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Abstract

Carbon Capture, Utilisation and Storage (CCUS) is currently known as a key solution to
reach net zero emissions, with CO; utilisation (CCU) via thermochemical gasification
technology of renewable materials being a promising pathway. The reverse Boudouard
reaction is an interesting option for CCU applications; it is a heterogeneous, endothermic
reaction that typically requires temperatures above 700°C to proceed. Therefore,
understanding its mechanisms and studying the factors that affect it are beneficial to

increase gasification process efficiency and hence reduce risk in process up-scaling.

This thesis investigates the critical mechanisms affecting char reactivity in CO> gasification
using biochar, hydrochar and coal char samples by measuring mineral content, porosity,
crystalline mineral phases, morphology, surface elements and surface functional groups.
CO2-chemisorption measurements of the char samples measured both organic and
inorganic active sites using thermogravimetric analysis. The CO>-chemisorption method
at low temperatures was implemented to quantify the amount of CO, adsorbed/desorbed
within the char’s surface and to identify its role in char reactivity. Key findings include
that while the pore structure of chars is indeed a significant characteristic, porosity alone
does not exert the primary influence on gasification reactivity. Gasification reactivity was
well correlated with CO; strong chemisorption capacities. Three kinetic models Volumetric
model (VM), Grain model (GM) and Random pore model (RPM) were used to describe

CO; gasification in isothermal and non-isothermal conditions.

A novel thermogravimetric fixed bed reactor (Macro-TGA) was designed to examine the
effect of using a larger char sample on the gasification reactivity. The reactor was also
used to investigate the role of surface area on the reaction performance by comparing
the reactivity and produce gas of 12 and 16 mm pellets with the char powder sample. In
comparison with Micro-TGA, the reactivity of biochar decreased when using 5 g sample.

The kinetic parameters were also lower in the Macro-TGA compared to the Micro-TGA.
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Chapter 1 Introduction

1.1 Background

Global warming refers to the increase in the Earth’s temperature relative to the pre-
industrial period (1800-1900). It is mainly attributed to human activities, particularly the
burning of fossil fuel which increases the concentration of heat-trapping greenhouse
gases (GHGs) in Earth’s atmosphere [1,2]. The Intergovernmental Panel on Climate
Change (IPCC) [1] has recently reported that global surface temperatures rose by 1.1°C
above the pre-industrial levels during 2011-2020. Figure 1.1 illustrates how greenhouse
gases such as carbon dioxide (CO.), water vapor (H20), methane (CH4) and nitrous oxide
(N20) increase global warming by absorbing the reflected sunlight energy (heat and light)
and re-emit some of them back to the earth surface. Although CH4 and N>O trap more
heat per molecule [3], CO: is the largest GHG contributor to climate change and global
warming because it remains in the atmosphere much longer (up to 1000 years) [3] and

it is the most abundant product emitted by modern industrial activities [4].

Figure 1.1: A simple illustration of the greenhouse effect: the earth converts solar
energy into infrared radiation which is absorbed by GHGs and trapped, some of it back
to the earth [235].



Limiting global warming and mitigating its attendant effect requires reducing emissions
of heat-trapping GHGs, particularly CO,. This has been widely recognized as an urgent
action to avoid global warming consequences such as rising sea levels and extreme
weather events [5]. In response to the impacts of climate change, over 196 countries
agreed to the 2015 Paris Agreement outcomes under supervision of the United Nations
Framework Convention on Climate Change (UNFCCC) [6]. The agreement aims to restrict
the global average temperature rise below 2°C with more efforts to keep the increase
within 1.5°C. Despite this international commitment, limiting global warming to 1.5°C is
unlikely to be achieved before the end of this century as acknowledged by IPCC [7]. This
target requires not only net zero GHG emissions but also net negative CO, emissions by
2050.

According to the Met Office [8], the annual growth rate of atmospheric CO>
concentrations for 2024-2025 shows a slight decline compared to the previous record for
2023-2024. However, this still exceeds the levels projected under IPCC scenarios
consistent with limiting warming to 1.5°C. The National Oceanic and Atmospheric
Administration (NOAA Global Monitoring Laboratory) has released the latest updated
measurements of the CO. atmospheric concentrations based on the Mauna Loa
Observatory record in Hawaii. The CO: level has raised from 425.38 parts per million
(ppm) in March 2024 to 428.15 ppm in March 2025 [9], as shown in Figure 1.2.
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Figure 1.2: Monthly average atmospheric CO> concentrations (1960 -2025), according
to the NOAA Global Monitoring Laboratory data [9].

The levels of CO; today are higher than at any time in the last 65 years as depicted in
Figure 1.3. This is mainly because of the industrial revolution and the increase in
population that led to extremely high energy consumption. Fuels such as natural gas, oil
and coal, known as fossil fuels, account for 81% of the world's energy resources [10].
The recent International Energy Agency (IEA) report in 2023 shows a growth of CO;
emissions related to global energy by 1.1% which is equivalent to 410 million tons [11].
Figure 1.3 presents the total CO, equivalent emissions of GHGs from the combustion of
different fossil fuel types from 1971 to 2022. According to Olivier et al. [12], CO2

emissions from burning fossil fuels makes up about 70% of all GHGs worldwide. There is



no debate that high energy demands from sectors such as electricity generation, heating,

and transportation will exacerbate the current situation.
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Figure 1.3: Total GHG emissions from fossil fuel combustion based on the latest 2022
data from IEA [10]. Unit is million metric tonnes (Mt).

The IPCC has outlined the potential future scenarios of CO, emissions and their impact
on atmospheric CO> accumulation over the coming decades as shown in Figure 1.4. In
the worst-case scenario (SSP5-8.5), atmospheric CO> concentration could reach nearly
three times the current level of 428 ppm. This will significantly raise the global
temperatures by 4°C by 2100. [1].

The deployment of effective CO> reduction technologies and the use of renewable energy
have become essential to meet rising energy demands, reduce the impacts of climate
change, and achieve net-zero emissions targets. One of the most promising approaches
for CO2 removal is Carbon Capture, Utilisation and Storage (CCUS) [13—17]. The following
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sections provide an overview of CCUS technologies and the potential utilisation of CO;
through sustainable thermochemical gasification.
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Figure 1.4: The future prediction of CO, emissions (left panel) and resulting
atmospheric CO> concentrations (right panel) by 2100 [236].



1.2 Overview of carbon capture routes

The recent interest in Carbon Capture, Utilisation and Storage (CCUS) can be attributed
to its potential as a solution to the emission of CO> via a circular economy approach where
CO2 can be effectively recycled within the industrial environment, especially where
sustainable biomass is integrated into the system [18]. The CCUS process typically
involves capturing CO; from flue gas emissions at sources such as power plants and
industrial facilities, followed by CO; conditioning and transport for either storage or
utilisation [16,19-21]. This process can be categorised into carbon capture and storage
(CCS) and carbon capture and utilisation (CCU). A simplified schematic diagram of a
typical CCUS process, including CO; separation from flue gas and the subsequent steps
is shown in Figure 1.5. In CCS, CO: is injected into deep geological layers for long-term
storage. In contrast, CCU aims to reduce CO; emissions by using the captured CO>
through various chemical, physical, mineralisation and biological processes [22]. Before
selecting an utilisation method, CO> must first be properly separated and captured from
the point of emissions. This can be achieved via several methods, including absorption,
adsorption, membrane separation, cryogenic separation, hydrate technology, and
microbial technologies [22]. A detailed schematic representation of these capture
technologies and CCU pathways is presented Figure 1.6. These illustrate how capture
technologies can be integrated with downstream utilisation options for use of CO; as a

feedstock in a circular carbon economy.
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Figure 1.5: Sequences of capturing CO; from industrial source and relative steps
for CCUS process adapted from Rowaihy et al.[17] and International Energy
Forum-IEF [237].
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Figure 1.6: Overview diagram of CO; capture and utilise pathways in CCUS [22].
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CCU is considered a potential net zero technology for the long-term consequences of CCS
on the environment [23]. According to the IEA [24], the utilisation of CO. consists of two
pathways, which are conversion and non-conversion methods. The conversion approach
involves utilising CO> as a feedstock, which is then chemically converted to value-added
products. In the non-conversion approach, CO2 can be directly used without undergoing

chemical changes.

Different technologies for CO> conversion to fuels and chemical products have been
explored by research groups. Thermochemical, electrochemical, biological and catalytic
conversion methods have been reported in the literature [16,19,25-28]. All of these
efforts are focused primarily on mitigating the CO footprint although each method has
its own limitations and strengths over the other approaches, such as production yield and

energy requirement [28,29].

1.3 CCU through gasification technology

In context of reducing CO, emissions, one potential conversion technology route is the
use of biomass gasification as a thermochemical means to convert renewable sources of
carbon into valuable chemical products, e.g. reduction to carbon monoxide (CO) as a
primary chemical for subsequent downstream deployment for organic chemical
feedstocks [30]. In such a gasification process, CO, mitigation can be achieved through
the reverse Boudouard reaction (Equation 1.1) by directly using CO; as a gasifying agent
with bio-derived carbon-based material to form CO. This simple reaction produces highly
pure CO, which potentially reduces the overall process cost [31]. Figure 1.7 presents a
simple illustration of implanting a thermochemical gasification method to utilise CO; and

final applications of synthesis gases (CO and hydrogen (H>)).

C+C0,=2C0 (1.1)
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Figure 1.7: Schematic of integrating CO, utilisation and biomass gasification and final
product applications.

The reverse Boudouard reaction is an endothermic heterogeneous reaction that requires
a high temperature, typically >700°C to shift the chemical equilibrium towards CO
production [32]. The equilibrium of the reaction at 1 atm is shown in Figure 1.8.
Understanding the mechanism of the Boudouard reaction with inhomogeneous materials
such as biochars and studying the factors that affect the reaction rate is beneficial to
increase the gasification process effectiveness and hence reduce technology risks in
process up-scaling. A further discussion of the reaction fundamentals and process
behaviour is presented in Chapter 2.
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Figure 1.8: Equilibrium diagram of the reverse Boudouard reaction at atmospheric

pressure [238].

1.4 Industrial circular economy

Incorporating gasification technology into industrial processes offers an opportunity to
establish an industrial circular economy. This can be achieved by capturing CO> from flue
gas exhaust and utilising it to convert bio-derived materials into CO for chemical industrial
applications. The cycle continues by combining the produced CO with H; to generate
synthesis gas which is considered as a key building block for various chemical products
[33]. Syngas is a valuable feedstock for many applications as illustrated in Figure 1.9.
The primary uses of syngas include synthesis of ammonia for fertiliser production, oil

refining processes, and methanol production [33].
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Circulating carbon within industrial operations provides a sustainable approach for
reducing CO, emissions by converting waste carbon into valuable products instead of
releasing it into the atmosphere. This strategy also increases the benefits of recycling
waste materials into chemical resources for industrial applications. Moreover, integrating
a gasification system within industry can effectively reduce the energy input requirements
by the reverse Boudouard reaction by using the heat waste recovered from existing

processes [34].
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Figure 1.9: The use of syngas in industry [239] .

1.5 Motivation: Saudi Arabia’s net zero CO, emissions target by 2060

The Kingdom of Saudi Arabia (KSA) is one of the largest twenty economies in the world
(G20) and the world’s largest exporter of petroleum-based fuels. Saudi Arabia plays a
critical role in global energy systems and in shaping international climate decisions. As an
active participant in the Paris Agreement, Saudi Arabia has committed to cooperating on
international climate goals while undergoing rapid domestic development across multiple
sectors. Over the past two decades, national CO, emissions from fossil fuel combustion
have increased by 127% with a value of ~532 Mt according to IEA statistical data [35].

11



Figure 1.10 shows the historical emissions change since 2000 with a slight decline during
the COVID-19 pandemic. In 2024, The Saudi Clean Development Mechanism Designated
National Authority (Saudi DNA) released the First Biennial Transparency Report [36]. The
report shows that total GHG emissions from different sectors rose from 610.2 Mt in 2019
to 650.2 Mt in 2021, with CO; being the dominant emitted gas. Electricity generation,
road transport and desalination together accounted for about 60% of these emissions in
2021, as illustrated in Figure 1.11. Electricity alone contributed over 26% of CO;
emissions, which shows the dominance of energy sectors and their role as a the key
targets for decarbonisation in KSA.
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Figure 1.10: Estimation of total CO, emissions in KSA from fuel combustion
between 2000 and 2022 based on IEA data [35].
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Figure 1.11: Major sources of CO, emissions in KSA in 2021, adapted from Saudi DNA
report [36].

In response, the Kingdom has developed comprehensive strategies to mitigate CO:
emissions and reduce environmental impact. In 2016, Crown Prince Mohammed Bin
Salaman established the Saudi Vision 2030 [37]. Under this vision, key sustainability
programs were introduced including the Saudi Green Initiative (SGI) and the Middle East
Green Initiative (MGI) [38]. One of SGI's main objectives is to reduce carbon emissions
by 278 Mt annually by 2030, aiming to achieve net zero emissions by 2060. In parallel,
major industrial companies in KSA have implemented several projects using CCUS
technologies to reduce the emissions. The Saudi petrochemical company (SABIC) is
running a CCU unit operating since 2015 at one of its facilities [39]. Aramco is building
the largest CCUS hub in the world in collaboration with SLB and Linde, based in Jubail
city [40]. The project aims to capture and store up to 9 Mt of CO; per year and is

13



scheduled to begin operation by 2027. Aramco also applies CO- utilisation to enhance oil

recovery in Uthmaniyah oil reservoir and the Ghawar oil field [17,40].

Despite these developments, research and innovation efforts in Saudi Arabia have
focused primarily on CO; capture and storage. To date, there has been limited
investigation of CO utilisation through thermochemical gasification technology. No
published studies in the Kingdom have addressed this pathway. This gap presents an
opportunity to investigate CO; gasification as a viable and underexplored utilisation route

that aligns with national decarbonisation goals.

Furthermore, the Kingdom generates over 31 million tonnes of biomass waste every year,
including 22 million tonnes of municipal solid waste (MSW), 1.7 million tonnes of
agricultural crop residues, 6.78 million tonnes of animal waste and 864 million kg of dry
sewage sludge [41]. In Makkah city alone, around 2750 tonnes of MSW are disposed of
daily, while this amount rises to 3000 tonnes during Ramadan and reaches 4706 tonnes
per day in Hajj season [42]. These carbon-rich residues represent a valuable opportunity
for thermochemical CO utilisation which will support national goals of emissions

reduction and waste valorisation.

1.6 Aim and objectives

This PhD aims to investigate the mechanisms associated with CO> utilisation via the
reverse Boudouard reaction. The study focuses on the physical and chemical properties
of various carbonaceous materials and their correlation with CO; gasification reactivity. A
novel macro-thermogravimetric setup has been developed to overcome the limitation of
using unfeasibly small samples in the conventional TGA (when compared with
heterogeneous materials such as biomass samples). This setup will provide a precise
evaluation of reactivity under conditions more representative of industrial fuels and the

associated utilisation systems. Therefore, this thesis contributes to the CCUS field by
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improving the understanding of how material properties influence reaction mechanisms

under more practical experimental conditions.
The thesis objectives are listed below:

1. To design and test a macro-thermogravimetric system (Macro-TGA) with a top
loading thermobalance system capable of measuring real-time mass change and
gas production of a char sample under 100% CO flow at high and uniform
temperature (>700°C) distribution within the gasifier.

2. To investigate the CO> gasification reactivity of different biomass chars, coal char
and hydrochar in isothermal and non-isothermal conditions at high temperatures
(900°C-1100°C) using a standard thermogravimetric analyser.

3. To investigate the effect of exposed surface area on char reactivity under
isothermal conditions in the Macro-TGA gasifier using biochar pellets of different
sizes at different temperatures.

4. To assess the role of inorganic compounds in char reactivity by using a
demineralisation method.

5. To evaluate the correlations between gasification reactivity and physicochemical
properties of the chars as follows:

i.  Identifying ash inorganic chemical compositions using Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES).

ii. Determining surface area, pore size and pore volume of the chars using a
N2 physical adsorption technique.

iii. Identifying and semi-quantifying ash mineral phases using X-ray diffraction
(XRD).

iv.  Characterising surface morphologies and element distribution on the chars’

surfaces using scanning electron microscopy - energy dispersive X-ray

spectroscopy (SEM-EDS).

v. Identifying the chemical functional groups on the chars’ surfaces and carbon

structure using X-ray photoelectron spectroscopy (XPS).
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6. To compare the heat consumed during the reverse Boudouard reaction with other
CCU methods.
7. To perform a kinetic modelling study of CO; gasification reaction under different

heat treatment conditions.

1.7 Research hypothesis

Conversion of a carbon-based material via an advanced thermochemical process offers a
promising route for producing chemical products. It also presents an opportunity to
reduce CO, emissions via the reverse Boudouard reaction. It is widely accepted that
material properties significantly influence the CO; gasification process performance. One
major factor is the surface area of solid char particles. However, this PhD hypothesises
that surface area is not the dominant factor controlling the CO; gasification of char.
Instead, it is proposed that surface chemistry plays a more significant role in determining
reactivity due to its influence on active site distribution and gas—solid interactions during

the reaction.

1.8 Thesis structure

This PhD thesis consists of nine chapters as follows:

Chapter 1: Introduction

This chapter introduces the current status of the CO, emissions and their impact on
climate change. It also describes different pathways of Carbon Capture, Utilisation, and
Storage (CCUS) technologies. Moreover, the specific motivation related to Saudi Arabia’s
net zero CO; emissions target by 2060 is included. The research hypothesis, aim and

objectives, and the overall thesis structure are also described.

Chapter 2: Literature Review

This chapter discusses the fundamental concepts of thermochemical processes including

pyrolysis and gasification. It also introduces the principles of thermogravimetric analysis
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(TGA) and highlights the differences between conventional TGA (Micro-TGA) apparatus
and larger-scale setups (Macro-TGA), with examples from the literature. In addition, it
provides a basic understanding of the physical and chemical characterisation of carbon-

based chars and their roles in reverse Boudouard reactivity and gasification kinetics.

Chapter 3: Material characterisation and analytical techniques: physical and
chemical properties

This chapter presents the detailed methodology of the materials characterisation and
analytical techniques used in this project. A description of the pretreatment of char
samples and CO; gasification experiments conducted using Micro-TGA can be found in
this chapter. Also, the chemisorption test applied to measure both organic and inorganic

active sites at low temperature is detailed.

Chapter 4: Development of a Macro-thermogravimetric reactor and
experimental procedure

The development and construction of the Macro-TGA gasifier, designed specifically for
this PhD project, is described in this methodology chapter. It illustrates the different
subsystems integrated into the Macro-TGA setup such as the gas analysis system.
Additionally, the chapter outlines the experimental procedures, and health and safety

considerations related to the system'’s operation.

Chapter 5: Kinetic modelling of char gasification

This chapter provides a theoretical background of the kinetic models employed to
evaluate the reaction of char gasification. The Volumetric Model (VM), Grain Model (GM),
and Random Pore Model (RPM) are briefly described, as well as the methodology for
calculating kinetic parameters, based on the conversion profiles of char samples under

CO. gasification conditions.
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experimental results from Micro-TGA and physicochemical characterisation

This chapter is the first of three results chapters. It presents the results of isothermal CO;
gasification and CO; chemisorption experiments conducted using the Micro-TGA. The
chemical and physical properties of the char samples are analysed and correlated with
their gasification reactivity and structural characteristics. In addition, the heat
consumption of the reverse Boudouard reaction is quantified and compared with other

CO utilisation technologies.

Chapter 7: Kinetic analysis of char gasification and non-isothermal gasification

results

This chapter provides a detailed kinetic analysis based on Micro-TGA conversion data of
different char samples under a CO, atmosphere. Kinetic parameters, including activation
energy, pre-exponential factor, and reaction rate constant are determined. In addition,
the results of non-isothermal gasification experiments conducted at different heating

rates are presented.

Chapter 8: CO» gasification experimental results from Macro-TGA

The experimental results of CO. gasification obtained from the Macro-TGA system are
presented in this chapter. A comparison between Micro-TGA and Macro-TGA devices
using the results of char gasification reactivity indices and kinetic analysis is performed
in this chapter. This chapter shows the effect of surface area and larger samples on
overall reactivity and CO yield using prepared biochar pellets at different gasification

temperatures.

Chapter 9: Conclusions and Future works

This chapter summarises the main findings of the thesis and outlines potential directions

for future research.
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Chapter 2 Literature review

2.1 Gasification

Gasification is the process of converting carbonaceous feedstocks into valuable gaseous
fuel or chemical feedstock that may be burnt to generate energy or utilised to make
value-added compounds [43]. Generally, gasification takes place at temperature above
>700°C in a gasifier to produce syngas (i.e. hydrogen (H2) and carbon monoxide (CO))
in the presence of a gasifying agent such as oxygen, steam or carbon dioxide. Other
gases can also be generated from this process such as methane (CHs4), and steam (H20).
Gasification of raw biomass mainly consists of four steps, namely, drying, pyrolysis
(devolatilising), combustion (oxidation) and gasification (reduction). All of these steps are
consuming heat (endothermic reactions) except combustion which is exothermic process.

