.93215
85.4539 2.12343 101.221 2.08741 101.462 1.96883
90.7417 2.14133 106.05 2.10714 106.041 1.98606
96.0697 2.16034
101.258 2.17826
106.26 2.19758
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Table A2: ZOPT-BULK Equilibrium CO> Adsorption Isotherms at 0, 10, 20, 25, 30, 40 and

50 °C.
Equilibrium Amount Equilibrium Amount Equilibrium Amount
Pressure Adsorbed Pressure Adsorbed Pressure Adsorbed
kPa mmol/g kPa mmol/g kPa mmol/g
0°C 10°C 20°C
0.01899 0.118063 0.042775 0.127393 0.047053 0.111735
0.041149 0.233609 0.08109 0.251763 0.117613 0.230109
0.075417 0.347588 0.159421 0.369593 0.240394 0.34206
0.135406 0.458154 0.28686 0.47728 0.434806 0.442781
0.256884 0.572198 0.487939 0.577814 0.721855 0.537619
0.436152 0.674637 0.763627 0.668712 1.15652 0.629735
0.691184 0.772236 1.10462 0.746514 1.6902 0.710114
1.04738 0.860695 1.54715 0.821507 2.34748 0.782153
1.52448 0.944712 2.07962 0.889442 3.10701 0.845897
2.10758 1.02008 2.68502 0.94893 3.97217 0.903989
2.77392 1.08569 3.31607 1.00017 4.87375 0.953281
3.4972 1.14273 4.01481 1.04726 5.81616 0.996553
4.33212 1.19518 4.77888 1.0902 6.7916 1.03621
5.19087 1.2401 5.54827 1.12779 7.90761 1.07498
6.04759 1.27831 6.37565 1.16258 9.06025 1.11033
7.04261 1.31594 7.10811 1.1903 10.2641 1.14254
8.0283 1.34928 7.98376 1.21968 11.489 1.17227
9.09342 1.38018 8.86826 1.24729 16.1485 1.26014
10.1878 1.40898 9.77188 1.27247 21.5136 1.3356
11.301 1.43559 10.6905 1.29577 26.8327 1.39538
16.1882 1.52588 16.2504 1.40273 31.6699 1.43965
21.5703 1.60066 20.9926 1.47047 36.9946 1.48253
26.359 1.65134 26.3409 1.53085 42.2963 1.52081
31.6709 1.70013 31.8011 1.58267 47.7976 1.55671
37.0661 1.74257 37.1378 1.62553 53.1461 1.58737
42.3358 1.7796 42.3443 1.66466 58.5999 1.61707
47.8116 1.81416 48.019 1.70297 63.7717 1.64212
53.2621 1.84488 53.2716 1.73495 69.1879 1.66805
58.556 1.87255 58.6563 1.76497 74.5798 1.69401
63.9 1.89847 63.7619 1.79241 79.8093 1.71629
69.3149 1.92254 69.4295 1.81987 85.3108 1.73899
74.4743 1.94555 74.6337 1.84834 90.5943 1.75897
79.8918 1.96737 80.0532 1.87558 96.0016 1.77967
85.3099 1.98847 85.1968 1.89911 101.302 1.7978
90.5085 2.00809 90.4817 1.92146 106.039 1.81593
96.0231 2.02856 95.9277 1.94411
101.206 2.04653 101.171 1.96608
106.128 2.06257 106.196 1.986
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Equilibrium | Amount | Equilibrium | Amount | Equilibrium | Amount | Equilibrium | Amount
Pressure Adsorbed Pressure Adsorbed Pressure Adsorbed Pressure Adsorbed
kPa mmol/g kPa mmol/g kPa mmol/g kPa mmol/g
25°C 30°C 40°C 50°C
0.05139 0.112981 0.073819 0.109767 0.143836 0.114154 0.158292 0.113237
0.14231 0.227402 0.203739 0.223407 0.357459 0.215569 0.446649 0.207961
0.305818 0.340237 0.427349 0.332472 0.651723 0.313133 0.84008 0.292549
0.537852 0.437952 0.76159 0.431741 1.11287 0.403868 1.38245 0.373973
0.863365 0.527205 1.23825 0.524496 1.68254 0.485164 2.03315 0.444681
1.26554 0.602256 1.86364 0.606984 2.3815 0.555825 2.80468 0.507925
1.80841 0.677781 2.62076 0.679885 3.18596 0.618353 3.65025 0.56272
2.44642 0.74407 3.47538 0.743872 4.09898 0.675364 4.6102 0.614574
3.1448 0.800654 4.44574 0.800413 5.04692 0.724074 5.62307 0.65992
3.948 0.853245 5.53195 0.851947 6.10877 0.769137 6.60655 0.698225
4.76256 0.897434 6.7277 0.899689 7.23297 0.809623 7.74657 0.735806
5.67265 0.940045 8.01623 0.942422 8.40321 0.846845 8.91597 0.770096
6.54372 0.975053 9.34752 0.982017 9.62263 0.880816 10.1286 0.801878
7.52587 1.01027 10.7445 1.01769 10.8592 0.912925 11.3667 0.83186
8.53613 1.04218 16.097 1.11994 16.1454 1.01341 16.1972 0.922239
9.56793 1.07118 21.4795 1.19697 21.5226 1.09112 21.5501 0.998701
10.6215 1.0981 26.801 1.2574 26.7984 1.1515 26.8704 1.05871
11.6958 1.12359 32.2032 1.30725 31.648 1.19645 31.6525 1.10301
16.2248 1.20769 36.9426 1.3453 36.9824 1.23985 37.0111 1.14712
21.5622 1.28283 42.7729 1.38867 42.2643 1.27896 42.8829 1.19241
26.3641 1.3361 47.7525 1.41967 47.7383 1.31453 47.8056 1.22386
31.6766 1.38632 53.0415 1.45069 53.1523 1.34742 53.1083 1.25479
37.0774 1.42939 58.4137 1.48012 58.542 1.37703 58.4299 1.28295
42.3207 1.46862 63.8327 1.50652 63.8948 1.40343 63.8798 1.30958
47.8299 1.50478 69.1562 1.5313 69.2493 1.42931 69.1823 1.3334
53.2739 1.53728 744311 1.55635 74.541 1.45643 74.6137 1.35781
58.499 1.56554 79.6844 1.58018 79.9669 1.48029 79.9746 1.38043
63.939 1.59331 85.0922 1.60346 85.1365 1.50231 85.3134 1.40112
69.3505 1.61921 90.3492 1.62381 90.5352 1.52229 90.5017 1.42237
74.5635 1.64336 95.842 1.6436 95.898 1.54315 95.6134 1.43992
80.009 1.66953 101.046 1.66221 101.214 1.56154 101.12 1.4605
85.1444 1.69336 106.04 1.67963 106.163 1.57904 105.944 1.47586
90.491 1.71499
95.6444 1.73519
101.15 1.75565
106.135 1.77352
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Appendix B —; Adsorption Isotherms
Table B1: ZOPT-OG Equilibrium N> Adsorption Isotherms at 0, 25 and 50 °C.