A schematic representation of these steps is shown in Figure 2.1.

Shift 3 Oz
Gases _ Ii.[l..({?..
H, ) / A - Reforming Hz, OO, CHa

v !/ \
/"‘Lf ________________ -
¥ I3 . ]
' : Gasifying | Gasification  Hz, CO, CHa,
Biomass ) | = Char Reagent +———— H0, C:
' . (Steam, ) * Shift Ui odive red
T v i

*. Heterogeneous / ‘ carbon, Ash

-l‘llx.l....lll‘.-l - - -
Heat Heat e
* ) Cracking, Shift Hz, €0, CHa,
Volatiles ————— H:0, Cn
Reforming  Condensable
vapar (iar)

Figure 2.1: Schematic representation of the steps involved in biomass gasification
[240].
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2.2 Pyrolysis

Pyrolysis is the first step of all thermochemical processes because it involves chemical
reactions that produce solid (char), liquid, and gaseous products without the need for
oxygen [44]. It refers to the thermal decomposition of biomass by heat in the absence
of oxygen. This process serves as the precursor of both combustion and gasification
processes. Based on the operating conditions, pyrolysis can be categorised into three
types, as shown in Figure 2.2, slow, fast and flash pyrolysis [45]. Rapid pyrolysis can be
useful to obtain liquid products, whereas slow pyrolysis is more often utilised to make
char [46]. In this thesis, the influence of pyrolysis conditions on char properties is not
studied. However, the selection of char samples represents a range of sources and
pretreatment methods such as slow pyrolysis for biomass chars, high temperature
(1100°C) with short residence time for coal char and hydrothermal carbonisation for
hydrochar, as discussed in Sections 3.2 and 3.3. Pyrolysis can be carried out in an inert
atmosphere such as nitrogen (N2) and argon (Ar) or under a reactive medium such as
COs..

BIOMASS

|

Pyrolysis
l Type of Pyrolysis

{ ! !

Slow Pyrolysis Fast Pyrolysis Flash Pyrolysis

Product produced

— |

Char Bio-oil Fuel gas

Figure 2.2: Types of pyrolysis process and their primary products [241].
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2.3 Types of gasifiers

A gasifier is a chemical reactor where carbon materials are converted into produce gases
such as CO, CO,, Hz, CH4 using gasification agents at temperatures typically ranging from
800°C to 1100°C [47]. Different gasifier configurations can be used to carry out
gasification process. Based on the gas-solid interaction and gasification medium, gasifiers
can be classified into three main types: fixed bed, fluidised bed and entrained bed
gasifiers [48], as shown in Figure 2.3 . One of the criteria that for selecting a suitable
gasifier is the type of feedstock material [49]. This is because gasifier performance is
highly influenced by feed properties such as moisture content, particle size and ash
composition. While different types of gasifiers are illustrated in Figure 2.3, the focus here
is on fixed bed configurations as the gasifier developed in this PhD falls under this type.
In the following sections, a brief discussion of fixed bed types and their features is

provided.

Gasifiers

v v v

Fixed bed Fluidized bed Entrained bed

|
v .

| Bubbling | | Circulating |

Y ¢ ¢

| Updraft | | Downdraft | | Crossdraft |

Figure 2.3: Types of gasifiers [242].

2.3.1 Fixed bed gasifier

Among all types of gasifiers, fixed bed gasifiers are considered to be the simplest type

and are more suitable for small- scale applications [50]. Depending on the direction of
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gasification agent movement inside the gasifier, fixed bed gasifiers are classified into
three types: updraft (counter-current), downdraft (co-current) and crossdraft gasifiers
[51]. Table 2.1 presents a comparison of the different types of fixed bed gasifiers

characteristics.

Table 2.1: Fixed bed gasifiers characteristics [48].

Fuel (wood) Updraft Downdraft  Crossdraft
Moisture wet basis (%) 60 25 10-20
Dry-ash basis (%) 25 6 0.5-1.0
Ash melting temperature (°C) >1000 >1250 -

Particle size (mm) 5-100 20-100 5-20
Application range (MW) 2-30 1-2 -

Gas exit temperature (°C) 200400 700 1250

Tar (g/Nm?3) 30-150 0.015-3.0 0.01-0.1
Gas lower heating value (MJ/Nm?3) 5-6 4.5-5.0 4.0-4.5
Hot-gas efficiency (%) 90-95 85-90 75-90

2.3.2 Updraft fixed bed gasifier:

The updraft gasifier is the oldest and simplest kind of this type of gasifier. It is a counter-
current gasifier, commonly used to convert non-volatile feedstock such as coal and
charcoal [50]. In this type, the carbonaceous material is introduced from the top of the
gasifier and moves down against the gasification agent which enters through the gasifier’s
bottom, as illustrated in Figure 2.4. Although the updraft process is more efficient
thermally compared to the downdraft process, the product gas contains a very high
concentration of tar [52]. The reason is that the pyrolysis zone is located above the
combustion zone, thus the tar generated does not pass through the reactor's high
temperature zone resulting in a greater tar concentration in the resultant gas. Relatively,
updraft gasifiers can convert fuel with high moisture content more efficiently than

downdraft gasifier due to upward gas movement which vaporises the moisture [49].
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The main differences between updraft and downdraft fixed bed gasifiers are listed in
Table 2.2. The primary aim of developing gasifier in this PhD is to investigate the effect
of larger sample sizes on reaction behaviour and to accommodate various types of feed
materials. It is not intended to produce high-quality syngas or minimise tar formation.
Therefore, the constructed gasifier (Macro-TGA) in this PhD can be classified as an
updraft fixed bed gasifier based on flow direction and fixed sample position. The design

and system components are discussed in Chapter 4.

Updraft Gasifier

Pyrolysis Zone
/’_—\
Reduction Zone

Air

Figure 2.4: Typical schematic diagram of updraft fixed bed
gasifier[242].
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Table 2.2: Comparison of updraft and downdraft gasifiers [53].

Parameter® Updraft gasifier Downdraft gasifier
Carbon conversion *KKK XKk
Thermal efficiency Kok KoKk *ok Kok
CGEP Kok KKK Kk
Turndown ratio XKk K%
Start-up facility * *
Management facility *oHokoK * Kok ok
Control facility *ok *k
Scale-up potential KKk *
Sized feed elasticity rokokx *
Moisture feed elasticity *okokok *ok
Ash feed elasticity * *
Fluffy feed elasticity kKKK *k
Sintering safety * *
Mixing * x
Cost safety Kok koK K oKk ok
Tar content * Kok kKK
Particulate content Kok koK ok KKk
Lower heating value * *

a: * Poor, ** fair, *** good, **** very good, ***** excellent. b: Cold gas efficiency.

2.3.3 Downdraft fixed bed gasifier:

The downdraft is a co-current gasifier, it was developed to convert high volatile fuels
into low tar gas and has therefore proven to be the most successful design for power
generation [50]. In downdraft reactor, the carbonaceous material is loaded at the top
while the gasifying agent is introduced at the sides above the grate and the combustible
gas is blown under the grate [54], as shown in Figure 2.5. Both fuel and gas are moving

downward in the same direction and exit from the reactor’s bottom.
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Downdraft Gasifier

Figure 2.5: Typical schematic diagram of downdraft fixed bed
gasifier [242].

2.3.4 Crossdraft fixed bed gasifier:

Typically, in crossdraft gasifier, the fuel is injected at the top of the reactor and travels
downward while the gas agent enters from the side, as shown in Figure 2.6. At roughly
the same level as the feedstock is supplied, the product gas exits from the top side of the
reactor [55]. Crossdraft gasifiers require a shorter startup time compared to updraft and
downdraft gasifiers, and another advantage is their ability to maintain a high-temperature
profile [56]. When the top is open, the crossdraft reactor may work with high-moisture
fuels, but it struggles with fuels that have ash content above 1% [48], therefore fuel such

as charcoal is favourable [48].
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Crossdraft Gasifier

Pyrolysis b—. Gas
Zone
Air =

\Reduction

Zone

Combustion
Zone /

Ash Pit

Figure 2.6: Typical schematic diagram of crossdraft fixed bed gasifier
[242].
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2.4 Fundamental of thermogravimetric analysis

According to the International Confederation for Thermal Analysis and Calorimetry
(ICTAC) [57], thermal analysis (TA) is defined as: "the study of the relationship between
a sample property and its temperature as the sample is heated or cooled in a controlled
manner.” Currently, there are a range of thermal analysis methods implemented to test
materials behaviour under specific conditions, one powerful thermal analysis technique is
thermogravimetric analysis or thermogravimetry which is commonly known as TGA. TGA
is an analytical method used to monitor the change in the weight of a substance as a
function of temperature or time while the tested sample undergoes a pre-defined
temperature program and in a controlled gas flow. The weighed sample can be examined

under three different types of thermogravimetry [58]:

i. Static thermogravimetry (Isothermal TGA): the sample is heated to the
desired temperature and mass change is recorded as a function of time at
a constant temperature.

ii.  Quasistatic thermogravimetry: the sample is heated in multi-steps with the
temperature held constant at each step while change in mass is recorded
as a function of time.

iii.  Dynamic thermogravimetry (Non-isothermal TGA): the sample is heated
continuously to a final temperature using different heating rates and mass

change is recorded as a function of time or temperature.

TGA analysis is conducted using thermogravimetric analyser device which is often
referred as thermobalance due to its primary function. This device can be further
classified into Micro-TGA and Macro-TGA according to its structural dimensions and
sample capacity. Micro-TGA handles sample sizes from 1 mg to about 50 mg, while Macro-
TGA fits larger samples, typically from 1 g to about 7 g [59]. A description of each system

is discussed in the following sections.
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2.4.1 Micro-Thermogravimetric Analyser (Micro-TGA)

Most of the thermochemical experiments, including pyrolysis, gasification and combustion
reported in literature use the conventional Micro-TGA due to simplicity of use and faster
results. The main drawback of micro-TG analyser is that only small sample masses in
milligram can be examined which creates a gap in understanding the real behaviour of
chemical reactions for larger applications. Despite this, one of Micro-TGA advantages is
that heat and mass transfer limitations are insignificant compared to larger scale TGA
[60]. As can be seen in Figure 2.7, the Micro-TGA apparatus consists of five main
components, namely, furnace, balance, sample holder, temperature programming system
and data acquisition system [61]. It is available commercially in three different setups
including top loading, hang down and horizontal arrangement as shown in Figure 2.8.
Part of gasification experiments in this thesis was conducted using a Micro-TGA apparatus
with a horizontal sample holder (see Figure 3.27). The remaining experiments were
carried out using the developed Macro-TGA which used a top-loading arrangement, where
the sample is positioned inside a vertical furnace and connected to an external balance

(see Figure 4.2).

| Atmosphere control |

” Furnace” 7 7/
Sample holder |/
Furnace temperature Recorder
'Temperature —
programmer Sensor o
Recording I Balance
balance control

Figure 2.7: Block diagram of thermobalance component [61].
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|
&kl 1 Balance
-
Balance
Top loading Hang down Horizontal arrangement

Figure 2.8: Arrangement of the sample holder and balance with respect to the
furnace [243].

In addition to its primary purpose, the traditional TGA is usually equipped with some other
powerful features such as measurement of differential thermal analysis (DTA) or
differential scanning calorimetry (DSC). DTA is a method to measure the temperature
difference between the sample and a reference material while DSC measures the
difference in the heat flow absorbed or released by the sample compared to a reference
material [57]. Both techniques can describe how a sample absorbs or release heat energy.
However, DSC is a more precise technique to distinguish the nature of the reaction

whether it is endothermic (consume heat) or exothermic (release heat).
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2.4.2 Macro-Thermogravimetric Analyser (Macro-TGA)

Unlike Micro-TGA apparatus, this system is originally designed and developed to use
larger sample sizes in grams and larger particle sizes in millimetre [62,63]. Macro-TGA
can be considered a fixed bed reactor with performance similar to industrial-scale reactors
[60]. Using gram-scale samples provides precise material characterisation through mass
loss measurement, which decreases the impact of heterogeneous particle sizes and the

variability of material properties across the particles [59].

Macro-TGA equipment consists of similar components as Micro-TGA and can be
configured with two types of balances: suspension or compression setups. In a
suspension setup, the balance is located at the top of the reactor with the sample hanging
down in the chamber, whereas in a compression setup, the balance is placed underneath
the reactor. The design and construction of this instrument is available commercially or

can be developed in laboratories.

The Macro-TGA device has been employed in the literature to investigate thermal
conversion processes including drying [64], torrefaction [65,66], pyrolysis [64,67—69],
gasification [63,68,70,71] and combustion [69,72]. It has Also been used to test samples
in different forms such as pulverised sample [71,73], pelletised biofuel [69,70,74] and
chipped feedstocks [68,71,72].

In the context of CO. gasification, there are some studies implemented this kind of
thermobalance system to gain insight into the reaction mechanisms and kinetic using
larger particles and higher material quantities as shown in Table 2.3. As can be seen,
most of these studies used suspension type balances and none of them conducting gas

analysis measurement in the Macro-TGA.
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Table 2.3: Overview of using Macro-TGA for CO; gasification from literature.

Sample  Particle

Reference Sample . Temperature CO; Flow rate  Balance type
mass size
(9) (mm) (°C) (L/min)
Biomass,
vegetable )
Meng et al. foodand 05-1.5 0.075 000 non 1.36 Suspension
[75] . isothermal
plastics
waste
Cellulose,
xylan,
Zhang et al. lignin, ) 1000 non- .
[76] starch, 1.5 isothermal 0.3 Suspension
and
pectin
biomass
Wretborn 0.25- 900 . .
[71] Wood and 0.1 03 ‘sothermal Not specified  Suspension
coal chars
. 0.5 (10% and
Cortazar et pine 1 1-2 800,850,900 100% Compression
al.[63] sawdust isothermal .
concentration)
char
birch o
Wang et wood 20-30 - 1100 4(0% Suspension
al.[77] char isothermal concentration)
Cellulose, )
Zhang et al. xylan, and 0.5 0.25 .1000 Non 0.2 Suspension
[73] liani isothermal
ignin
biomass

2.4.2.1 Specifications of commercial and lab-built Macro-TGA systems

An example of commercial design of Macro-TGA is the one used in Tapasvi PhD thesis
[78]. It was built and developed by Hoker KFT (Hungary) as shown in Figure 2.9. This
device was used for torrefaction study between 225 and 275°C with nine different heating
rates allowing for torrefaction kinetics investigating. The unique feature of this device

was that it can handle very large sample quantities and sizes. Consequently, Tapasvi
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conducted the experiments using Norwegian birch and spruce feedstocks cubes of 10 and
40 mm sample size and with mass of 200 to 300 g. The gas inlet pipes were connected
to the reactor side wall and were fed from two preheaters to reduce temperature
gradients within the reactor and allow the supply of a high gas flow rate of 100 L/min. As
shown in Figure 2.9, the scale was connected to the sample basket which was suspended
inside the reactor. According to Tapasvi, the design of sample basket provided a uniform

heat and mass transfer within the sample due to the separated layers in the basket.

Lu Scale
L

Gas _<] {
analysis
FTIR,
GC,
Horiba
i 2 prehealers
Heated N ——
reactor ‘
Viewglass | | .. ~ Rotating grate
N !
|: -
-1 | Preheater
Nitrogen inlet

Figure 2.9: Schematic diagram (a) and photograph of torrefaction experimental Macro-
TGA facility developed by Hoker KFT (Hungary) [78]. Note: Dimensions were not
provided in the source.
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Baraket et al. [79] employed a Macro-TGA with a different design for thermal treatment
of biomass ash with temperatures ranging from 200 to 500°C (see Figure 2.10). The
device was developed by Nabertherm and could operate at temperatures up to 1200°C.
Unlike Hoker KFT apparatus, the balance (Kern type) was placed below the furnace. A
porcelain crucible was used to hold the sample which was set on a flat ceramic surface
supported by a large diameter ceramic rod. This design provides effective method for
placing and removing the sample from the rectangular furnace compared to the previous
Macro-TGA. However, the cylindrical furnace ensures a better temperature distribution
around the sample [80]. The authors used 15 g of biomass mixture ash in their
experiment but did not specify the maximum capacity of the system or whether it could

be fed with other gases.

Thermocouples

/\ Exhaust of smoke
‘/

Crucible (ash tray)

———n0 Airinlet

Figure 2.10: Macro-TGA system with high temperature furnace developed by
Nabertherm [79].
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Others Macro-TGA devices have been developed within laboratories. One such device was
DANTE, it was designed and constructed by Balme and his co-workers [80]. The authors
provided detailed information on the DANTE configuration and illustrated their design
with a schematic drawing and a photograph of the system, as shown in Figure 2.11.
DANTE was able to analyse samples up to 90 g with ability to detect mass losses up to
30 g. Heat was supplied to the system by a vertical cylindrical furnace and sample mass
was monitored using a 5kg strain gauge scale, with the sample suspended into the
reaction zone via a 1m ceramic rod. A thermocouple was fitted inside the rod for
continuous measurement of sample temperature. The main challenge of the system was
the viscosity effect caused by the pressure drop when gas flowed through the insulating
unit. This introduced errors in the mass reading that increased with gas flow rate. To
address this, DANTE developers measured the viscous force and applied a calibration
curve for correction. The research group demonstrated that their Macro-TGA system
produced results comparable to those obtained from commercial thermogravimetric

analysers.

(@) (b)

Pressurized air

e Airtight chamber

Load cell
I Transponder
—E

—1

Sliding insulating unit

4 p )
b Haynes tube

e
Oven

TC

Sample

Tank |Bubbler
U

8 —> Fume hood

Figure 2.11: Schematic drawing (a) and photograph (b) of DANTE macro-TGA [80].
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Another self-built Macro-TGA is shown in Figure 2.12. Cortazar et al. [63] primarily
developed the thermobalance to investigate CO, gasification kinetics. Gasification
experiments were conducted using 1 g of pine sawdust char with particle size of 1-2 mm
at temperatures ranging from 800 to 900°C in CO, medium varying between 10-100%.
The novelty of this Macro-TGA setup lay in the char bed which consisted of a fine
stainless-steel mesh (< 90 pym) to hold the sample. The char bed was supported by two
layers of quartz wool: one piece was placed under the mesh and the other above the
char sample to prevent char particles from escaping. According to Cortazar et al., this
design allowed CO» to flow directly through the char bed thus enhancing the gas-solid
contact and reducing external mass transfer limitations. Additionally, an electronic scale
(type Kern Plus PLS420-3F) was modified by adding a metal plate of 50 mm diameter to
secure the bottom of the quartz tube reactor. The reactor itself had two gas inlet holes
sealed using a rubber ring. This configuration enabled more accurate mass loss data in
real-time measurement for kinetic study as emphasised by the authors. The reactor setup,
particularly the gas flow direction, sample holder arrangement and overall purpose, is

similar to the Macro-TGA developed in this thesis.

fic

Heater

/ Quartz
wool

“

L

Reactor«

Reactor

Electronic scale

Figure 2.12: Macro-TGA setup used to study CO; gasification kinetics of pine wood char
[63].
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2.5 Gasification reactions

In the gasification process of carbonaceous materials, several reactions occur to produce

the final gas composition. These chemical reactions involving carbon, carbon monoxide,

carbon dioxide, hydrogen, steam and methane are the most important during the

gasification of solid carbon, whether in the form of raw feedstocks or char [81]. Table 2.4

shows the main gasification reactions of the fuel occurring in the different zones inside

the gasifier. There are a number of steps involved in heterogeneous reactions [82]. These

steps include gaseous diffusion, adsorption and desorption processes on the solid surface,

and the chemical reaction itself. The reaction rate is controlled by one or a combination

of these steps, referred to as the rate-limiting step. The process steps are listed below

and a visualisation of the CO, gasification mechanism is shown in Figure 2.13 below:

1.
2.
3.

Diffusion of the reactant gases from bulk gas phase to the solid surface.
Adsorption of the reactant gases on the solid surfaces.

Diffusion of the reactant gases from the adsorption site to the reaction site
based on the reaction mechanism.

Chemical reaction of the adsorbed gases and solid surface occurs at the
reaction site.

Diffusion of the product gases from the reaction site to the desorption site
based on the reaction mechanism.

Desorption of the product gases from the solid surface.

Diffusion and fluid flow transport the product gases into the bulk gas.
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Figure 2.13: Schematic illustration of the heterogeneous solid-gas reaction mechanism

within char porous structure during CO> gasification of char [244].

2.5.1 The reverse Boudouard reaction

All the work presented in this PhD is based on implementing this reaction to utilise CO>
via the gasification process. As illustrated in the introduction chapter, the endothermic
nature of this reaction is the main challenge; therefore, this PhD provides a
comprehensive investigation of the reverse Boudouard reaction. Ergun [83] proposed the
oxygen-exchange mechanism, which has been widely used to describe the mechanism of

CO- gasification of the char, this mechanism consists of three steps as follows:

e First step: in this step, carbon dioxide is dissociated at a free carbon active site
Cr, which releases carbon monoxide and forms carbon — oxygen complex C(O) as

shown in the following equation:
¢ + 0,5 (0) + O (2.1)
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e Second step: as illustrated in Equation 2.2, the carbon—-oxygen complex reacts
with carbon monoxide since it is reversible reaction and forming carbon dioxide

and a new carbon active site.

c0)+¢03 ¢, + co, (2.2)

e Third step: in this final step, the carbon- oxygen complex produces a new molecule

of carbon monoxide, as shown in the following equation:

c3 co (2.3)

Where ki, k2 and ks represent the Arrhenius rate constants, Cr is a carbon active site and

C(0) is a carbon—oxygen complex.
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Table 2.4: Main gasification reactions.

Heat of reaction

Number Reaction Reaction name at 25°C (kJ/mol) Reference
R1 Biomass — Char+ Tar + Biomass >0 [84]
H,0 + CO +CO,+ devolatilisation
CH,+H,+ 0,

R2 C+ %0, —CO Carbon partial -110.4 [43]
oxidation

R3 CO + %2 0, — CO, Carbon monoxide -284
oxidation

R4 C+0, —CO, Carbon oxidation -394

R5 H, + %20, — H,0 Hydrogen oxidation -242

R6 CH, +20, — CO, + 2H,0 Methane oxidation -803

R7 C + H,0 & CO +H, Water-gas reaction +131

R8 C + CO, < 2CO Reverse Boudouard +172

R9 C+2H, < CH, Hydrogasification -74.8

R10 CO, + CH,«> 2H,+2CO Dry reforming +247

R11 CO; +4Hy > CHyt+ 2H,0 Methanation -165

R12 CO +3H, < CH,+ H,0 Methanation -206

R13 CO + H,0 < CO, +H, Water-gas shift -41.2

R14 CH, + H,0 < CO + 3H, Steam methane +206
reforming

R15 CH, + %2 0, <> CO + 2H, Partial oxidation of -36

methane
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2.6 CO: gasification reactivity of char

The reactivity concept in context of carbon materials refers to how easily carbon can be
gasified or combusted [85]. Marsh et al. [85] summarised the reasons for investigating
carbonaceous material reactivity in four categories as illustrated in Figure 2.14. In the
gasification process, the properties of the carbon materials play a great role in explaining
the overall performance of the thermochemical conversion systems. A huge number of
studies have been aimed at finding parameters that dominate the reaction, Table 2.5
shows a summary of these parameters from literature. These include crystalline structure,
surface area, particle size, morphology, ash mineral content and chemisorption. In the

following sections, the factors affecting char reactivity are discussed.

Reasons for studying
reactivities

[ Fundamentals ] EActivation of carbon} [Ablation of carbon ] [ Inhibition ]

Studying gasification Investigating gasification of Using the reactivity to Exploring physical and
kinetics and make a microporous carbons with gain insights into chemical methods that
correlation with focus on the development of carbon properties for have a negative effect
pretreatment conditions material porosity during this other applications on gasification process
and carbon structure process such as spacecraft

construction

Figure 2.14: Reasons for studying carbonaceous materials reactivities [85].
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Table 2.5: Char physical and chemical properties and their impact on CO; gasification from literature.

Reference Char type Key physmal Key chgmlcal Relat!vg Dominate factor and remarks
properties properties reactivity
. . Ash mineral Biomass . . .
Biomass, petroleum coke  Crystalline . Biomass is more reactive due to
Huo et al. [86] and coal chars structure, ;ontent, Alkali >coke and less ordered crystalline structure
index coal
surface area
éf:gghu:nn t:ﬁfcmlggfg’ Fine chars Catalytic effect of alkali and
ang 9 - Catalytic alkali better than alkaline earth metals (AAEMs) but
. (fine chars from fluidized- . o :
Jing et al.[87] e ; Surface area, and alkaline earth  coal chars inhibited by the enrichment of the
bed gasifier and their . .
. morphology =~ metals (AAEMs) from ash layer in a higher carbon
corresponding coal chars vsed . he ash
from pyrolysed process) pyrolyse conversion range or the as
process melting at a higher temperature
Alkali index, Decreases
. Different coal rank carbon arystalline W'th . Total and strong chemisorption
Jing et al. [88] Surface area  structure and increasing . .
chars . ) (related to inorganic components)
chemisorption coal
rank
Aromatic Correlates Specific surface area and degree of
condensation with aromatic condensation after
Lv et al. [89] Coal char Surface area degree, alkaliand  specific removing AAEMs from coal char
alkaline earth surface demineralisation becomes the
metals (AAEMS) area dominant factor
Phounglamcheik Pm? bark, forest Inorganic content, H ighly Ash inorganic content (especially
residue, corncob Surface area influenced ;
et al. [90] Carbon structure potassium)
chars by K content
Pore \I,D\I(ia:cclf\reases Chemical contact as increasing
Tong et al. [91]  Pine sawdust chars structure, Active sites increasing perIYS'S temp_e rat_ure enhances
surface rolvsis porosity and diffusion path but
area pyroly reduces active sites
temperature
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Table 2.5 (continued): Char physical and chemical properties and their impact on CO; gasification from literature.

Reference Char type Key physmal Key che_mlcal Relat_lv_e Dominate factor and remarks
properties properties reactivity
Wang et al. [92] Biomass chars, Ash mineral Biomass chars Carbon structure amorphous
anthracite char Particle size  content, Alkali > carbon (positive effect) graphite
porosity and  index, carbon anthracite carbon(crystalline) (negative
specific structure char effect)
surface
Xu et al. [93] Corn straw char Pore Carbon structure  Increases with  Amorphous carbon, gasification
structures ordering temperature temperature
Huang et al. Fir char Crystalline Metal catalysts (K, Improved -
[94] structure, Na, Ca, Mg, Fe) with
morphology Catalysts
addition:
K>Na > Ca>
Fe >Mg
Pacioni et al. Apple pomace, spent Morphology  Lignocellulosic Apple pomace Ash mineral content (high
[95] coffee grounds and components char is the potassium) the inorganic
sawdust chars (Cellulose, most reactive  component

Hemicellulose and
Lignin) and ash
composition

char
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2.7 Influence of char physical and chemical properties
2.7.1 Particle size

Particle size is significant during the gasification process because of its impact on mass
and heat transfer [96]. The smaller the particles, the larger the surface area and the
faster the heat transfer. Yin et al. [97] investigated the effect of biomass particle size on
the gasification performance in a downdraft fixed bed gasifier, they found H, and CO
contents increased with decreasing particle size. Also, the low heating value of the gas
slightly decreased with increasing particle size. Xiao and co-workers [98] observed during
a study of the effect of municipal solid waste (MSW) particle size in fixed bed pyrolysis
and gasification that decreasing particle size produced more syngas and less tar and char.
However, at temperatures between 800°C to 900°C, particle size had no effect on the
reaction mechanism and only affected reaction intensity. According to Kirubakaran et al.
as cited in Inayat et al. [99] a smaller biomass particle size enhanced heat transfer and
increased the surface area during the gasification process, which led to high syngas
production. Mani et al. [100] studied the influence of particle size (<60, 250, 638 and
925 um) on wheat straw char gasification with CO,. It was concluded that the char
reactivity increased as particle size decreased. The results showed that 80% of the char
was converted with fine powder particles (<60 um), whereas under the same conditions

at 800°C, the lowest conversion of 47% was achieved at large size particle.

In another investigation conducted by Hernandez et al. [101], the gasification
performance of different types of biomass (agricultural, forestry and industrial wastes) in
an entrained flow gasifier was studied. The results showed that reducing biomass particle
size improved gasification reactivity. According to them, to guarantee that chemical
kinetics was the rate-controlling mechanism and that the heat was evenly distributed

throughout the particle, sufficiently small particles were needed.

At temperatures ranging from 800 to 950°C, Gdmez-Barea et al. [102] performed CO;

gasification experiments of wood matter and found that increasing particle size had two
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limitations on CO; gasification. The first was linked to diffusional resistances, a physical
limitation resulting from temperature or CO2 concentration gradients inside the char
particles. The second was related to an inhibition effect, a chemical limitation resulting

from the increased CO yield as the gasification reaction proceeded.

2.7.2 Char porosity and surface area

Among these features, pore structure and surface area of the char are considered two of
its most crucial factors, due to the association of these characteristics with the available
active sites within the solid particle, hence improving char reactivity [103]. However,
there is no definitive agreement among studies about the impact of the specific surface
area (SSA), pore size and pore volume on char gasification reactivity [104,105]. Generally
speaking, porosity is a dimensionless quantity that refers to the empty spaces within the
material, and it can be described as the ratio of the total pore volume to the volume of
the particle or agglomerate [106]. According to the International Union of Pure and
Applied Chemistry (IUPAC) [107], pores can be classified into three main groups (as

shown in Figure 2.15) according to their size as follows:

i.  Macropores denote pores with widths > 50 nm.
ii. Mesopores denote pores with widths between 2 and 50 nm.

iii.  Micropores denote pores with widths < 2 nm.
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Figure 2.15: Schematic of porosity structure of coal, dp denotes the pore diameter [82].

It has been reported that the reaction rate at a given temperature is influenced by the
magnitude and accessibility of surface area for solid-gas reaction on the inside surfaces
of the char particles [108]. Rollinson et al. [109] examined the char gasification reactivity
of seven different types of biomass and observed that the reactivity increased as the
specific surface area of the biomass increased. In the study of gasification reactivity of
four types of coal conducted by Zou and coworkers [110], the specific surface area of
demineralised coal char significantly increased with carbon conversion, resulting in a
significant increase in the gasification reactivity. However, at high conversion, the specific
surface areas of both raw char and HCl-wash char decreased. According to Roncancio et
al. [96], there are several factors, such as active sites, char source, and mineral
composition, that influence the specific surface area. Table 2.6 summarises the
relationship between biomass and coal chars physical structure features and their

reactivity from catalytic and non-catalytic CO. gasification studies. This table presents a
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comparison of the effects of two main factors on char reactivity, namely, surface area
and catalytic addition. It includes both non-catalytic chars and catalytic chars where
metals such as Ni, Ca and K were added. A closer look at the reactivity order reveals that
it does not follow surface area trends. For example, activated carbon (AC) with a surface
area of 1055 m2/g exhibited lower reactivity than coal char (KD), which had a much lower
surface area of 314 m?/g. However, after catalyst addition, the reactivity of both chars
significantly increased, and AC became more reactive than KD. This suggests that
catalytic minerals have a stronger influence on CO> gasification reactivity than surface
area. Even when comparing non-catalysed chars with varying surface areas, the effect of
this physical property was negligible. Gupta et al. [111] found that Eucalyptus char, which
had the lowest surface area, was more reactive than Jackfruit char, which had the
highest. In this PhD, it was therefore important to investigate the role of both structural

and chemical properties in the reverse Boudouard reaction.
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Table 2.6: Correlation between char physical properties and isothermal CO; gasification reactivity reported in literature.

Pore

Catalyst SBeT Temperature e o Gasification reactivity
Char type addition (m?/g) \(/é):rl:3r}19te) °C) Reactivity* (min™) order of char Reference
Does not reach 50%
?aotgiytic 391171 9.74 of conversion
. 0.007, 0.020 and
0] -50 ’
>%K-5%Ni | 39.67 0.158 0.071 SW-char < SWkce-char < .
Sawdust 700,750 and 75 506 0.018 and | SWie ~char < SWir- Jiag et
k% 0/, K-EO, ' 1 e € I
char (SW) 5%K-5%Fe | 43.19 0.199 | 800 0.058 char< SWic, ~char al.[112]
0.012,0.032 and
o) -5O0 ’
5%K-5%Co | 35.71 0.087 0.095
0.005,0.017 and
o) -5O0 ’
5%K-5%Ce | 45.92 0.323 0.058
Lo Eigl: Non- 314 0.11 0.023
(KD) catalytic
2.5%Ca 308 0.11 850 0.050 AC-char < KD-char < Zang et
Coal based KDca-char < ACk-char al.[113]
activated Non- 1055 0.63 0.002
carbon char | catalytic
(AQ) 2.5%K 1043 0.62 0.107
Jackfruit 80.5 ) )
char
Mango char 37.4 - - Jackfruit char< Mango Gupta et
Raintree Non- )8 ) 800 ) char< Raintree char< al [p1 1]
char catalytic ' Eucalyptus char*** '
Eucalyptus 1.9 ) )
char
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Table 2.6 (continued): Correlation between char physical properties and isothermal CO; gasification reactivity reported in

literature.
Pore . . .
Catalyst SBET Temperature e i Gasification reactivity
Char type addition (m?/g) \(lgr:kl?tl;g) °C) Reactivity* (min™) order of char Reference
Peanut shell 0.035, 0.106, 0.2
char (PS) 22.56 | 0.0252 and 0.349
Maize cob 0.036, 0.086, 0.16
char (MC) 431 | 0.0097 and 0.231
Wheat straw 0.031, 0.076, 0.151
char (WS) 220 | 02 and 0.259 PSD-char < BS-char <
Rice lemma Non- 962 | 0.0182 850,900,950 0.026, 0.067, 0.14 RL-char < WS-char < Wang et
;?:er (RL) catalytic and 1000 and 0.212 MC-char < PS-char al.[114]
sawdust 56.38 | 0.0485 00k 053, 0.062
char (PSD) )
Bamboo
sawdust 31.16 | 0.0241 OOk Ao, 0.0%
char (BS) )
Charcoal 0.05, 0.054 and
char (CC) 14.31 | 0.0054 0.095
Thermal coal | Non- 977,1077 and | 0.036, 0.049 and ) _ Htet et
char (TC) | catalytic 22.1 | 0.0167 14,57 0.069 CB-char < TC-char <CB | ;| 1115
Carbon black 0.035, 0.046 and
(CB) 9.89 0.0307 0.052

* Recalculated reactivity index values, ** Reactivity measured based on 99% of char conversion and on 50% for the other
chars.*** Reactivity was evaluated based on conversion versus time curves.



2.7.3 Catalytic effect of ash mineral content

Biomass is composed of three main organic components: hemicellulose (15-40 wt.%),
cellulose (25-50 wt.%), and lignin (10-40 wt.%), as well as extractives (0-15 wt.%) and
trace quantities of inorganic mineral species [116]. These mineral compounds consist
mostly of alkali (e.g. K and Na) and alkaline earth metals (e.g. Ca and Mg), collectively
known as AAEMs, as well as other transition metals (e.g. Al, Fe, Si). The mineral species
play an important role in CO. gasification of carbonaceous materials. Hence, the mineral
content in the feedstock is considered to have a catalytic effect on the reaction rate [117].
In the study conducted by Li et al. [117], they found that alkali and alkaline earth metals
were the dominant factor in increasing the gasification reactivity of the coal char prepared
from co-pyrolysis at 600 and 900°C. They separated coal char from various biochar—coal
char mixtures to evaluate reactivity and structure and concluded that AAEMs had a
significant influence on char reactivity when compared to microcrystalline structural
parameters. Recently, Li et al. [118], also observed the effect of AAEMs on their
investigation of the reactivity of separated coal char from the biomass and coal chars
blending during co-gasification which led them to propose a relational equation to predict

char reactivity as shown in the following equation:

Rys = 0.07164AI — 0.9432N + 5.7514 (2.4)

Where R, s, AlI, N represent the reactivity index in min-!, alkali index and the stacking
layer number, respectively. The alkali index Al can be calculated using Equation 2.6. The
stacking layer number N , which represents the number of stacked graphene like carbon,
layers is evaluated from the XRD parameters, the stacking height L. and interlayer

spacing d,,, using following expression:
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L,
N +1 (2.5)

dOOZ

However, the formation of alkali silicates due to the reaction between alkali metals and
SiO; may cause agglomeration issues, which can affect gasifier operation [119]. To
investigate the influence of mineral matter in the ash on char reactivity, the alkali index
was established by Sakawa et al. [120]. It is defined as the ratio of the mass fractions
of AAEM compounds to the acid compounds in the ash multiplied by the ash content in

the carbon source. It can be measured using the following formula [121]:

Fe,03 + Ca0O + K,0 + MgO + Na,0
Al,05 + P,05 + SiO,

Alkali Index (AI) = Ash (%) % (2.6)

Researchers used the leaching method to isolate the effect of inorganic elements on CO>
gasification reactivity. This method, also known as demineralisation, aims to remove
specific catalytic elements such as potassium (K) and calcium (Ca) from biochars to
evaluate their role in the gasification process. For example, diluted acetic acid leaching
was used on different biomass samples by Phounglamcheik et al. [90]. The results
indicated that K content significantly decreased leading to a substantial decrease in
gasification reactivity. In another study, Ca and K were removed from spruce wood using
acid leaching and then reintroduced into the washed sample with different concentrations
using ion-exchange [122]. They found that the reaction rate increased proportionally with

the concentrations of Ca and K.

2.7.4 Active sites-CO> chemisorption

In the gasification of chars, active sites are considered to be a rate-determining property
[96]. Carbon active sites are related to the edge carbon atoms, the carbon atoms bonded

to heteroatoms and nascent sites attached to aromatic clusters which are chemically
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unstable [123]. Obviously, the mechanism of CO; gasification of char as mentioned in
Section 2.5.3, indicates that the number of carbon active sites is an important factor for
char reactivity. There is no common approach for determining the number of active sites.
Several studies have indicated that CO, chemisorption is a characteristic indicator of the

active sites present in the char.

Molina et al. [124] carried out CO2 chemisorption experiments at 300°C using chars
produced from fresh coal, demineralised coal, and K, Fe-loaded coal. They found that
strong CO, chemisorption (Csr) of demineralised coal does not exist, and the total CO-
chemisorption is almost similar to the weak CO> chemisorption (Cwea) for the same char
sample. As a result, they concluded that Cst is related to the presence of catalytic active
sites (inorganic matter) and Cwea associated with the carbon active sites (organic
components) of the char. In another similar investigation undertaken by Xu et al. [123],
the CO, chemisorption measurements were obtained by Micro-TGA for coal chars which
were prepared from fast and slow pyrolysis processes. Their results show that Csr and
Cwea decreased at high pyrolysis temperature and slower heating due to the reduction of
active mineral matter in the chars. Additionally, they also found that the char reactivity
correlates better with CO; chemisorption characteristics than with surface area. In this
thesis, CO> chemisorption analysis was adopted to reveal any correlation between char

surface chemistry and gasification reactivity.

2.8 Influence of operation conditions and char pretreatment
2.8.1 Char pretreatment

Another important factor affecting CO, gasification reactivity is char thermal history,
which vary depending on pretreatment conditions. Biomass and coal chars can be
produced from thermal conversion processes such as pyrolysis, hydrothermal
carbonisation and torrefaction. These treatment methods alter the physical structure and

chemical composition of the remaining carbonaceous char. Therefore, describing the
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variation in gasification reactivity based on char properties is complex as these properties
depend on the char production conditions [125]. Influence of pyrolysis and hydrothermal

are discussed in the following sections.

2.8.1.1 Pyrolysis conditions

Char gasification reactivity is commonly linked to pyrolysis conditions used to convert raw
carbon materials into chars such as temperature, heating rate and holding time.
Increasing pyrolysis temperatures generate char with a more stable and graphitised
carbon structure compared to those obtained at lower temperatures, which reduces
gasification reactivity in CO2 [126]. Similarly, longer residence time during pyrolysis was
found to have a negative impact on gasification reactivity [127]. This is because extending
pyrolysis time, especially at high temperatures (as shown in Figure 2.16 ) allows for the
formation of a more graphitic carbon structure which is less reactive [128]. Also, slow
heating rate at atmospheric pressure typically yields more reactive char than char
produced at high pressure conditions [77]. There are many studies in the literature
investigating CO> gasification reactivity to assess heating rate influence. Under non-
isothermal conditions, increasing the heating rate positively affects char reactivity [129-
131]. However, Liu et al. [132] found that carbon conversion in isothermal gasification at
950°C was not affected when heating rate exceeded 50°C/min. Biochar produced from
pyrolysis under different gaseous flow has been also investigated in literature. Tian et al.
[129] prepared Miscanthus chars in a tube furnace under different gas atmospheres
including N2, He and CO; at temperatures ranging from 600°C to 1000°C. The proximate
analysis showed that chars produced under N> had a significantly higher carbon content
whereas CO>-chars exhibited lower carbon content at 1000°C. N>-chars yield were higher
than that of CO> due to the decomposition of oxygen-containing functionals groups which
leads to the formation of stable aromatic ring compounds. They found that gasification
reactivity of He-chars was higher than that of both N> and CO,-chars. According to the

authors, the higher value of K content led to this reactivity variation. In addition, the

52



specific surface area was the dominant factor influencing the gasification reactivity for
CO2-chars. Pyrolysis conditions strongly influence gasification reactivity. Therefore, in this
work, a standardised pyrolysis step was applied before introducing CO; to ensure a
consistent baseline for reactivity comparison. Also, conducting isothermal and non-

isothermal gasification allowed to produce chars with different structural properties.