Equilibrium Amount Equilibrium Amount Equilibrium Amount
Pressure Adsorbed Pressure Adsorbed Pressure Adsorbed
kPa mmol/g kPa mmol/g kPa mmol/g
0°C 25°C 50°C

5.24295 0.022361 5.23216 0.009836 5.33571 0.005688
7.97372 0.033315 8.02495 0.015016 8.03678 0.008548
10.6036 0.043603 10.5633 0.01935 10.639 0.010839
13.3212 0.053492 13.3864 0.024327 13.3993 0.013436
15.9684 0.063412 16.0031 0.02889 16.0239 0.016273
18.5659 0.073007 18.6497 0.033351 18.6641 0.018916
21.12 0.082079 21.1952 0.037915 21.2378 0.021509
23.8532 0.09135 23.8477 0.042527 23.908 0.024415
26.4075 0.100009 26.508 0.047106 26.5705 0.026897
29.121 0.10941 29.175 0.051836 29.1864 0.029326
31.7541 0.118111 31.7748 0.056155 31.8293 0.032161
36.8438 0.134158 36.9592 0.06502 37.0701 0.037555
42.133 0.150869 42.2223 0.073856 42.2592 0.042832
47.5166 0.167061 47.5636 0.082722 47.6151 0.048368
52.6411 0.182075 52.7466 0.09099 52.849 0.05346
57.8558 0.197369 57.9005 0.099053 58.057 0.058292
63.0787 0.211935 63.2613 0.107726 63.3702 0.063596
68.3488 0.226394 68.4661 0.115606 68.6738 0.068739
73.8419 0.240889 73.8373 0.123799 73.9452 0.073816
79.1365 0.254571 79.1647 0.131814 79.1392 0.078584
84.3184 0.267682 84.3924 0.139511 84.4785 0.083596
89.5667 0.280754 89.4961 0.146829 89.5133 0.088042
94.9651 0.293452 94.9965 0.154932 95.0302 0.093191
100.067 0.306027 100.217 0.162274 100.063 0.097434
104.97 0.31732 104.752 0.168896 104.832 0.101852
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Table B2: ZOPT-BULK Equilibrium N> Adsorption Isotherms at 0, 25 and 50 °C.