Figure 2.16: Schematic of carbon structure transformation from amorphous carbon to
more organised form (crystalline graphite structure) due to thermal treatment [245].
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2.8.1.2 Hydrothermal carbonisation

One attractive method to improve biofuel features is hydrothermal carbonisation (HTC)
or wet torrefaction process [133]. It is a thermochemical conversion technology in which
wet biomass feedstocks are converted to a solid product, known as hydrochar, at typical
temperatures ranging between 150 and 300°C [134] in a pressurised water conditions
[135]. Figure 2.17 presents an overview of HTC process and hydrochar utilising for
different applications. Higher HTC temperatures result in a reduction of hydrochar
performance in CO; gasification. This phenomenon is attributed to different changes in
hydrochar parameters as reported in the literature. In a study carried out by Yuliansyah
et al. [136], the influence of HTC on CO; gasification reactivity of blended corn cob and
coconut shell was investigated at temperatures ranging from 200°C to 270°C. They
related the decrease in gasification reactivity to the reduction in volatile matter, moisture
content, and potassium content of the hydrochars as carbonization temperatures
increased. Ulbrich et al. [137] noted that CO, gasification reactivity of brewers' spent
grains hydrochars decreased with increasing HTC temperature and residence time ranged
between 180-280°C and 0.5-12 h, respectively. According to their analysis, the lower
hydrochar reactivity was attributed to higher HTC reaction severity, which led to the
formation of more fixed carbon in the hydrochar. It has also been reported that increasing
HTC temperature can enhance microcrystalline carbon structures formation and
consequently reduces CO; gasification reactivity [138]. In contrast to these studies,
Lahijani et al. [133] demonstrated that rubber seed shell-derived hydrochar produced at
240°C was more reactive than those obtained at lower carbonisation temperatures
(160°C and 200°C).
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Limited research studies have considered utilising hydrochar as a potential fuel for
gasification process. This PhD thesis will investigate the use of hydrochar material and

compare it with pyrolytic chars under CO; gasification tests.
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Figure 2.17: Diagram showing HTC process of biomass waste and hydrochar utilisation
[246].

2.8.2 Gasification temperature

In the process of char conversion into synthesis gas, char gasification is considered to be
the slowest step [105]. The most important parameter that influences the gasification
reactivity of char and governs reaction rate is gasification temperature [139,140].
Gasification reactions involve physical and chemical steps as shown in Section 2.5, only
the interaction between CO; and char surface relates to the chemistry of the reverse
Boudouard reaction [105]. Char gasification temperature has a notable impact on the
rate of the reaction and its controlling mechanism as illustrated in Arrhenius plot in Figure
2.18. The Arrhenius plot can be divided into three regimes to elucidate the effects of
mass transport phenomena on both reactant gases and product gases to highlight the
limitations imposed by diffusion processes [141]. In this plot, the slope which represents

the relationship between logarithm of the reaction rate and the inverse of the reaction
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temperature determines kinetic parameters and hence the transition between the three

regimes.

McEnaney [141], Tremel [125] and Bikane [142] fundamentally explained temperature
effect on the reaction mechanism under each kinetic regime. In the chemical reaction
zone (Regime I), at low temperatures, reactant gas concentration is distributed uniformly
within char particle similar to bulk gas concentration. Typically, the reaction is slow and
considered as the rate-limiting step with char surface chemistry controls the overall
reaction rate. Most of the kinetic studies conducted under Regime I conditions because
the apparent reaction rate is the same as the intrinsic reactivity [139]. The reaction rate
proportionally increases as the temperature rises, this leads to a transition from Regime
I to pore diffusion control, denoted as Regime II. The concentration of reactant gas
gradually decreases within char particle until it reaches zero at the centre. This happens
because the rate of gas supplied through the char particle becomes insufficient as the
reaction rate increases and inhibiting effect of the desorbed product gas [141]. With
additional temperature increases, the reaction rate is controlled by the diffusion of the
reactant gas from the bulk gas phase to the external char particle surface. Known as
external mass transfer (Regime III), the reactant gas does not reach the inner particle
surfaces, and the reaction rapidly occurs on the outer surface of the particle where its
concentration is zero. An effective way to overcome the external mass transfer limitations

is increasing the reactant gas flow rate [143,144].

In Arrhenius plot, the reaction rate can be affected by two mechanisms due to the
transition between the regimes [125]. For CO; gasification of char, temperature ranges
of each regime vary in literature and primarily depend on char properties and
experimental conditions [139]. A common approach to identify transitions between
regimes involves conducting gasification tests at different temperatures. Hence,
temperature significantly accelerates the reaction in Regime I but this influence
diminishes as the reaction moves to other regimes [145]. Shaofeng et al. [146] suggested
that CO,-char reaction is chemically controlled at temperature lower than 1150°C while

pore diffusion becomes the dominant mechanism above this temperature.
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Figure 2.18: An illustration of three reaction zones in gasification process [142].

Table 2.7 provides a summary of some kinetic works and at which regime the reactions
occurred. As shown, most studies reported that at temperatures below 950°C the reaction
was chemically controlled, while increasing temperature beyond 1000°C often shifted the
reaction to pore diffusion or mixed regimes. However, this trend is not consistent and
depends on char properties; for example, Sean Connolly et al. [143] observed external
mass transfer limitations even at temperatures below 815°C. Obviously, temperature has
a clear role in keeping the reaction under chemical control regime by conducting the
gasification under low temperature. However, this is not the case in the industrial process
where the process undergoes diffusional constraints [141], further work should be

conducted to optimise the process at high temperatures (>850°C).
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Table 2.7: Variation of kinetic regimes of CO; gasification of char from literature.

Reference Sample Particle Temperature Apparatus* Kinetic regime
size
(um) &9

Kajitani et Bituminous coal 43.9-44.1 1100-1200 PDTF Chemical

al.[147] chars reaction

Shahabuddin et  Bituminous coal 20-38 800-1100 Micro-TGA  Chemical

al. [139] char reaction

Yuan et al.[148] Rice straw, chinar  56-180 850-950 Macro-TGA Chemical
leaves and pine reaction
sawdust chars

Yuan et al. Rice straw, chinar  56-180 950-1050 Macro-TGA Pore diffusion

[148] leaves and pine
sawdust chars

Tanner et al. Brown coal chars 38-106 650-900 Micro-TGA  Chemical

[145] reaction

Tanner et al. Brown coal chars 38-106 1000-1100 Micro-TGA  Pore diffusion

[145]

Htet et al.[115] Charcoal, thermal 63-90 1250-1450 Micro-TGA  Mixed control
coal char and regime
carbon black (chemical and

pore diffusion)

Sean Connolly black liquor char N/A 675-815 Fixed bed  External mass

et al. [143]

transfer

* PDTF is pressurised drop tube furnace.

On the other hand, gasification temperature has an impact on both the composition of
the produced gas and its heating value [149]. A recent study by Ofuani et al. [150] found
that elevating the gasification temperature from 700°C to 900°C significantly increased
the production of carbon monoxide. For instance, when injecting the reactor with a
5L/min gas mixture containing 15% of CO. to gasifiy Kingsford biochar, the CO
concentrations after 5 minutes were 3.2%, 10%, and 19.3% at 700°C, 800°C and 900°C,
respectively. Further increasing the inlet CO, concentration to 30% at these temperatures
increased the CO vyields to 4.6%, 17.2%, and 26%, as depicted in Figure 2.19.
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Figure 2.19: Influence of gasification temperature on CO yield using different CO>
concentration (a) 15% CO; (b) 30% CO> [150].

2.9 Chapter summary

This chapter has explored the existing literature on thermochemical gasification
technology for converting carbonaceous materials into value-added products using CO>
as the gasifying agent. It briefly described the main gasification steps, the pyrolysis
process for char production and the homogenous and heterogeneous reactions involved
in gasification. Different types of fixed bed gasifiers were examined for their features and

operational characteristics.

The fundamentals of thermogravimetric analysis were discussed and its use in studying
different thermochemical processes was highlighted. It was found that the main drawback
of the conventional Micro-TGA is that only small sample sizes can be used. To address
this, different Macro-TGA configurations whether self-built or commercially designed were
reviewed. Macro-TGA is representative of industrial processes and offers real examination

of industrial conditions at high temperature and larger mass sizes.

In the context of the reverse Boudouard reactivity, several factors influencing CO:
gasification reactivity were identified. These include material properties such as particle
size, porosity and surface area, ash mineral composition and surface-active sites. The

reviewed works showed that the reaction is also affected by the pretreatment conditions
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at which the char was produced and reaction temperature. The reverse Boudouard
reaction can occur under one of three kinetic regimes, with the chemical reaction-
controlled regime (Regime I) being favourable at lower temperatures, while the diffusion-

controlled regime (Regime II) is most common in industrial processes

The conclusions from the existing literature in this field suggest a lack of clarity regarding
the role of surface area on enhancing the reaction and whether the char surface chemistry
is controlling the process. To address this, this study will investigate the role of char
physical and chemical properties in CO. gasification reactivity. This will be conducted
using different analytical techniques to reveal the potential correlation with the reactivity.
It will also study the impact of char surface area on the reaction performance by
developing and using a novel Macro-TGA.
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Chapter 3 Material characterisation and analytical

techniques: physical and chemical properties

3.1 Introduction

This chapter details the material samples used in this thesis as well as the analytical
techniques of physical and chemical property characterisation. Char samples were
prepared and treated in accordance with British Standards to provide a solid base of
materials characterisation. A robust approach was used to identify char sample physical
and chemical properties, although there were some limitations associated with obtaining
the materials and the availability of the analytical instruments in Cardiff University. The
following sections illustrate the pretreatment of char samples including drying, particle
size classification, proximate and ultimate analysis, carbon and sulphur analysis and a
demineralisation process. This chapter also explains the methodology used to
characterise physical and chemical properties of biomass char, hydrochar and coal char
samples using a variety of laboratory techniques to measure properties including mineral
content, porosity, microcrystalline structure, morphology, surface elements and surface
functional groups. These were characterised by X-ray Fluorescence (XRF), Inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis, nitrogen adsorption
analysis, X-ray diffraction (XRD), Scanning electron microscopy coupled with energy
dispersive spectroscopy (SEM-EDS) and X-ray photoelectron spectroscopy (XPS).
Furthermore, Thermogravimetric analysis (TGA) was used to study the gasification
reactivity of char samples under a CO, atmosphere. The CO. chemisorption
measurements of the char samples were also examined to measure both organic and

inorganic active sites using the TGA.
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3.2 Material selection

In order to achieve a beneficial comparison to gain a comprehensive understanding of
both carbonaceous materials and the thermochemical processes examined in this thesis,
char samples were selected from a variety of production methods in order to make a
balanced comparison. In this study, a range of commercially supplied carbonaceous
materials with different properties were chosen for the experiments, these include
biochars, coal char and hydrothermally carbonised char (hydrochar). Four were biomass
chars, two from recovered wood and two from wastewater sludge, both biochar types
were produced through pyrolysis. Because these were commercially supplied samples the
specific pyrolysis conditions were subject to confidentiality. The coal char was made using
a drop tube furnace (DTF) at 1100°C at a residence time of 35 ms as discussed in the
following section. Hydrochar was produced from high plastic content anaerobic digestion
(AD) fibre in a hydrothermal carbonisation plant [151]. In the hydrothermal carbonisation
process (HTC), the solid residue from digested food waste was subjected to high
temperature in an aqueous environment at 200°C to produce the hydrochar. The char
samples were labelled as BC1 and BC2 for wood chars; BC3 and BC4 for sewage sludge

chars; CC for coal char and HC for hydrochar.

3.3 Charing coal

In this study, coal char was produced using a drop tube furnace (DTF) made at Severn
Thermal Solution, Dursley, Gloucester. Figure 3.2 shows a schematic diagram of the drop
tube furnace used in this experiment, whereas Figure 3.1 presents a photograph of the
same furnace. Prior to the use of the DTF, the furnace temperature was elevated to the
desired temperature of 1100°C. After preheating, 10 g of the dried pulverised coal sample
was weighed to the nearest 0.1 g. Consequently, the sample was introduced to the top
of DTF via the vibrating sample feeder using a funnel at feeding rate of 30 g/h. The

charged coal sample was then carried along the DTF reactor by air flow of 20 L/min in
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Laminar flow. The produced coal char was then collected in a sample collector located at
the bottom of the DTF. The exhaust flow was then sent through the filter, which
effectively gathered a combination of tar and fine particles, prior to being transmitted to
the DTF exhaust via the laboratory extraction system. The DTF operation and coal char

production were carried out by Dr Julian Steer.
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Heating
elements
@ DTF reactor
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cooled
outlet probe
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Gas outlet
Cyclone
separator
sample
collector

Figure 3.1: Drop tube furnace (DTF) in Cardiff University School of engineering.
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Figure 3.2: Schematic diagram of the drop tube furnace.

3.4 Char sample characterisation approach

Figure 3.3 illustrates the approach taken in this thesis to investigate char sample

properties to enhance insight into the behaviour of the materials and investigate potential
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correlations to the measured CO- gasification performance.

Char characterisation
1 ! ‘ ! }
Proximate Ultimate Physical Structural llSurfac:e
analysis analysis —| Pproperties analysis chemistery
analysis analysis
Moisture Organic Particle size Thermal stability Functional
content/ componetes — (gr‘md‘mg & (TGA) groups (XPS)
Drying (Oven) C,H,O,Nand S sieving)
(Elemental
analyser)
Ash content Surface larea, Mineral phase Surface
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furnace) Ash elemental an p(‘llg‘ze size semi-quantification
analysis (XRF adsorption) (XRD)
Volatile and ICP-OES)
matter
(Muffle Morphology (SEM)
furnace)
Fixed carbon
(Calculation)

Figure 3.3: Simplified flowchart showing methodology of biochar, hydrochar and coal char
characterisation in this study.

3.5 Char sample pretreatment
3.5.1 Char sample drying

All char samples were fully air-dried prior to any testing in this thesis. The drying
procedure of char samples was carried out based on BS ISO 11722-2013 [152]. The
moisture removal from the samples was performed using a Heraeus T6060 oven, as

shown in Figure 3.4.
The drying method was as follows:

1. The drying oven was switched on and set to the desired temperature (105°C).
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2. 100 g of ‘as received’ char was weighed to the nearest 0.1 g and evenly
distributed in a clean dry watch glass dish (100 mm diameter) using a plastic
scoop.

3. The loaded dish was placed inside the preheated oven for one hour and dried
to a constant weight.

4. After complete drying, the sample was taken out from the oven and stored in

labelled resealable polythene bag in a desiccator to be used for further analysis.

Figure 3.4: Drying oven, Heraeus T6060 oven.

3.5.2 Particle size classification (grinding and sieving)

The main purpose of standardising the particle size of char samples was to eliminate the

influence of particle size variation among the samples, which could affect the precision of
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the comparison in different tests throughout this thesis. The correlation between char

particle size and CO; gasification reactivity was well established in the literature, so this

relationship will not be investigated in the present work. However, Boudouard reaction

rate was reported to be chemically controlled for particle sizes <650 pm [1], therefore

particle specification of 100% less than 250 ym was chosen.

The dried char samples (as discussed in the previous section) were classified according
to the standard dry sieving protocol BS ISO 1953:2015 [2].

A TEMA bowl mill was used to grind the samples, as shown in Figure 3.5. The following

procedures were undertaken to obtain the desired particle size specification:

1.

The dry char sample was loaded into the bowl and the rotating disc was placed
on the top of the sample. The bowl was covered by the lid and it was then
fitted into TEMA bowl mill’s rotator.

The TEMA bowl mill was switched on once the safety lid was closed.

The sample was ground for 10 seconds before being removed from the milling
machine.

The TEMA bowl mill was switched off and the pulverised sample was dispersed
into a standard sieve with a mesh size of 250 um. This sieve was equipped with
a top lid and a bottom collecting dish.

The sieve was then put into an automated shaker machine, as shown in Figure
3.6, and ground particles were left to pass through the mesh for 20 seconds.
The Sieve was removed from the shaker machine and the unpassed particles
were returned into the TEMA bowl mill for another grinding and sieving cycle.
The desired pulverised size specification (100%< size 250 um) was achieved

by repeating this procedure as required.
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Figure 3.5: Grinding machine, TEMA bowl! mill.
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Figure 3.6: Automated shacking machine.

3.5.3 Pelletisation of char sample

The aim of producing pellets is to obtain samples with different surface areas to use in
the constructed gasifier (described in Chapter 4). One biochar sample (BC1) was selected
for the pelleting process. Approximately 50 g of ground and sieved char was mixed with
corn flour binder and water at 15% and 20% (w/w), respectively. The mixture was stirred
thoroughly to ensure uniform binder and moisture distribution. Two stainless-steel
pressing dies with inner diameters of 12 mm and 16 mm were manufactured in the

school’s mechanical workshop to produce the pellets, as shown in Figure 3.7 (b). In each
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run, the die was filled with a biochar mixture to the top, manually compressed using the
top pressing rod, and refilled until it was full. A Clarke Strong-Arm hydraulic press machine
with 15 tonne compression force was used to compact the wet mixture, as shown in
Figure 3.7 (a). The die was placed on the pressing bed, and the pump handle was moved
down until the maximum load was reached. The pressure was held for 10-15 seconds to
reduce voids between mixture particles. After that, the handle was released and secured

to remove the die safely, and the cylindrical pellet was gently ejected.

The pellets and remaining mixture were oven-dried at 105°C for 24 hours to remove the

moisture completely. Then, they were stored in labelled resealable storage bottles in a

AED

Pressure gauge

(b) Top
pressing

rod

(a)

Sample
container

Ram cylinder

Bottom pressing

Pressing rod

bed

Pump Handle

Figure 3.7: Pelletisation process system: (a) 15 tonne hydraulic press machine and (b)
pellet pressing dies.
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desiccator to be used for Macro-TGA gasification experiments. The samples were labelled
as Mixture P for mixture powder, Pellet A for 12 mm diameter and Pellet B for 16 mm

diameter. Figure 3.8 shows the dried mixture and the resulting pellet samples.

Figure 3.8: (a) Mixture P and Pellet B and (b) Pellet A samples.

3.5.4 Proximate analysis

Understanding the behaviour of carbon-based fuel materials fundamentally serves as the
foundation for conducting research on thermochemical conversion processes. One of the
widely used methods is proximate analysis. Proximate analysis is a method of determining
the behaviour of a fuel based on four main categories of substances contained within it.
These compounds consist of moisture content (MC), ash content (Ash), volatile matter

(VM) and fixed carbon (FC). In this thesis, moisture content was eliminated prior to
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testing (as seen in Section 3.5.1), therefore the proximate analysis results are presented
on dry basis. The following methodologies were applied to measure ash and volatile

matter according to British standards.

3.5.4.1 Ash content

Ash content refers to the inorganic residue that remains after a solid-gas reaction is
completed at a sufficient temperature. This content is typically expressed as a percentage
of the mass fraction of the inorganic components in the fuel. The determination of ash
content was conducted based on the standard BS EN ISO 18122:2015 [153].

Prior to the measurement, three empty clean porcelain dishes were placed into a Carbolite
Muffle furnace, as shown in Figure 3.9, at 550°C = 10°C for no less than an hour before
being removed to avoid the existence of volatile matter in the dishes. After that, the
dishes were taken out from the furnace and placed on heat-resistant surface to cool down
for 10 minutes before being transferred to a desiccator to reach the ambient temperature.
Once the dishes had cooled, the mass of the empty dishes was taken to the nearest 0.1
mg. Each dish was then loaded evenly with 1 g of dried char sample, and the mass of
both dish and sample was taken to the nearest 0.1 mg. Subsequently, the loaded dishes

were placed in a cold furnace and the temperature program was initiated as follows:

1. The sample was heated in air to 250°C at a heating rate of 4.5-7.5°C/min for 50
minutes.

2. The furnace temperature was held at 250°C for an hour to remove volatile matter
before the combustion.

3. The furnace temperature was increased to 550°C at a heating rate of 10°C/min
over 30 minutes.

4. To achieve complete combustion, the furnace temperature was maintained at
550°C for two hours.
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Following the completion of the heating procedure, the dishes were removed from the
furnace and left to cool for 10 minutes on a heat-resistant surface before being placed in
a desiccator. This was done to prevent moisture absorption from the surrounding
environment. When the temperature of the dishes with the test samples reached the
ambient temperature, the mass was measured. To ensure repeatability, the test was
performed at least three times, and the mean was calculated. Ash content on a dry basis

can be measured by using the following equation:

m; —my
——x 100 (3.1)
my

Ash content (%) = —
-

Where:

m, is the mass of the empty dish, m, is the mass of the test sample and the dish before

test and m, is the mass of the residue material and the dish after test.

The above procedures were performed to measure ash content of both biomass char and
hydrochar samples, whereas ash content measurement for coal char sample was carried
out in TGA as described in Section 3.14.1.
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Figure 3.9: Muffle furnace, Carbolite furnace used for volatile matters and ash
content measurement.

3.5.4.2 Volatile matter content

According to the standard method BS EN ISO 18123:2015 [154], the volatile matter
represents the mass loss of carbonaceous material when a sample is heated in the
absence of oxygen under standard conditions. In order to ensure consistent results,
measurement of the volatile matter content was repeated in quadruplicate. Therefore, a
multiple stand holding four empty fused silica crucibles and the corresponding lids were
heated using the above Muffle furnace at 900°C and kept for 7 minutes. This step is to
take away any absorbed species on the crucibles’ walls. After removal from the furnace,
the crucibles were left to cool to room temperature before being put into a desiccator.

Once the empty crucibles and lids had cooled, they were then weighed to the nearest 0.1
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mg and the mass was recorded. Then 1 g of the dried sample was placed and spread
inside each crucible and the mass of the covered crucible was measured to the nearest
0.1 mg. Similar to previous cleaning procedure, the filled crucibles were loaded into the
holding stand and inserted again in the furnace at 900°C for 7 minutes. Once the heating
period passed, the four crucibles were placed on a heat-resistant surface to cool down
for 10 minutes before being moved to a desiccator. Finally, the total mass of remaining
solid sample and the crucible with the lid was taken to the nearest 0.1 mg. The volatile
matter percentage on dry basis was taken as the mean value of the four repeats and

measured using following equation:

m1 - mz
——2x100 (3.2)
my

Volatile matter (%) = —
=

Where: m, is the mass of the empty crucible and lid, m, is the mass of the filled crucible
and lid before heating and m, is the mass of the residual sample, crucible and lid after
the test.

3.5.4.3 Fixed carbon content

Fixed carbon content is the solid residue that remains in the char sample after the
devolatilization process, where all moisture and volatile matter are excluded. This carbon
is not pure carbon but it is a mixture of several species such as carbon, hydrogen, oxygen,
nitrogen, and sulphur[155]. The amount of fixed carbon in char samples was determined
by subtracting the sum of ash content and volatile matter from 100% as shown in

following equation:

Fixed carbon % = 100 — (Ash content% + Volatile matter %) (3.3)
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3.5.5 Ultimate analysis

The organic elemental composition measurement of the fuel is an essential factor in the
designing of thermochemical conversion systems [156]. Ultimate analysis is a common
method utilised to present these elements namely, carbon, hydrogen, nitrogen, sulphur,
and oxygen. This analysis was carried out using Thermosientifc FlashSmart Organic
elemental analyser (OEA), CHNS/O in Cardiff University School of Engineering CLEER Lab
as shown in Figure 3.10. The uncertainty of the analyser depends on the sample size and
type according to the manufacturer’s technical report [157]. The relative standard
deviation of elemental analysis should be <3% for results to be considered reliable [158].
The analysis was carried out by Dr Julain Herbet and was repeated in duplicate with the

error reported as standard deviation.

Figure 3.10: Thermosientifc FlashSmart Organic elemental analyser (OEA), CHNS/O
for Ultimate analysis.
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3.6 Carbon and sulphur analysis

The measurement of carbon and sulphur content in the char samples was performed
using the LECO SC-144DR carbon and sulphur analyser shown in Figure 3.11. The sample
was burnt in the furnace at 1350°C in an oxygen-rich environment to ensure complete
combustion of the sample. Sulphur and carbon were then reacted with oxygen to produce
CO2 and SO,. The analyser then measured the CO, and SO, produced by comparing the
quantity of measured gas to the inputted sample mass, such that a total sulphur value
can be produced. The instrument was regularly calibrated with standards supplied by
LECO and checked prior to the commencing of any work. Results were taken from the
mean value of a minimum of three repeats. Error values were calculated by using the
standard deviations of these results. According to the manufacturer’s application note,
standard deviations were found to range from £0.13% to +£0.60% for C and from
£0.0007% to £0.007% for S for coal, coke and graphite samples [159].

The LECO SC-144DR was run in the following procedures:

1. The instrument was prepared for the experiment by initiating the oxygen supply
and heating up the combustion furnace to 1350°C.

2. A nickel boat liner was placed onto a four-figure balance, which was then zeroed.
A sample of 100 to 300 mg was loaded into the boat. The mass of the sample
depends on the sample properties - for instance, a sample with high carbon
content was about 0.1 mg.

3. The loaded nickel boat liner was transferred to a ceramic combustion boat and
positioned on a tray to be inserted into the tube furnace. The SC-144DR software
was luanched and the mass of the sample was entered into the software. Once
the software reading became stable and displayed a prompt, the sample was
pushed inside the furnace to begin the experiment.

4. The concentration of the combustion products was then measured using an
infrared (IR) detection system, and data was recorded in the software. Carbon and

sulphur were logged in the SC-144DR software.
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5. The experiment was completed when no further changes occurred to the analysis
of carbon and sulphur on the software.
6. The ceramic boat was then removed from the furnace and allowed to cool.

I\

Ceramic boat Furnace entrance - Computer with SC-144DR
software

. Infrared detection system
(IR)

Figure 3.11: LECO SC-144DR carbon and sulphur analyser.

3.7 Demineralisation treatment of char sample

A demineralisation process with hydrochloric acid (5 wt.% HCI) solution was carried out
following a washing method from literature [160]. Dried and sieved samples of both BC1
and HC were chosen for demineralisation treatment due to their higher reactivity

compared to the other chars in this work. In this process, 12.5 g each of BC1 and HC
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were added to 125 ml of the prepared washing solutions in flasks, shaken manually, and
left for 24 hours at room temperature to dissolve completely. The mixtures were then
washed with deionised water and subjected to vacuum filtration to separate the solid char
particles from the solutions. Figure 3.12 shows the vacuum filtration setup. Finally, the
washed samples were dried in the oven at 105°C for an additional 24 hours and were
denoted BC1HCI and HCHCI.

Funnel

Char sample

Clamp

1

500 ml litter flask ~ Filter paper Deionised water

Figure 3.12: Filtration apparatus system.
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3.8 X-ray fluorescence (XRF)

The purpose of carrying out this analysis was to obtain sufficient information about which
elements are present in the samples prior to subjecting them to the Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES). The advantage of this approach lies in
non-destructive nature of XRF analysis and quick testing. However, the XRF is not able
to detect elements lighter than magnesium. The elemental compositions of powdered dry
samples were assessed using an Innov-X Systems, model Olympus X5000 series X-ray
fluorescence (XRF) analyser with a repeatability of 0.0015 wt.% under standard
conditions [161] (as illustrated in Figure 3.13). To commence the XRF experiment, the
Mining Plus mode was selected to conduct the test. Subsequently, a 316 stainless steel
sample was utilised to calibrate the instrument. Upon completing the calibration process,
a new thin-film sample support was attached to a clean sample holder. Thereafter,
approximately 1 g of the sample powder was evenly distributed into the holder using a
spatula, ensuring a minimum thickness of 3 mm. The sample holder was then placed into
the instrument and the lid was closed. An automated analysis took place, and a set of

results were produced and stored in the device.
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Figure 3.13: X-ray fluorescence (XRF) analyser, Innov-X Systems, model
Olympus X5000 series.

3.9 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an analytical
technique extensively used to measure and identify elements in the tested sample. ICP-
OES offers a high level of accuracy for analysing the elemental composition of different
materials [162]. However, this multi-elemental technique requires a pre- treatment of the
sample such as digestion [163]. The Perkin Elmer Optima 2100 DV ICP-OES (as shown
in Figure 3.14) was used to analyse the chemical compositions of the ash powders.
Elemental analysis by ICP-OES can achieve precision as low as 0.2%, though

concentration uncertainties are often 10% or higher [164].
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Following is a description of the elemental compositions analysis method that was

conducted by the operator in the CLEER lab at Cardiff University School of Engineering
via ICP-OES:

1.

Approximately 100 mg of a dry ash sample was weighed to the nearest mg
using an analytical balance and added into a digestion vessel (exact weight was
recorded).

2 ml of reagent grade hydrofluoric acid (HF) at a concentration of 48-51% was
added to the weighed sample and left to soak for 24 hours.

A combination of 3 ml of 37% reagent grade hydrochloric acid (HCI) and 3 ml
of 70% reagent grade nitric acid (HNO3) was added into the digestion vessel,
and the assembled vessel was added to the sample holder rotor.

The rotor was placed in an Ethos Easy microwave, and the sample was digested
for 20 minutes at 180°C.

On completion, the vessel was opened in a fume cupboard and 12ml of 4%
boric acid (HsBO3) was added to neutralise HF, and previous step was
repeated.

Once microwave digestion was completed, the vessel was opened in a fume
cupboard and contents were poured into a glass beaker The vessel was rinsed
with deionised water and the rinse was added to the beaker.

The contents of beaker were then poured into 50 ml volumetric flask and made
up to volume with deionised water.

The digested sample was transferred into a suitable container and analysed
using a Perkin Elmer Optima 2100 DV ICP-OES instrument.

The ICP machine was calibrated prior to each test campaign using a 28-element

calibration solution with a concentration of 100 mg/I.

10. The solution was diluted down to 10 mg/l and 1 mg/I to perform the calibration,

and the calibration curves created during this process were used to determine

the concentration of the elements in the tested ash samples.
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11.The subsequent results were expressed as mg/kg and were divided by 10,000

to be expressed as mass%.

Figure 3.14: Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES),
Perkin ElImer Optima 2100 DV ICP-OES.

3.10 Gas physical adsorption technique
3.10.1 Instrument method

Physical structural features of the char samples were identified using the gas physical

adsorption method. N; at boiling temperature is commonly employed as an adsorbate

gas to prevent any reaction with adsorbent surface [165].
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N> adsorption analysis at -196°C was carried out in a Quantachrome Quadrasorb EVO
Surface Area & Pore Size Analyser, shown in Figure 3.15, to measure surface areas, pore
volumes, pore size distribution and average pore diameters of the samples. It should be
mentioned that there is a possibility of a 20% inaccuracy in the surface area measurement

using N2 adsorption because of its sensitivity to surface chemistry [106].

The gas adsorption analysis were conducted according to BS ISO 9277:2022 [166], BS
ISO 23604:2022 [167], and BS ISO 15901-2:2022 [168]. Prior to the measurements, 0.2-
0.5 g of dried, classified char samples (as mentioned in Section 3.5.2) were loaded in a
glass container and degassed in a vacuum at 250°C for 24 hours. The degassing process
was carried out using a Quantachrome FloVac-Six-Port Vacuum and Flow Degasser, as
shown in Figure 3.16. This step was essential to ensure that the sample surface was free
from contaminants. Once degassed, the sample was allowed to cool to room temperature.
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Figure 3.15: Quadrasorb EVO Surface Area & Pore Size Analyser.
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The cooled, degassed sample was then transferred into the analyser, where it was

submerged in liquid nitrogen to achieve the required temperature for analysis.

The experiment was set up and controlled using the Windows® based QUADRAWiIn
software. This procedure was carefully followed to ensure accuracy and repeatability of
the results. The entire process, including the setup and operation of the equipment, was
conducted at the Translational Research Hub (TRH) at Cardiff University by Dr Greg Shaw.

The N. adsorption isotherm data were analysed using three methods. The Brunauer-
Emmett-Teller (BET) model [169] was used to determine the total surface area, Sger,
while the t-plot method [170] was applied to the adsorption branch to estimate the
micropore surface area and micropore volume, Swico and Vwico. The Barrett-Joyner-
Halenda (BJH) desorption method [171] was used to determine pore size distribution and
average pore size diameter, Dp. The total pore volume, Vrota, was calculated based on
the amount of N2 adsorbed at a relative pressure of P/Po= 0.938-0.956.

Figure 3.16: Quantachrome FloVac-Six-Port, Vacuum and flow Degasser.
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3.10.2 An example of N2 physisorption analysis calculation

In this example calculation, the data reports of biochar sample (BC1) were used to

illustrate how Nz isotherms were returned.

Brunauer-Emmett-Teller (BET):

The BET equation (Equation 3.4) was implemented at relative pressures range of 0.005

to 0.263 from the desorption isotherm curve shown in Figure 3.17.

W, c (%)

B3 | A

(3.4)

Where, p, is the saturation pressure of the inert gas (N2), p is the equilibrium pressure

of the N with the sample surface, P is the relative pressure and ¢ is dimensionless

Do
constant. W is the volume of adsorbate introduced to the sample and W,, is the
monolayer volume of the N2 adsorbed onto the sample’s surface when a full unimolecular

layer was formed at standard temperature and pressure (STP) in cm3/g.

A linear regression was performed using the BET linear form (Equation 3.5) to plot pﬁ on
0

X-axis against in y-axis to construct a straight line as shown in Figure 3.18.

p
W(po—p)

p 1 +c—1(p> (3.5)
W(po—p) Wnc  Wpe \pg '

Consequently, the unknown monolayer capacity W,, and BET constant ¢ can be

calculated using the slope and intercept values obtained from the multi-point BET linear

plot as following [169]:
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1 c—1
W, = = (3.6)

~ slope + intercept ¢y,

slope
c=1+—— (3.7)

intercept

Once these parameters are determined, the BET surface area (total surface area m?/g)

can be obtained through the following formula:

W Ng, A
Sper = % (3.8)

Where N, A,, and M are Avogadro’s number (6.02x10%* molecules/mol), the cross-

sectional area of N which equals 0.162 nm? and the molecular weight of N is 28.02

g/mol, respectively.
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Figure 3.17: N> adsorption and desorption isotherm curves of BC1.
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Equation y=a+b*x
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Figure 3.18: Multi-Point BET linear plot of BC1 sample.

t-plot:

The statistical thickness of the adsorbed N> layer on the surface of the solid sample (t)
(the de Boer method) can be calculated using Harkins and Jura equation [172] from the

isotherm data within the relative pressure range of 0.17 to 0.45, as follows:

. 13.99
0.034 — log 2 (3.9)
Do
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Where t is the statistical thickness of the adsorbed N2 layer, expressed in Angstroms (A).
Similar to BET analysis, a linear regression was performed to generate the t-plot by
plotting t versus the adsorbed volume of N2 (cm3/g) at STP, as shown in Figure 3.19. This

enables the measurement of external surface area S,yterngi (M?/g) and micropore
volume V,,,;-ro (€cm3/g) by using the slope and intercept obtained from this plot through

the following formulas:

Sexternai = Slope X 15.468 (3.10)

Vinicro = Intercept x 0.0015468 (3.11)

The micropore surface area S,,;., can be then determined by subtracting the S, ternat
From Sggr. This calculation isolates the contribution of micropores to the overall surface

area, providing insights into the porous structure of the material:

Equation y=a+b*x
Adsorbed Volume {cm\+(3]
—~T74- P Yig @ STP) o
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Figure 3.19: t-plot curve of BC1 sample.
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Smicro = SBeT — Sexternal (3 12)

Barrett-Joyner-Halenda (BJH):

Pore size distribution, as shown in Figure 3.20, and average pore diameter (Dp) were
evaluated using the BJH method. This method applies the modified Kelvin equation to

relate relative pressure to pore radius as illustrated in the following equation:

—2vV;
n(%) - rl]?/Tm (3.13)

Where y is the surface tension of liquid N2 (8.9 x 103 N/m), V},, is the molar volume of
liquid N2 (3.47 x 10> m3/mol), r is the pore radius (m), R is the gas constant (8.314

J/molK) and T is the absolute temperature (77 K).
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Figure 3.20: BJH pore size distribution of BC1 sample.
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3.11 X-ray diffraction (XRD)
3.11.1 Crystalline mineral components identification method

Mineral phase identification of the ash residues from the char samples was carried out
using X-ray diffraction (XRD) on a Siemens D5000 diffractometer, as illustrated in Figure
3.21. The diffraction was collected from 10° to 80° 2 theta at a scan speed of 0.02
degrees per second using copper radiation (Cu Ka) at 35 kV and 40 mA. The sample was
prepared for the test by placing and distributing the sample evenly into an XRD sample
holder using a glass slide. Once the sample holder was filled and physically pressed to
the top of its centred square hole, it was then inserted inside the designated position
within the Siemens-Diffractometer goniometer and securely positioned. The machine
door was then closed and the XRD cooling system (chiller unit) was turned on before
powering the XRD instrument. The diffraction range, scanning speed, and power were
entered into the controlling platform (DIFFRAC plus XRD Commander), and the
experiment was launched. After the completion of the run, data obtained from XRD was
saved and analysed by Panalytical X'Pert HighScore Plus software using the reference
patterns database from the Crystallography Open Database (COD) [16]. It was reported
that the repeatability of the XRD technique was 15% [173].
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Figure 3.21: X-ray diffraction (XRD), Siemens-Diffractometer/D5000.
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3.11.2 Semi-quantification of mineral composition method

The mineral composition present in the ashes of char samples was semi- quantified by
adopting a simple method that recently implemented Julian Herbert in a PhD thesis [173].
According to Herbert, the uncertainty of this semi-quantitative method was estimated to
be within £10%. This method is not a definitive quantification of the ash components;
however, it was chosen owing to its simplicity and availability of pattern reference
databases in the School of Engineering. More accurate quantification can be achieved
using the Rietveld refinement method [174]. However, this method requires access to
commercial crystallographic databases such as PDF-5+ [175], which provide complete
crystal structure data. It also involves creating a mathematical model of diffraction
patterns to fit the experimental diffractogram of each mineral phase [176]. Therefore, a

semi-quantitative method based on peak area integration was adopted in this PhD.

In the reference method [173], mineral quantities were estimated by manually calculating
the area under each mineral’s main peak using peak height (intensity) and full width at
half maximum (FWHM), with a baseline set at y=0, as shown in Figure 3.22. In contrast,
this study used numerical integration in Origin software to calculate the areas under
crystalline peaks with the baseline adjusted to capture start and end of the peak. This
approach ensures more robust and reliable measurements of the areas under the

crystalline peaks.

The first step of semi-quantification method was identifying the main peak for each
mineral using the peak list in the reference patterns. When a peak was matched a single
mineral, it was considered a 100% peak and used for area calculation. For overlapping
peaks, a lower intensity but 100% peak was used instead. The sum of the calculated
areas was taken as 100% and each mineral was expressed as a percentage of this total
in the ash samples. An example of X-ray diffraction patterns with crystalline peak

identification and a custom baseline is shown in Figure 3.23.
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Figure 3.23: X-ray diffraction patterns of ash produced from HC sample showing
crystal peaks position (26) and crystals area (red), amorphous area (blue).
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3.12 Scanning electron microscopy coupled with energy dispersive
spectroscopy (SEM-EDS)

The morphology and distribution of elements on the surfaces of the chars were observed
by Scanning electron microscopy coupled with energy dispersive spectroscopy (SEM-
EDS), which included SEM. This included a Zeiss Sigma HD field emission gun SEM, 20
kV beam energy, ~1.5 nA beam current using a 60 pm diameter final aperture. Figure
3.24 shows an image of the Zeiss SIGMA HD VP Field Emission Scanning Electron
Microscopy system used in this work. Typically, EDS has an analytical accuracy of about
+2% but it can achieve precision better than £1% for major elements [177]. For
chemical analysis, dry powder samples were mounted on aluminium SEM stubs using
carbon adhesive tabs, coated with a 15 nm thick layer of carbon prior to being loaded in
the SEM. The application of carbon coating was to improve the electrical conductivity of
the char samples and preventing charging effects that lead to distortion of the SEM

images.

Figure 3.24: Zeiss SIGMA HD VP Field Emission Scanning Electron Microscopy system
used for SEM-EDS analysis.
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The coating was conducted using an Agar Turbo Carbon Coater, shown in Figure 3.25.
Two 150 mm? Oxford Instruments X-Max silicon drift detectors were used for semi-
quantitative Energy Dispersive Spectroscopy (EDS) analysis. Backscattered electron
images and EDS spectra were acquired and processed using Oxford Instruments Aztec
software. EDS results were quantified using factory standards and data was normalised
to 100 wt.%. It should be noted that char samples used in this analysis were selected
from the sieving procedure described in Section 3.5.2 and their particles size were 150um
for imaging quality purposes. The analysis was performed by Dr Duncan Muir at Cardiff
University’s School of Chemistry.