Equilibrium Amount Equilibrium Amount Equilibrium Amount
Pressure Adsorbed Pressure Adsorbed Pressure Adsorbed
kPa mmol/g kPa mmol/g kPa mmol/g
0°C 25°C 50°C

5.14108 0.012943 5.3693 0.006515 5.19164 0.003852
7.97726 0.019984 8.0453 0.009436 8.04998 0.005955
10.6025 0.026214 10.6654 0.012304 10.6914 0.007491
13.3165 0.032695 13.3905 0.0153 13.3936 0.009104
15.9558 0.038983 16.0157 0.018584 16.0314 0.010739
18.5862 0.045206 18.6542 0.021322 18.6722 0.012364
21.2283 0.051453 21.2604 0.024163 21.2603 0.014042
23.8708 0.057133 23.9089 0.0273 23.9062 0.015454
26.4681 0.062918 26.5347 0.030342 26.492 0.017145
29.073 0.068684 29.0457 0.033236 29.1238 0.018868
31.7264 0.074707 31.7717 0.036535 31.8432 0.020596
36.9162 0.085815 37.004 0.042355 37.0575 0.024384
42.1675 0.096861 41.94 0.047654 42.361 0.028098
47.4853 0.107801 47.548 0.053903 47.5622 0.031525
52.7501 0.118598 52.7594 0.059679 52.8297 0.035246
58.0659 0.129282 58.1341 0.06579 58.0483 0.038839
63.2805 0.139565 63.2409 0.071689 63.4788 0.042699
68.6403 0.149876 68.6189 0.077386 68.6076 0.046226
73.8121 0.159718 73.7984 0.082796 73.7082 0.049905
78.9973 0.169434 79.0968 0.088635 79.0494 0.053316
84.2486 0.178905 84.4086 0.094025 84.3849 0.056945
89.513 0.188351 89.7172 0.099495 89.699 0.060235
94.9797 0.19796 94.9079 0.105024 95.0313 0.063778
100.177 0.207028 100.113 0.110461 100.195 0.067389
104.887 0.215048 105.119 0.115483 105.002 0.070128

193



Appendix C — N2 Adsorption/Desorption Isotherms at 77K
Table C1: ZOPT-OG Equilibrium N> Adsorption Isotherms at 0, 25 and 50 °C.

Adsorption Desorption
Relative Pressure Volume Adsorbed Relative Pressure Volume Adsorbed
p/p0 @STP cm’/g p/p0 @STP cm’/g

0.001229 67.1635 0.992097 186.001
0.003948 70.898 0.953862 181.432
0.013386 74.7192 0.901555 162.591
0.024601 76.7485 0.851539 143.038
0.032435 77.7371 0.802136 130.182
0.049911 79.4202 0.701245 118.188
0.075487 81.2372 0.602789 112.445
0.096684 82.4543 0.501732 107.471
0.121896 83.7406 0.400646 96.4496
0.147279 84.9109 0.300625 91.9451
0.172419 86.0012 0.199049 88.12
0.197061 87.0383 0.102471 83.9564
0.226004 88.2157 0.052406 80.928
0.24824 89.0772 0.027203 78.5344
0.271676 89.9744 0.011087 75.6234
0.297171 90.937 0.005653 73.5175
0.349537 92.9218

0.400216 94.8642

0.448328 96.9529

0.499095 99.3323

0.549899 101.907

0.598947 104.649

0.648119 107.559

0.698179 110.826

0.746761 114.549

0.79673 119.076

0.848022 125.808

0.897022 136.332

0.948795 157.429

0.992097 186.001
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Table C2: ZOPT-BULK Equilibrium N> Adsorption Isotherms at 0, 25 and 50 °C.

Adsorption Desorption
Relative Pressure Volume Adsorbed Relative Pressure Volume Adsorbed
p/p0 @STP cm?/g p/p0 @STP cm?/g
0.001245 27.7786 0.99084 160.607
0.004071 30.2292 0.95275 153.481
0.01725 33.7666 0.903379 138.063
0.02299 34.5951 0.853336 121.905
0.031984 35.6757 0.801836 105.522
0.046202 37.0465 0.702154 87.3657
0.076106 39.2935 0.603136 77.6604
0.096227 40.572 0.501416 70.4509
0.121364 42.0322 0.401458 58.4009
0.146606 43.4192 0.301529 52.5439
0.171636 44.7479 0.201087 47.3184
0.196217 46.014 0.102958 41.9696
0.221109 47.303 0.050979 38.4061
0.246363 48.5922 0.023887 35.668
0.271286 49.857 0.00962 33.1385
0.296252 51.1666 0.005597 31.8081
0.349239 53.9224
0.398824 56.6046
0.44831 59.3457
0.498884 62.3215
0.547875 65.4767
0.597693 68.8163
0.647893 72.6767
0.697086 77.0145
0.746822 81.8629
0.796657 88.9579
0.848129 98.8605
0.896835 112.786
0.946546 133.124
0.99084 160.607
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