Figure 3.25: Agar Turbo Carbon Coater.
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3.13 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD
system with a monochromatic Al Ka. X- source operating at 144 W (12 mA x 12 kV), as
shown in Figure 3.26. Data was collected with pass energies of 160 eV for survey spectra,
and 40 eV for the high-resolution scans with step sizes of 1 eV and 0.1 eV respectively.
The system was operated in the Hybrid mode, which uses a combination of magnetic
immersion and electrostatic lenses for high sensitivity and acquired using a slot aperture
which gives an analysis area of ca. 300 x 700 um?. As samples were electronically isolated
form the spectrometer, a magnetically confined charge compensation system was used
to minimise charging of the sample surface, and all spectra were taken with a 90° take-
off angle. A base pressure of ca. 5x10° Torr was maintained during collection of the
spectra. Data was analysed using CasaXPS (v2.3.26) [178], after calibration to the lowest
energy C 1 s peak taken to be 284.5 eV. Analysis was performed using a Shirley
background to account for electron scattering and using modified Wagner sensitivity
factors as supplied by the manufacturer. This surface chemistry technique can produce a
relative error of 10% in repeated analyses and may differ from actual values by 20%
[179]. The XPS analysis was conducted by Dr David Morgan at Cardiff University's School
of Chemistry.
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Figure 3.26: X-ray photoelectron spectroscopy (XPS), Kratos Axis Ultra DLD system.
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3.14 Thermogravimetric analysis (TGA)

The principle of thermogravimetric analysis is based on monitoring the changes in the
mass of a sample over time as it is heated in isothermal or non-isothermal conditions.
Thermochemical processes including gasification, combustion and pyrolysis are possible
tests that can be carried out using TGA. This technique provides sufficient information
about the material behaviour when subjected to different gaseous atmospheres.
Moreover, TGA is a powerful technique in the evaluation of kinetic parameters, thus
enhancing the understanding of the material thermal stability and the chemical reactions.
The following sections discuss the analysis conducted using the Mettler Toledo TGA-DSC
3+, shown in Figure 3.27, in this thesis. This device has a weighing resolution of
0.0001 mg with an accuracy of 0.005% [180].

N> inlet line COs inlet line

Computer with Inert gas rotameter ; Air inlet line

STAR® software
| Automated
'}l sample robot
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control panel
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Crucible
carousel

TGA water
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Figure 3.27: Thermogravimetric analysis system, Mettler-Toledo TGA/DSC 3*.
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3.14.1 Proximate analysis using TGA

The amount of coal char produced in DTF (Section 3.3) and the demineralised chars
(Section 3.7) was limited at the start of this PhD project. To overcome this limitation, TGA
was employed to measure ash content and volatile matter. The proximate analysis

method used in the TGA is described in the following steps:

For ash content:

1. The sample was heated from 30°C to 500°C at a heating rate of 30°C/min in air
flow of 100 ml/min.

2. The sample was held at 500°C for 10 minutes, then ramped to 815°C at 30°C/min.

3. The sample was held at 815°C for 90 minutes.

For volatile matter:

1. The sample was heated from 30°C to 900°C at a heating rate of 100°C/min in N>
flow of 100 ml/min.
2. The sample was held at 900°C for 7 minutes in N flow of 100 ml/min.

The mass loss data were then analysed using Equation 3.1 and Equation 3.2 to determine
the ash content and volatile matter of the sample, respectively. Three runs were

performed, and the results were reported as the mean of these runs.

3.14.2 Isothermal and non-isothermal CO: gasification tests

One of the most commonly used methods to investigate the isothermal CO; gasification
and kinetics of chars is thermogravimetric analysis (TGA). In this study, gasification
experiments were carried out in the Mettler-Toledo TGA/DSC 3* STAR®, analysing 15 mg
of the char sample in an alumina crucible. The isothermal gasification experiments were
conducted at three selected temperatures 900°C, 950°C and 1000°C. In each run, the
sample was heated to 900°C in 100 ml/ min of N; flow at a heating rate of 20°C /min

and held at that temperature for 7 minutes to remove the volatile matter before switching
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to the CO; flow. This holding period and temperature was chosen based on the standard
volatile matter content method to generate a ‘fixed carbon' produced in repeatable
conditions as a consistent baseline for CO, gasification comparisons. The sample was
then heated to the target gasification temperature and N2 was replaced by CO; with a
flow rate of 60 ml/min. The final temperature was held constant until the conversion was
completed. This work presents a comparison of the gasification reaction, via the reverse
Boudouard reaction, of the ‘fixed carbon’ portion of the different samples. In the current
work, the pyrolysis data have been excluded from TGA results, and just the CO:
gasification stage is presented. A typical TGA curve of the complete experimental method
is provided in Figure 3.28, showing pyrolysis and reverse Boudourd gasification phases
as well as initial mass considered for the calculation of CO> reactivity. To ensure reliability,
each test was performed twice, except BC4 which was repeated three times at 1000°C.
Errors were reported as standard deviations of these repeats. Figure 3.29 is an example

of TGA profiles & temperature programme of CO; isothermal gasification test.

The experimental conversion (X,,,) of the gasification was obtained using following

equation:

m; —m;

Xexp = (3.14)

mi—mf

where m; represents the post pyrolysis mass after N, switched to CO,, m, is the measured
mass at time t and m; is the final mass remaining after complete gasification. Gasification

reactivity at different temperatures was evaluated using the reactivity index Ros (s1) as

proposed by Takayuki et al. [181], expressed by following equation:

RO.S = (3.15)
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where t,s denotes the time in seconds required to convert 50% of the sample.
Consequently, chars with a shorter t, - gasification time are more reactive than those

with longer t, ¢ gasification times [182].
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Figure 3.28: Typical TGA curve for isothermal CO. gasification test.

The non-isothermal gasification was carried out under the same CO, flow rate using same
amount of char mass as in the isothermal tests. In this experiment, the char sample was
heated from room temperature to 1100°C at three heating rates of 5, 10 and 15°C/min,
respectively. The evaluation of gasification reactivity in non-isothermal conditions is
further discussed in Section 7.3. The Mettler-Toledo TGA/DSC 3+ STAR® will be referred

to as 'Micro-TGA' in some of the following chapters to distinguish it from the Macro-TGA.
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Figure 3.29: Example of TGA profiles and temperature programme of isothermal CO;
gasification test.

3.14.3 CO> chemisorption

Chemical adsorption of CO: is used to measure the availability of active sites for CO, to
combine with the surface of a material. The combination of gas phase CO; with the solid
sample is essential to the char gasification reactivity [123]. In this work, measurement of
CO. chemisorption was conducted in the TGA apparatus by following the method
described in the literature [88,123]. In each chemisorption test, a platinum crucible was
filled with about 40-50 mg of char. Under a N, atmosphere, the sample was heated to

850°C with a heating rate of 30°C/min, and the temperature was held for 30 min to
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prepare the char surface for the adsorption process. The char sample was subsequently
cooled to 300°C at 10°C/min. At that temperature, the sample was held for an additional
30 minutes, and the temperature remained constant until the end of the test. N, was
then replaced with CO,, the CO2 chemisorption proceeded, and the change in the sample
weight as a function of time was recorded. In order to eliminate any remaining weakly
chemisorbed CO, molecules, the gas was switched back to N. after 30 minutes of
adsorption, and the sample was degassed for another 30 minutes. Throughout the
experiment, a constant flow rate of 100 ml/min was employed for the flow of both N> and
CO.. The chemisorption experiment was blank corrected by subtracting a blank curve
recorded of an empty crucible. Chemisorption temperature programme is presented in
Figure 3.30. Standard deviation was used to assess the repeatability of chemisorption
measurements. The test was performed in quadruplicate for BC1, BC2, BC4 and HC; in
triplicate for BC3; and in duplicate for CC, BC1HCI and HCHCI.

1
1000 - i i
N, LS N,
i i
| I I
1 1
800 - Cooled ' :
] 850°C 10°C/min ! :
© 1 i i
_— 1 1 1
o 600 - : |
S 1 | '
o I 1
E ] ] ]
o ] Heated i i
- o I 1
g- 400 30°C/min 300°C : |
R \ ! '
] i i
200 - | i
4 1 1
1 1
I 1
I 1
1 I
1 1 1
I T e e L L e e TR
0 20 40 60 80 100 120 140 160 180 200 220
Time (min)

Figure 3.30: temperature programme of chemisorption test.
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3.15 Experimental error analysis:

The complexity and the variation of data sets obtained from various examinations carried
out in this research were evaluated using statistical analysis. It was crucial to assure the
repeatability of the current work, hence, the standard deviation (SD) was used to assess

the experimental error, as defined in the following expression:

D — /M (3.16)
n—1

Where x; represents each individual value from the sample, x is the sample mean, and

n is the size of the sample.

3.16 Chapter summary

Six char samples were initially prepared and characterised to understand their physical
and chemical properties using a variety of analytical techniques. All the characterisation
experiments of the char samples were carried out in Cardiff University. The following
table summarises the methods and techniques that were used in this chapter and their

corresponding determined parameters. It also outlines the limitations of each test.
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Table 3.1: Summary of analytical techniques methodology and limitations.

Material/Method/analytical

technique

Measured
properties/purpose

Limitation

Action

Char samples selection

Different properties
under different
conditions

Suppliers offer large
quantities of
requested materials-
limited storage space

Available sample
was used to
understand
reverse
Boudouard
reaction until
additional
samples were
received

Drop tube furnace (DTF)

Production of coal char
sample

Small amount was
produced at start of
this PhD/no enough
sample

Proximate
analysis in TGA

Ultimate analysis

CHNOS elements

Carbon and Sulphur

C and S contents

analysis
Demineralisation Removing inorganic - Proximate
treatment components analysis in TGA
XRF Determine which - -

elements should be

measure in ICP-OES
ICP-OES Elemental composition - -

Gas physical adsorption
technique

Surface areas, pore
volumes, pore sizes
distribution and average
pore diameters of the
samples

XRD

Mineral phases
identification and semi-
quantification of mineral
composition

Siemens-
Diffractometer/D5000
failure

SEM-EDS

Morphology and
distribution of elements
on the surfaces of the
chars

XPS

Surface chemistry
parameters

TGA

Ash content
measurement, CO>
gasification, CO2
chemisorption

Mettler Toledo TGA-
DSC 3+ damage
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Chapter 4 Development of a Macro-thermogravimetric

reactor and experimental procedure

4.1 Introduction

The development and construction of a macro-thermogravimetric reactor (Macro-TGA)
are detailed in this chapter. The Macro-TGA was designed and configured specifically for
this thesis to study the influence of a larger char sample with a higher surface area on
the behaviour of reverse Boudouard reaction. The aim of studying such large samples
was to investigate the impact of more realistic fuel particles, rather than relying on small
samples of finely ground fuel. This device is a scaled-up version of the conventional TGA
and was constructed in the combustion lab in the school of engineering at Cardiff
University. The CO; gasification reactivity was investigated, and the mass loss of char
samples was monitored in real-time using a precise analytical balance with 0.01 g
accuracy. The product gas from the gasification system was analysed to validate the
thermal balance data. In this thesis, the Macro-TGA was built based on the practical

considerations and to meets the lab's safety and operational requirements.
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4.2 Design and construction considerations of the Macro-TGA

In this study, the fundamental idea of constructing a Macro-TGA apparatus relies on
establishing a thermobalance system capable of precisely measuring the changes in char
sample mass during CO. gasification. This system is an important approach to
investigating the mechanisms of the reverse Boudouard reactivity using a larger sample
mass. In the current work, Macro-TGA development is driven by practical and
specification requirements. These requirements focused on optimizing the reaction
environment and ensuring ease of setup adjustment. The following criteria were

considered before constructing the reactor:

1. The gasification system must be built to maintain a steady state conditions during
the operation to ensure the constancy.

2. The Macro-TGA is designed to gasify a char sample weighing up to 10 g whether
in pellet or powder form.

3. The sample container must be in a fixed position inside the reactor and made of a
material that can resist temperatures over 700°C.

4. The sample container must provide the maximum surface area exposed to the CO;
gas.

5. The setup of the Macro-TGA must give access for loading and removal of the char
sample.

6. The height of the sample container and the length of the reactor are established
based on the dimensions of the available furnace and product gas sampling
accessibility configuration.

7. The thermobalance system must be designed as a top-loading type to minimise
the sample holder movement caused by gas flow and furnace expansion.

8. The heating system must provide the temperature range of interest for the reverse

Boudouard reaction >700°C.
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9. The mass loss of the char sample due must be monitored and recorded in real
time using an analytical balance with a precise resolution integrated with a data
acquisition system.

10. A slight positive pressure must be maintained within the Macro-TGA to prevent air
accessing the system, as this will influence the reverse Boudouard reaction.

11.The temperature inside the Macro-TGA must be continuously monitored.

12.The analytical balance reading must be protected from the high temperature
(>700°C) of furnace and its temperature monitored by a thermocouple.

13.The product gas from the reactor must be cooled, cleaned of hydrocarbon
condensate and its composition measured.

14.The system must meet the standard health, safety and operational regulations in

the laboratory.
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4.3 Macro-TGA system components

The Macro-TGA system was developed in accordance with the specifications discussed
above. It consists of five main components including gasifier, gas delivery system, heating
system, cooling and tar cleaning system, product gas analysis system. A photograph of
the experimental rig is shown in Figure 4.1 and a schematic diagram of the system
components is illustrated in Figure 4.2. The experimental apparatus construction is

discussed in detail in the following sections.
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Figure 4.1: Macro-TGA experimental rig setup for CO, gasification test.
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Figure 4.2: Schematic diagram of the Macro-TGA.
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4.3.1 Thermobalance development
4.3.1.1 Vertical tube gasifier

The gasifier consists of four main components, upper tube, bottom tube, gasifier cap and
sample container (ceramic crucible and ceramic rod). The gasifier setup is visualised in a
3D model drawing in Figure 4.3 (a) and the internal components with the position of the
sample container in the gasifier are illustrated in Figure 4.3 (b). It was made of a stainless-
steel 304-cylinder with a length of 1000 mm, 77.92 mm inner diameter and 88.9 mm
outer diameter. The size of the reactor was selected in accordance with the available
furnace height in the laboratory and to provide the maximum allowance for the sample

container size.
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Figure 4.3: 3D model of the gasifier (a) and a cross-section view showing internal
components with the position of the sample container in the gasifier (b).
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Additionally, the upper and lower tubes were attached to each other by two custom
stainless-steel flanges, each with an outer diameter of 108 mm and a thickness of 10
mm. The flange on the top tube was welded 6 mm from the tube's mouth, whilst the
flange on the bottom tube was welded 6 mm below the mouth. This configuration enabled
the upper tube to rest securely above the lower tube, ensuring a sound connection and
sufficiently gastight seal. Figure 4.4 shows the detailed dimensions of both gasifier tubes.
On the top of the gasifier, a 90-mme-inner diameter cap was made to close the system for
gas sampling on top of the gasifier, but it was slightly loose for safety purposes (i.e. to
prevent overpressure in case of ignition of the product CO in the tube). The sampling
pipe was positioned in the middle of the gasifier cap and projected down inside the
gasifier by 100 mm. The exhaust line was equipped with a control valve to control the
gas stream, as shown in Figure 4.5. This is to guarantee a slight positive pressure to
prevent the air from entering the system so the reaction will not involve any combustion.

This was further adjusted by increasing the carrier gas flow.
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4.3.1.2 Fixed bed sample container

Two fixed bed holder setups were developed to assess the stability of the mass
measurement during CO; gasification experiments. Figure 4.6 shows photographs of the
two setups. The aim was to identify which configuration provided more stable and reliable

mass readings during the reaction.

In the first setup, the fixed-bed holder system of the char sample was made of a 99.8%
alumina material by 4-visa and Almath suppliers. The container system consisted of a
crucible, 3 mm rod and bush, this is shown in Figure 4.7 (a) and (b). These ceramic parts
were specifically made for this project and are suitable for high-temperature applications
of up to 1750°C, making them excellent for the gasification experiments. A 56.4 mm inner
diameter of the crucible was selected to increase the surface area for the reverse
Boudouard reaction which was deemed suitable to investigate the influence of this
physical property on the reaction mechanism. The crucible was placed onto the ceramic
rod by the bush and glued using an alumina ceramic adhesive (Resbond® 940HT) stable
up to 1540°C [183]. The design itself was made to provide convenient crucible loading

and unloading of the char sample.

The same crucible and adhesive were used in the second setup, but the ceramic rod was
replaced with a 12 mm diameter rod and supported by a stainless-steel block. The crucible
was directly attached to the top of the rod and the rod was fixed securely into the block
to improve mechanical stability. A detailed evaluation of how the rod diameter influences
the stability of the Macro-TGA balance system and selectin of the suitable setup is

presented in Chapter 8.
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4.3.2 Gas flow dynamic in the gasifier

The desorption of the producer gas in the solid-gas reaction plays a critical role in
determining the gasification reaction rate. In the reverse Boudouard reaction, carbon
monoxide can build up within the porous structure of the char sample causing nonuniform
CO; gasification [1]. Such a phenomenon can occur when the transportation of carbon
monoxide from the reaction site to the bulk gas phase is hindered by an ineffective CO>
flow profile in the gasifier. This can lead to accumulation of the carbon monoxide above
the crucible, thus occupying the active reaction sites on the char surface and inhibiting
further reaction. Therefore, maintaining optimal conditions of CO> flow within the gasifier
is crucial in this work to ensure a smooth transportation of the product gas. This can be
achieved by keeping the Macro-TGA in a laminar environment during the gasification
process, which can be observed by maintaining a Reynolds number below 2000. Figure

4.8 is a representation of the gas input flow throughout the system.
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Figure 4.8: Schematic diagram of the gas input velocities through the Macro-TGA.
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The Reynolds number can be calculated using Equation 4.8, based on CO> velocity profile
above the crucible (v,) and gasification temperature. The velocities of CO> in the system
depend on the selected CO volumetric flow rate that is required to completely convert
the char sample and produce carbon monoxide. The CO; flow rate can be estimated by
determining the theoretical yield from the reverse Boudouard reaction based on the moles
of CO2 needed to convert 5 g of the char sample as well as using the reaction time profile

obtained from the Micro-TGA experiments, as presented in Chapter 6.

The following equations were used to determine the CO; velocities in the system thus

measuring the flow type above the crucible.

CO2 velocity in the cold condition at pipe 1 can be calculated using the following equation:

(4.1)

Where Q; is the CO, volumetric flow rate at pipel in m3/s and 4,,,., is the cross-section

area of pipe 1 in m2.

To determine the cross-section area of a pipe, the following equation can be used:

n 2

Where d is the diameter of the pipe in m. The gas exits the preheater at the gasification
temperature which will change its density, but the mass flow rate will remain constant

and can be used to measure the new CO; volumetric flow rate as follows:
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my; =m, = Qz o ) (4.3)

Where m; and m; are the CO, mass flow rate in kg/s and p, is CO. density at the
gasification temperature in kg/m3. Using the @, value in the following equation to

determine the velocity:

(4.4)

Where A is the cross-section area of pipe 2 in m2. The velocities inside the gasifier,

pipe;

v5 and v,, can be calculated using the continuity equation as follows:

Apipez Uy = Agasifierv3 (4.5)

Agasifierv3 = Apv, (46)

Where Agyqsirier @and A, is the cross-section area of the gasifier and the narrow area
between the crucible wall and the gasifier wall, respectively. A4, can be found using the

following equation:

Ay = Agasifier — Acrucivie (47)
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Once the velocities are calculated, the Reynolds number can be estimated to characterise
both the overall gasifier flow and the local flow above the crucible using the following

equation:

_paxvxD
u

Re (4.8)

Where u is the CO2 dynamic viscosity in kg/m.s. The values of D and v depend on the
flow region: for the overall gasifier flow, D is the inner diameter of the gasifier and v =
vy (inlet velocity); for the local flow above the crucible, D is the hydraulic diameter of the
annulus and v = v, (velocity around the crucible). The dynamic viscosity was calculated

according to Sutherland's Law:

(4.9)

T )1'5 Tyref + S

.u:.uref< T+S

Tre f

where T is the gasification temperature in Kelvin. u,.r, T and S are the reference

viscosity (1.37x107 kg/m.s), reference temperature (273K) and the Sutherland Constant
for the CO; (222K), respectively [184].

The calculation was based on the assumption that changing the flow direction in the
bottom of the reactor will cause a slight turbulent flow in this area, but it was neglected
since the gasifier length smoothes-out the gas flow once it reaches the top of the crucible.

The results indicated that the crucible is in laminar flow and can be seen in Table 4.1.
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Table 4.1: CO; flow dynamics and calculated Reynolds number at the top of the crucible
in the Macro-TGA at gasification temperature of 1000 °C.

CO2, flow Gasification temperature 1000 °C
rate 12 v, V3 Uy Flow

. Re crucivie Reoverau
(L/min) (m/s) (m/s) (m/s) (m/s) regime
1 0.36 0.52 0.02 0.04 5.97 10.74 Laminar
2 0.72 1.04 0.03 0.09 11.91 21.47 Laminar
3 1.07 1.56 0.05 0.13 17.91 32.21 Laminar
4 1.43 2.08 0.06 0.17 23.88 42.95 Laminar
5 1.79 2.50 0.08 0.21 29.85 53.69 Laminar

4.3.3 Carbon dioxide and Nitrogen delivery system

Two compressed gas cylinders were used to supply a continuous stream of carbon dioxide
and nitrogen to the gasification rig. The cylinders were fitted with regulator valves and
the maximum outlet pressure was set to 0.5 bar to meet safety operation requirements.
The gases were delivered to the system via a flexible PVC pipeline with two isolation
valves placed upstream of the mass flowmeter to control the gas flow input to the system
along with a control valve to adjust the gas flow rate. The mass flowmeter was an Omega-
FMA1818A model which offers a flow range of 0.0 to 5.0 standard litters per minute (slm).
The mass flowmeter was manufacturer calibrated using dry nitrogen gas at 21.1°C with
a deviation within £0.13% of the reading. It was necessary to perform a calibration
correction when switching the gas between N, and CO, as recommended in the user
manual [185]. The calibration conversion is based on thermophysical properties of both
gases, which are determined using Equation 4.10 and then used in Equation 4.11 to
calculate the correction factor. The actual volumetric flow of CO can then be measured
using Equation 4.12. In this thesis, the correction factor K value of CO> relative to N2 was
0.7382 [185].
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gas = m (4.10)
Q.co2 Kco,

K= % (4.11)
QNZ KNZ

Q.co2 = QNZ x K (4.12)

Where d is the gas density at STP (1.964 g/L for CO; and 1.25 g/L for N2) and C, is
coefficient of specific heat at STP (0.2016 cal/g.K for CO, and 0.2485 cal/g.K for N>)
[186]. Ko, and Ky, are factors of CO2 and Na, respectively. Qco,, Q, and K are mass

flow rate of COz and Nz in L/min and the correction factor of CO: relative to the reference

gas (Ny), respectively.

During the initial system testing, a flow rate of 3.5 L/min N> was selected to maintain a
slight positive pressure before reaching the required the desired gasification temperature.
For the gasification experiments, CO2 was adjusted to 2.58 L/min on the flow meter

equivalent to an actual flow rate of 1.91 L/min.
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4.3.4 Sample mass measurement

The mass changes during the gas-solid reaction were measured in real-time to provide
sufficient information about the kinetics and the reactivity of the reverse Boudouard
reaction. An analytical top-loading balance, model BCE2202-1S from Sartorius, was used
to continuously measure and monitor the mass of the char sample throughout gasification
tests. The digital balance had a maximum capacity of 2200 g with an accuracy of 0.01 g.
The balance was placed underneath the gasifier and protected from the heat transferred
from the gasifier by a metal shelf, while a calibrated thermocouple was installed near to
the balance surface to ensure that it operated within its operating temperature. The end
of the ceramic rod was placed on the balance and then re-zeroed before running the
system. The data were logged via the Smartiux Simple Data Logger (SDL) software [187].
Figure 4.9 is a screenshot of the SDL window. This open access software was developed
to record and save the data from balances. The mass changes were recorded every 1

second and then saved to a CSV Microsoft excel file for further analysis.
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Figure 4.9: A screenshot of the Smartiux Simple Data Logger (SDL) interface window.
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4.3.5 Pressure and temperature measurement

Th only reaction to study in this thesis is the reverse Boudouard reaction and occurrence
of combustion will negatively produce other gases. Therefore, the Macro-TGA was kept
running under a slight positive pressure. To monitor the system pressure, a portable
digital pressure meter, model: Digitron PM-20, was connected via a pipe with an inner
diameter of 4.52 mm to monitor the pressure. The temperatures in the Macro-TGA were
monitored using three calibrated type-K thermocouples. Two of these were installed
inside the gasifier at the bottom of the crucible and at the bottom of the gasifier. The last
one was attached to the nearest surface of the balance as mentioned in Section 4.3.4.
An Omega multiple-channel data acquisition system, model OM-DAQ-USB-2401, was
used to receive the signals from the thermocouples. These signals were then converted
using Omega DAQ central software, as shown in Figure 4.10. Upon completion of the

experiment, the data file was saved and exported to Microsoft Excel for further analysis.
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Figure 4.10: A screenshot of Omega data logger system.
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4.3.6 Heating system
4.3.6.1 Gasifier heating furnace

An external heating source was used to reach the desired gasification temperatures inside
the chamber. The gasifier was heated using a Lenton 3-zone split vertical tube furnace
(model number PSC 12/100/600). This electrical furnace included 8 heating elements
arranged in parallel: 4 pairs in parallel each pair consisted of 2 in series, with @ maximum
operating temperature of 1200°C, as shown in Figure 4.11. The furnace was designed to
achieve an extended uniform heating zone and was suitable for the current work as it
does not have a direct physical contact with the Sartorius mass balance, thereby

preventing errors in the mass readings.

=

Figure 4.11: Lenton 3-zone split vertical furnace.
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4.3.6.2 Gas preheater

A horizontal tube furnace gas preheater unit, a Lenton model number LTF 12/100/940
was used to preheat CO; and N; before entering the gasifier. This was essential to avoid
heat loss within the gasifier that may occur due to the temperature difference between
gasification gas agent and gasifier walls. When CO2 and N; are supplied to the gasifier
they passed through the preheater which consisted of a tube filled with Impervious
Alumina Porcelain (IAP) beads. The beads transfer the heat from the horizontal furnace

and the gas. Figure 4.12 shows the gas preheater used in this project.

Figure 4.12: A horizontal tube furnace gas preheater unit from Lenton.
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4.3.7 Cooling and Tar cleaning system

Four 90 ml glass bottles were placed and secured in a stainless-steel tray filled with water
and ice to clean the gas produced from the reactor. Three of them were filled to 90%
capacity with liquid isopropanol to dissolve the tar particles. Silica gel crystal grains were
used to fill the fourth bottle to capture any solvent carry-over from the first three bottles.
A membrane pump was used to suck the producer gas from the reactor and send it to
the gas analyser through the tar capture unit. Furthermore, for more cleaning, an empty
bottle with similar size to the previous was fitted before the gas analyser This process
was set to protect the gas analyser from potential contaminants in the product gas. A
bypass condenser was attached to cool the gas. The cooling system consisted of stainless-
steel heat exchanger with water as the coolant. A schematic drawing of the tar capture
unit is shown in the Figure 4.13 which describes the physical unit as shown in Figure
4.14.

2X Gas analysers
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Water out g E
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. Pump
Tar capture unit
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Figure 4.13: Schematic of cooling system and the tar capture unit.
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Figure 4.14: Labelled photograph of the cooling system and the tar capture unit.

4.3.8 Gas analysis

The gas produced from the gasifier underwent gas composition analysis using two
Emersion X-Stream gas analysers, model numbers XEA04303555317 and
XEA04303555319. These gas analysers are labelled as gas analyser 1 and gas analyser
2, respectively, as shown in Figure 4.15. The gas analysers were configured to detect and
measure the gas concentrations in volume percent (vol%) of CO, CO,, CH4, H2 and Oa.
However, during the initial testing the CO, channel was significantly fluctuating, for that
gas analyser 1 was employed to measure CO; concentration for comprehensive gas

analysis. The devices were connected in series as shown in the diagram in Figure 4.16.
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In addition, a rotameter was used to adjust the flow rate of the product gas within the
range of 0 to 1 L/min before being directed to the analysers inlets. Both Emerson
analysers were equipped with X-Stream XE software to record and visually monitor gas

concentrations over time.

In this thesis, it was crucial to obtain precision readings of the reverse Boudouard reaction
product gas through the gas analysers as this will be used to validate mass changes of
the char samples. Therefore, two step calibrations for the gas analysers were performed
prior to commencing the experiments. At the beginning, N2 was purged through the
product gas line in order to eliminate existing gas residues and reset the gas analyser
channels to zero. Then, gas analysers were exposed to a span calibration, which is a
process involving applying a known concentrations of gas mixture to the corresponding
gas sensors. The span gas concentrations comprised CHs (5%), CO2 (15%), H2 (15%)
and CO (15%).
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‘s, :
- e Rotameter

. =%

Gas analyser 2
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PC with X-Stream XE web browser

Gas analyser 1
inlet

q1
/

%%
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Figure 4.15: Emerson X-Stream gas analysers.
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Once the experiment was finished, the recorded volumetric percentage of the detected

gases was saved and stored in text files for subsequent analysis.

Product gas after
cleaning process

Emerson gas analyser 1

Gas exhaust
system

Emerson gas analyser 2

Figure 4.16: Series connection diagram of Emersion X-Stream gas analysers.

4.4 CO; gasification Experimental procedures in the Macro-TGA

The Macro-TGA experimental rig procedures were undertaken to establish a carefully
controlled environment for robust repeatable tests and to ensure laboratory users safety.

The procedures were as follows:

1. In all cases the lab extraction system must be on all the time and a personal gas
safety monitor should be worn during the tests.

2. Open the cold vertical split furnace and remove the gasifier cap and the upper
tube of the reactor carefully to prevent the ceramic rod and crucible from being
damaged. Then, remove the crucible to add the char sample material.

3. Place 5 g of the pulverised dried sample (see Section 3.5.2) or pellets (see Section
3.5.3) onto the crucible and spread it evenly.

4. Return the crucible inside the gasifier by placing it above the ceramic rod.

5. Once the crucible is placed in position, close the upper tube part and cover it with

the gasifier cap.

131



6. Close the furnace door and turn on both Nz and CO; cylinders to 0.5 bar.

7. Ensure all pipework is connected and sealed properly before any runs.

8. Prepare the tar trap system by filling the assigned bottles with both isopropanol
and silica gel as explained in Section 4.3.7.

9. Activate the gas preheater (900°C) and the split furnace to the desired gasification
temperature.

10. Turn on the mass flowmeter and let it warm up for 15 min to stabilise the reading.

11. Purge the system at 3.5 L/min N2 until no further change was observed in the
mass, then switch N> off to introduce CO; at a corrected flow rate of 1.91 L/min to
the system (as shown in Section 4.3.3).

12. Record both readings of the char sample mass and the product gas using the
balance and the gas analysers.

13. The experiment should run until no more mass changes are observed and the
product gas remains constant.

14. Switch off CO2 and purge N2 into the system to cool down the system and remove
any existing gases from the lines.

15. Switch off the temperature control panel and allow the system to completely cool

down.

4.5 Health and Safety considerations

A health and safety assessment were carried out prior to the Macro-TGA system's

operation. The assessment included a Risk assessment (RA) and a Control of Substances

Hazardous to Health (COSHH) assessment forms of the potential hazards and the control

measures following the School of Engineering guidance documents. Table 4.2 summarises

the activities that were determined as potential hazards associated with the gasification

rig operation, along with the control measures were undertaken. The full documents are

in the Appendix A.
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Table 4.2: Potential hazards associated with the gasification rig operation and the control

measures.
Work Activity Hazard Control Measures
High temperature Thermal gloves will be worn
surfaces: pipes, furnace,  Burns when handling hot materials

preheater

Using electrical equipment

Electric shock

All electrical equipment will be
PAT tested

Cylinders will be used in

Gas cylinders Explosion accordance with cylinder
regulations
Working area will be
Moving around testing Trips/slips maintained tidy, any trip

area

hazards will be identified and
removed

Production of carbon
dioxide, carbon
monoxide, hydrogen
and hydrocarbon, risk
of asphyxiation, poison
or fire

Ensure area is well ventilated
during experimentation by
turning the extraction on,
personal gas monitor to be
worn (CO detector), lab gas
monitor, masks to be worn

Carbon Dioxide,
Nitrogen

Stored in pressurised cylinder,
used in accordance with
cylinder regulations

Isopropanol

Stored in suitable labelled
container, gloves to be worn

4.6 Chapter Summary

In this methodology chapter, a detailed description of the development of the Macro-TGA
that was built in the combustion lab at the School of Engineering at Cardiff University.
The aim of scaling-up the conventional TGA was to investigate the CO. gasification
reactivity of a larger char sample with a high surface area, simulating real industrial
conditions. It was used to test the hypothesis of this PhD study by comparing the reverse
Boudourd mechanisms in different conditions. The experimental results obtained using

the Macro-TGA are presented and discussed in Chapter 8.
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Chapter 5 Kinetic modelling of char gasification

5.1 Introduction

This chapter describes kinetic analysis of CO. gasification of different chars using three
kinetic models, namely, the Volumetric model (VM), the Grain model (GM) and the
Random pore model (RPM). The theoretical background of each model was briefly
discussed to understand their fundamental assumptions. Furthermore, this chapter
explains the calculation procedures to determine reaction rate constant, activation energy

and pre-exponential factor from the models at different thermal conditions.

5.2 Kinetic Models

The gasification reaction rate of char is often used to describe the universal gasification
reaction of carbonaceous material as a function of conversion, temperature and pressure

using the following equation [96]:

o = k(T Peo, )F(X) (5.1)

Where k is the apparent gasification reaction rate constant, which is dependent on the
reaction temperature (T) and CO: partial pressure (Pg,,), and f(X) is a conversion
function that indicates the reaction model being employed for the gasification process.
The Arrhenius equation can be used to define the reaction rate constant k under the
assumption that the partial pressure of CO> remains constant while the reaction proceeds

and is only influenced by temperature, which is given by:
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k = Aye E/RT (5.2)

Where A,, E and R are the pre-exponential factor, activation energy and universal gas

constant, respectively.

Understanding kinetics is crucial for CO, gasification operations, as it offers valuable
information about the rate and mechanisms of reactions, thus enabling for the
improvement of operating conditions and reactor design to achieve higher conversion or
thermal efficiency [188,189]. The following sections briefly describe the fundamentals of

the commonly used kinetic models for CO> gasification [190-193].

5.2.1 Volumetric model

The volumetric model (VM) [194], also referred to as the homogeneous model is based
on the assumption that the interaction between the solid particle and the reactant gas
occurs uniformly throughout all active sites within the char particle, whether located
externally or internally [115]. Consequently, the reaction rate is proposed to decrease
linearly with carbon conversion [195]. This model takes into account that although
particle density fluctuates during char gasification, particle size remains constant [139].
A simple graphical representation of the conversion profile and char particle based on the
VM assumption is shown in Figure 5.1 (a). The reaction rate equation of the VM is written

as:

dx
— = k(1 -X) (5.3)
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5.2.2 Grain model

The grain model or the shrinking core model was proposed by Sezekely and Evans [196].
According to the GM, char structure consists of numerous numbers of spherical or
cylindrical particles, and the reaction takes place at the outer surface of these particles
as shown in Figure 5.1 (b). As the reaction progresses, the char particles shrink in size
and only the ash layer remains. Assuming that the particles have a spherical shape, the

GM is expressed by the following equation:

dX
7 = kam(1 - X)?/3 (5.4)

5.2.3 Random pore model

The main consideration of the random pore model (Figure 5.1(c)) is the overlapping of
pore structure, which reduces the available surface area for the reaction [197,198]. The

overall reaction rate is expressed as:

fl_f = kppy (1 — X)3/1 = in(1 — X) (5.5)

RPM accounts for pore growth at the initial stages of char conversion and the merging of
collapsing pores as the reaction proceeds, consequently enabling it to predict the reaction
rate peak [96]. As shown in Equation 5.5, the RPM consists of two parameters, namely,
the gasification reaction rate constant kgp,, and ¥, which is a dimensionless parameter

related to initial pore structure of the char.

136



There are three different methods to measure this structural parameter. The first method

uses the following equation [198]:

_A4mLo(1 — &)
= 52

(5.6)

Where Ly, & and S, are pore length, material porosity and initial surface area,

respectively. The second method is based on the experimental char conversion by

differentiating Equation 5.5 [191], as follows:

2
C2In(1 — Xpae) + 1

Y (5.7)

In this PhD investigation, 1, was used as a fitting parameter and the value of y at each
gasification temperature was obtained by a nonlinear fitting method by maximising the

coefficient of determination (R?) as the objective function using the following equation:

N
i=1(Xexp,i - Xmodel,i)2

R>=1- =
Iivzl(Xexp,i - Xexp,i)z

(5.8)

Where Xoypir Xmoaerir Xexp; @nd N represent experimental conversion data, conversion

values calculated by the models, average of experimental conversion data and the total

number of experimental conversion data points, respectively.
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Figure 5.1: An illustration of the chemical reaction on char particles’ surfaces (marked in
red) and the conversion profiles vs. time based on the model’s assumption: (a)
Volumetric model, (b) Grain model and (c) Random pore model [195].

5.3 Kinetic model fitting and evaluation

The application of VM, GM and RPM in CO; gasification under both isothermal and non-
isothermal conditions allows assessment of the effect of thermal treatment on the kinetic
parameters. It also helps determine whether the reaction follows the same mechanism

by identifying the best fit model for each condition.

5.3.1 Isothermal gasification kinetics

The apparent gasification reaction rate constants for the three models (ky,;, k¢, and

krpm) Can be determined using experimental conversion data from 0 to 0.9 collected from
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Micro-TGA and Macro-TGA in CO; isothermal conditions as the slopes of the linearised
forms of Equations 5.3, 5.4 and 5.5 for VM, GM and RPM, respectively[114], as follows:

—In(1-X) = kyyt (5.9)
3[1— (1= X)Y3] = kgt (5.10)
2
<$) [VT= 9L = X) — 1] = knput (5.11)

Based on the Arrhenius expression, Equation 5.2, the values of the activation energy E
and the pre-exponential factor A, for the three models were calculated by taking the
natural logarithm of both sides of Equation 5.2 as shown in following equation and
plotting (Ink) vs. (1/T) as the slope and intercept:

E
Ink = InA, — T (5.12)

Activation energy and pre-exponential factor values were obtained for each model and
implemented into Equation 5.2 to re-calculate (kyu, kgy and kgpp). The new values of
the apparent rate constants were then employed to predict conversion values of char

samples from each kinetic model (Xy, Xcn @and Xzpp) by using the following equations:

XVM =1- exp(—kVMt) (5.13)

Xew =1— (1 —kgyt/3)® (5.14)
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Xppm = 1 — exp(—kgpyt(1 + kgpyth/4) (5.15)

The experimental conversion results were compared with that predicted from the kinetic
models. The following equation was used to calculate the deviation DEF (X)(%) between

the experimental and predicted data [114]:

\/(Zﬁvﬂ(xexp,i - Xmodel,i)z/N) (5.16)
max(X) exp

DEV (X)(%) = 100 x

Here max(X) exp is the maximum conversion of the experiment and N is the total number
experimental conversion data points. Figure 5.2 illustrates the calculation procedure that

was used to find the kinetic parameters obtained by the VM, GM and RPM models.
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Figure 5.2: Flowchart procedures to determine the kinetic parameters.

5.3.2 Non-isothermal gasification kinetics

For non-isothermal CO; gasification, the three models (VM, GM and RPM) were also
employed to describe the reaction after adjusting them by considering the dynamic

temperature effect. In this part, Arrhenius (Equation 5.2), model Equations 5.3-5.5 and
experimental reaction rate ‘;—f were used to calculate the kinetic parameters (E, A, and )

by the nonlinear fitting method. The objective function, given in Equation 5.8, can be

written as follows:
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dX dX 2
R2=1— Iivzl ((E)exp,i - (_t—)model,iz (517)

P ((((ii_f)exp’i - d_)t()exp,i>

ax ax dx . . .
Where (—) , (—) , (—) and N are experimental reaction rate, reaction rate
At/ exp,i \At/model,i \dt/exp,i

calculated by the models, the average of experimental reaction rate and the total number
of experimental reaction rate data points, respectively. To further examine these models’
ability to fit the experimental results, conversion (X) was calculated by integrating kinetic
model Equations 5.3-5.4 and substituting the obtained kinetic parameters from the

previous step.

Under non-isothermal gasification conditions, the char samples are heated at a constant
heating rate to the final temperature. This results in a dynamic change in temperature T

over time t, which can be described using the following formula:

T=Ty+p.t (5.18)

Where T, is the initial temperature before the heating programme begins and g is the
heating rate (5,10 and 15°C/min). Based on temperature and time relationship, the

integrated forms of the kinetic expressions can be written as follows [199]:

A RT? —E
Xyy =1—exp| — I .exp ( pr (5.19)
AgRT? —E ’
0
— 2
Xey =1 <1 36E .exp(RT)> (5.20)
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Similar to the procedure used to estimate the relative error under isothermal gasification
conditions, Equation 5.16 can be adapted to determine the relative error in non-

isothermal gasification, as follows:

\/ (L (/O erpi = @2/ dDmodies) IN) (5,22

0, =
DEV (dx/dt)(%) = 100 X max(dx/dt) exp

Here max(dx/dt) exp is the maximum reaction rate of non-isothermal gasification

experiment.

5.4 Chapter summary

This chapter presents the methods of measuring the char gasification kinetic parameters
using three known kinetic models (VM, GM, RPM). These models have been used widely
to describe char gasification in CO; atmospheres in isothermal and non-isothermal
conditions. They were selected in this thesis due to their different assumptions related to
solid particle consumption and reaction progression. The outcomes of using these kinetic

models are discussed in Chapters 7 and 8.
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Chapter 6 Mechanisms affecting char reactivity in CO2
gasification: experimental results from Micro-TGA and

physicochemical characterisation

6.1 Introduction

The main purpose of this chapter was to investigate the critical mechanisms affecting
char reactivity in CO2 gasification. This chapter investigates the influence of physical and
chemical properties of biochar, hydrochar and coal char samples during CO; gasification
using a variety of laboratory techniques to measure properties including mineral content,
porosity, microcrystalline structure, morphology, surface elements and surface functional

groups.

Furthermore, CO>-chemisorption measurements of the char samples were examined to
measure both organic and inorganic active sites using thermogravimetric analysis. The
COz-chemisorption method at low temperatures (300°C) was implemented to quantify
the amount of CO; adsorbed/desorbed within the char’s surface and to identify its role in
char reactivity. Finaly, heat consumption by the reverse Boudouard reaction was
measured using TGA/DSC under isothermal conditions to understand performance of this

reaction compared to other carbon capture technologies.
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6.2 Isothermal gasification reactivities

For this approach to be considered as a means to produce carbon monoxide as a chemical
intermediate to utilise carbon dioxide, the char reaction needs to take place at the lowest
temperature and for the shortest time, to minimise the overall energy input for the

reaction.

The six chars’ reactivities were measured at three different temperatures to compare the
effect of this parameter on the reactivity at 900°C, 950°C and 1000°C, as shown in Figure
6.1. Itis clear that all the biomass chars are significantly more reactive than the coal char
sample at all gasification temperatures, particularly at the lowest temperature. The
hydrochar (HC) reactivity was higher than the others, with reactivity values of 3.19x10"
3,5.03x103 and 6.54x103 s! at temperatures of 900°C, 950°C and 1000°C, respectively.
The reactivity values of HC were around 4 times higher than the most reactive biochar in
this study, namely, BC1. Research carried out by Lanhijani and co-workers [133] also
found that hydrothermal carbonisation (HTC) treatment of biomass enhanced the CO;

gasification reactivity of the char produced. In comparison to the hydrochar, the results
8

| I s00°C
7 [ 950°C
B 1000°C

Figure 6.1: CO> gasification reactivities of chars at different temperatures.
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in Figure 6.1, show a narrower difference in the reactivities of the other samples derived

from woody biomass and pyrolysed sewage sludge.

To measure the effect of varying masses of fixed carbon remaining after the N> pyrolysis;
TGA curves were run using different total sample masses (mtotal) to determine the role of
the varying fixed carbon mass left post pyrolysis on the final reactivity. The influence of
variations in the fixed carbon on chars' reactivity was also examined using a smaller
sample size. In this test, 5 mg of the fixed carbon was tested using the same TGA
gasification conditions. The number of repeats at 900°C, 950°C and 1000°C, respectively,
were BC1 (2, 2, 3), BC2 (3, 3, 3), BC3 (3, 2, 2), BC4 (2, 3, 3), CC(3, 2, 2) and HC (3, 3,
2). The results in Figure 6.2 show consistent reactivity trends, suggesting that the relative
reactivities were a reflection of the intrinsic properties of the char samples and were not

significantly affected by the fixed carbon mass.

J Il 900°C
g | Il 950°C
|/ 1000°C

R, 5X1073(s™)

Figure 6.2: CO- gasification reactivities of chars at different temperatures with sample
mass of 5 mg.
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The results indicate that the gasification reactivity is significantly influenced by the
reaction temperature and as expected the reactivity of all the chars exhibit an upward

trend as the temperature is elevated from 900°C to 1000°C.

The catalytic effect associated with the components contained in the ash has been widely
researched, as discussed in Section 2.7.3. In the context of this approach, the catalytic
effect of the mineral components on CO. gasification reactivity has been compared
between the most reactive chars by acid leaching using hydrochloric acid. The effect of
removing minerals from the two chars, BC1 and HC, is shown in Figure 6.3; in both cases

the reactivities were reduced.

[ o50°C

8

I soo°C
7

I 1000°C

R,:X10%(s™)

BC1HCI

Figure 6.3: Comparison of raw biochar and hydrochar reactivities before and after
acid treatment.

The reactivity of BC1 was reduced by up to 27%, while the reactivity of HC was reduced
by up to 92%. The large reactivity reduction for the hydrochar demonstrates the
importance of the role of the ash components in determining subsequent reactivity. In
comparison, the mechanism by which the ash is working in BC1 does not dominate the

reactivity to the same extent as HC. Further, the effectiveness of acid washing on the
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char samples was examined using a paired difference t-test to evaluate if a significant
difference occurred between the reactivity of non-demineralised samples and reactivity
of the demineralised sample. The results confirmed that the reduction significantly
occurred with a p-value of <0.05 for all the gasification temperature range (as shown in
Table 6.1).

Table 6.1: Paired t-test parameters for non-demineralised and demineralised char
samples at different gasification temperatures.

Char sample groups  Gasification temperature (°C) t-value p-value
900 21.69 0.0293
BC1 & BC1HCI 950 13.12 0.0484
1000 52.52 0.0121
900 51.80 0.0123
HC & HCHCI 950 137.64 0.0046
1000 719.22 0.0009

The TGA conversion profiles and DTG rate of change profiles illustrate the clear difference
of the gasification reactivity of BC1 and HC before and after the washing process, as
shown in Figure 6.4. The biochar sample, BC1 (Figure 6.4 (a)), achieved complete
conversion between 10 to 25 minutes depending on the temperature, whereas it took
between 13 to 36 minutes for the demineralised sample, Figure 6.4 (b), to complete the
reaction. As shown in Figure 6.4 (c, d), the impact of acid washing on the hydrochar was
stronger than biochar. The DTG curve of HC shows maximum weight losses of 16 to
27.5%/min for the unwashed, but only 0.9 to 4.5%/min for the washed sample. Although
raw char from HC was more reactive than BC1, the demineralised sample of the latter
char showed better reactivity than HCHCI. This suggests that the dominant factor of HC
reactivity is the presence of the minerals and their catalytic effect. However, when

considering the selection of chars for the CO; utilisation reaction using the reverse
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Boudouard reaction, even after acid washing the two biobased chars were significantly

more reactive than coal char.
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Figure 6.4: Carbon conversion profiles and DTG curves of the isothermal
gasification step for raw chars and their demineralised chars: (a) BC1, (b) BC1HCI;
(c) HC, (d) HCHCI.

6.3 Influence of physical and chemical properties on char reactivity

In the context of the CO; gasification reactivity, many researchers have studied factors
related to physical structure / chemical properties of char and operational conditions.
Specifically for porosity and surface area, the catalytic effect of alkali and alkaline earth

metals and transition metals, and the availability of active sites. The variability in CO>
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gasification reactivity of carbonaceous materials was the focus in these studies to

determine the likely strongest factors.

6.3.1 Porosity and surface area

In this work, N2 adsorption at -196°C was employed to investigate the physical properties
of the char samples, owing to its affordability and availability. However, it should be noted
that access of the smallest micropores is limited due to the diffusional limitation of this
probe. Alternatively, applying CO, at 0°C for analysis of the ultra-micropores can be
effective, particularly for porous solids without polar surface groups, as suggested by
IUPAC [106].

There are different theoretical physical adsorption isotherm models which can be used to
interpret the experimental adsorption data such as Langmuir, BET, DFT, DR, etc.
However, these models cannot provide an absolute value for the specific surface area
[200]. According to Al-Ghout et al. [201], choosing the optimum physisorption isotherm

model relies on three key criteria, which are;

e The goodness of fitting of the experimental data.
e The model function should be thermodynamically realistic.
e The utility of the model: it should allow calculation of capacity and concentration

using the main function and its inverse.

A recently published study [202], used gas adsorption technique to implement BET
specific surface area tests using N2> and CO; physisorption on wood char, the results were
593 and 676 m?/g respectively. This demonstrated that while N2 may underestimate the
contribution from very narrow pores [203], the overall impact on surface area
determination can be minimal, especially for larger pores and when using it for just

comparison purposes.

The N adsorption-desorption isotherm profiles of biochars, hydrochar and coal char are

illustrated in Figure 6.5. As shown in the figures, the physisorption isotherms for all chars
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belong to type II according to IUPAC [106]. Micropores (>2nm) are filled by N> molecules
at low P/P° and isotherm profiles indicate different levels of microporosity. Biochars
demonstrate higher micropore structures compared to HC and CC, this is supported by
their high fraction of Swicro/Seer With values of (25.25 to 54.26%), as shown in Table 6.2.
In particular, BC4 has the highest microporosity of 54.26% as evidenced by its high
adsorption volume at low P/Po in Figure 6.5(d). The desorption branches are not matching
adsorption branches at low P/P%, which is more pronounced for woody biochars (BC1 and
BC2) and coal char (CC) as shown in Figure 6.5 (a), (b) and (e)). This phenomenon is
attributed to the presence of very restricted tiny pores rather than capillary condensation
[114,204]. In Figure 6.5 (f), the HC sample shows a weak adsorption at low relative
pressure indicating a macroporous structure. The higher adsorption volume of biochar
samples at higher P/P° suggests the presence of more pores available for N, to fill which
means higher porosity compared to HC and CC. Appendix B provides the complete dataset
of the N physical adsorption analysis of the samples, including Multi-Point BET linear

plots, t-plot curves and BJH Pore size distribution.
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Figure 6.5: N, adsorption-desorption isotherm curves obtained at -196°C of (a)
BC1, (b) BC2, (c) BC3, (d) BC4, (e) CC and (f) HC.
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The relationship between porosity and reactivity for gas-solid reactions where surface
area and mass transfer play such a well-documented role has been widely researched.
However, the reactivity of hydrochar was not explained by BET surface area as it had the

lowest for all chars, with an Sger of 22.27m?/g.

For the surface area and isotherm parameters of the chars shown in Table 6.2, the
biomass char samples displayed a variation in structural features. Biomass-derived chars
BC1-BC4 had the highest BET, micropore surface areas, and pore volumes compared to

hydrochar and the coal char, which showed significantly lower porosity characteristics.

Table 6.2: N2 adsorption isotherm parameters.

SeeT ShMicro SMicro/ SBET VMicro Votal Avg. pore, Dp
Sample
(m*g) (m*/g) (%) (m*g) (cm/g) (nm)
BC1 211.50 53.41 25.25 0.02 0.14 2.58
BC2 261.74 120.76 46.14 0.04 0.16 2.47
BC3 185.53 63.23  34.08 0.03 0.19 4.06
BC4 319.98 173.62 54.26 0.08 0.23 2.88
CC 51.24 1566  30.56 0.01 0.04 3.04
HC 22.27 ND ND ND 0.04 6.87

*ND: Not Detected.

The physical structure differences measured using BET can also be seen in the SEM
images in Figure 6.7(a, b, ¢, d). All biomass chars BC1-BC4 exhibit the cellular structure
characteristic of bioderived materials, whereas both the hydrochar and the coal char
exhibit closed structures, seen in Figure 6.7(e, f) which is also consistent with the higher
pore diameter of 6.87 nm. Coal char has a solid smoothed surface with some cracks and

fewer pores.

Figure 6.6 shows the relationship between BET surface areas and chars reactivities at
different gasification temperatures. The figure highlights a linear relationship between
surface area and reactivity for the set of chars BC1-BC4, and the coal char. However, the

very high reactivity of the hydrochar, combined with the importance of the mineral ash
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components, flag it as an outlier. It shows no correlation with its porosity. In comparison,
these results suggest that porosity is an important factor to describe biochar and coal

char reactivity.
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Figure 6.7: SEM morphology images of char samples taken: (a) BC1, (b) BC2, (C) BC3,
(d) BC4, (e) CC and (f) HC.




6.3.2 Ash mineral content and composition

It is well understood that the presence of metal compounds in the ash can have a catalytic
effect on the sample reactivity by promoting electron transfer which facilitates the surface
combination of CO, with the carbon contained in the sample. The sample
demineralisations shown in Figure 6.3 for BC1 and HC, demonstrate the particular
importance of the ash to the reactivity of the hydrochar after the demineralisation.
However, the results indicate that for the CO; gasification reaction the importance of the
ash content and composition varies depending on the sample. As shown in Table 6.3, the
biochar samples BC1-BC4 vary in ash between 2.6 - 37.0% but the reactivities do not
show any significant variation. The coal char sample CC contains 17.6% ash but is much
less reactive than BC1 or BC2, which have ash contents of 4.7 and 2.6% accordingly. The
hydrochar sample HC has an ash content of 21.2% but has much higher reactivity than
any of the chars, including BC3 with 37.0% ash. However, when demineralised its

reactivity falls accordingly.

Table 6.3: Proximate and ultimate analysis of char samples.

Proximate analysis (wt.%, d) Ultimate analysis (wt.%, d, daf)

Sample

v A FC? C _H 0 N S
BCL 176 47 77.7 8.7 23 141 19 0.02
BC2 126 26 848 852 26 109 13 0.03
BC3 4.5 370 585 559 05 415 15 0.54
BC4  10.0 210  69.0 685 09 284 20 0.17
cC 183 176  64.1 760 26 182 3.0 0.26
HC 567 212 221 47.7 48 454 17 0.45
BCIHCI 17.1 2.8  80.1 841 22 138 001  ND
HCHCl 66.0 3.5 30.5 563 54 352 26 0.60

FC, fixed carbon; V, volatile matter; A, ash content; d, dry basis; daf, dry ash free basis;
@ by difference. Values are given as averages and errors are reported as standard
deviations in Appendix C. ND: Not detected.
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A closer examination of the compositions shows a wide variation in components which is
difficult to assign trends to, see normalised figures in Table 6.4. The catalytic effect of
calcium oxide (CaO) on gasification has been well documented and is present at high
levels in the hydrochar, BC3 and BC4. However, BC1 and BC2 have a much lower CaO
content (35.55 & 47.13%) but are much more reactive than the coal char sample CC
which has 10.96% CaO.

What is clear about the coal is the presence of acidic oxides in its ash, based on aluminium
and silicon and consequently the base/acid ratio is very low for the coal compared to the
other chars. The ratio between the CaO and the sum of Al>O3 and SiO; is 0.18 for coal
compared with 5.92 for the hydrochar. The basicity could play a role in charge transfer
which would have an effect on the mechanism of surface interactions. In comparison, a
more acidic environment could influence a counter-acting mechanism. The catalytic and
inhibition effect of the ash minerals on gasification performance were evaluated using
alkali index. This tool is a simple measurement of the ratio of the basic oxides and the

acidic oxides as shown in Equation 2.6.

Alkali index values for the char samples are shown in Table 6.4. The results revealed that
BC1 and HC samples have a high alkali index (62.17 & 55.14%) and the highest
reactivities. However, the alkali index values of sewage sludge derived chars BC3 and
BC4 are higher than HC but their reactivity is much lower. This is contrary to the expected
relationship between alkali index and char reactivity, suggesting that other properties are

playing a role.

The acid demineralisation treatment shows a corresponding reduction of the Al values by
more than 50% for BC1HCI and HCHCI identifying the importance of ash components on
the reactivity. However, even though the Al value for HCHCI was reduced from 55.1 to
3.03, the reactivity is still higher than the coal (CC) with an Al value of 10.9. In this study,

the data implies that the alkali index alone will not explain the differences in the reactivity.
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Table 6.4: ICP ash composition analysis of char samples (wt.%, dry basis).

Sample Fe;03 CaO MnO ZnO AROs NiO KO MgO NaO P:0s SiO2 Al
BC1 38.84 35,55 2.52 0.13 1.36 0.01 9.84 530 0.97 248 3.00 62.17
BC2 15.01 47.13 2.05 0.33 0.72 0.01 19.84 7.27 0.19 455 290 28.45
BC3 22.57 28.64 0.72 0.47 12.45 0.03 3.53 491 1.70 22.85 2.14 60.64
BC4 8.02 51.16 0.75 2.21 15.16 0.04 540 6.08 6.43 264 2.11 8130
CC 16.76 10.96 0.19 0.07 53.82 0.04 589 3.66 0.89 1.09 6.63 1091
HC 10.75 5593 0.24 0.18 8.02 0.01 1.02 3.66 0.55 18.21 1.43 55.14
BC1HCI 44.52 31.61 3.10 0.16 199 0.02 335 770 040 338 3.77 26.83
HCHCI 34.61 520 0.12 0.24 23.25 0.15 235 355 044 731 2278 3.03

To further investigate elemental composition and the distribution on the chars’ surfaces,
five areas were chosen on each char surface to establish the distributions of the elements
present on the surface, see Figure 6.8. The heavier metal elements back-scatter electrons
which show-up as light areas distributed through the sample against the darker

background of carbon.

Particles of the biochar samples BC1- BC4 exhibit visible open pores corresponding to a
cellular structure (see Figure 6.7 and Figure 6.8). The distribution of the ash shows some
variation between samples, where BC1, 2 & 3 indicate more isolated distribution where
the ash seems to be localised rather than evenly distributed. In comparison, the
hydrochar’s finely speckled surface suggests a wider distribution on the surface, but it is
not strongly visible considering it has a 21.2% ash content which would suggest it is

distributed through the sample rather than on the surface.
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Figure 6.8: Backscattered EDS analysis of semi-quantitative and elements distribution
on char surfaces taken in back-scattered mode: (a) BC1, (b) BC2, (C) BC3, (d) BC4, (e)
CC and (f) HC.
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The X-ray diffraction patterns of BC1 and the hydrochar HC, before and after acid
washing, are shown in Figure 6.9 with quantification in Table 6.5. More crystalline phases
of biochar BC1 are visible after acid washing and the BC1HCI diffractogram patterns are
more detailed. This phenomenon is due to leaching of the of carbonate minerals that are
often effectively dissolved in hydrochloric acid HCI [205], leading to appearance of hidden

minerals [206].

The main crystalline components identified in the XRD for the hydrochar (HC) sample are
dominated by calcite (CaCOs3), with smaller quantities of kaolinite (Al2Si20s(0OH)a4), illite
((K, H30)AI:Si3AlO10(0OH)2) and quartz (SiO;). However, after the demineralisation, the
hydrochar (HCHCI) is dominated by quartz and an associated significant reduction in
reactivity. In comparison, after demineralisation of the BC1 the XRD indicates there is still
a significant range of crystalline mineral components, and the reactivity was less affected

than demineralisation of the hydrochar.

C H=Hematite G=Graphite I=lllite R=Rutile Ku=Kutnohorite
M =Magnesite Q=Quartz K=Kaolinite C=Calcite A=Anhydrite
E=Enstatite S5=Sylvite L=Leucite
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Figure 6.9: XRD patterns of BC1, HC and their demineralised chars BC1HCI,
HCHCI.
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Table 6.5: Semi-quantification of the crystalline phases of the biochar and hydrochar
samples and their demineralised chars obtained from XRD analysis of the ash (absolute
wt.% of dried sample).

Mineral BC1 BC1HCI HC HCHCI
Calcite 2.9 0.3 11.0 ND
Graphite 0.3 ND ND ND
Hematite 0.7 0.2 0.0 0.2
Illite ND ND 3.1 0.2
Kaolinite 0.3 0.2 3.8 ND
Magnesite 0.5 ND ND ND
Quartz ND 0.5 2.9 3.2
Sylvite ND 0.4 ND ND
Leucite ND 0.1 ND ND
Rutile ND ND ND 0.1
Enstatite ND 0.6 ND ND
Anhydrite ND 0.3 ND ND
Kutnohorite ND 0.1 ND ND

*ND: Not Detected.

6.3.3 Characterisation of surface chemistry and CO> chemisorption

The XPS analyses of the samples shown in Table 6.6 were used to give an insight into
the chemical groups present on the surface, and to help explain the differences in
reactivity with a view to understanding factors that might influence CO. reactivity.
Considering the relationship between the ash content and the reactivity of the hydrochar,
as demonstrated by the demineralisation, the surface functionality of the hydrochar is

expected to play a dominant role on the gas-solid gasification reactivity.

In comparison to the other tests used, XPS is a powerful surface analysis technique which

gives a more detailed description of the area dominated by gas-solid interactions, i.e. at
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the surface. XRD and SEM-EDS analyses only identify the crystalline phases and ICP is a

bulk analysis technique.

The hydrochar sample (HC) had the highest surface concentrations of calcium and iron,
both of which are known to catalyse gasification reactions [207]. BC3 & BC4 also both
had high concentrations of calcium while BC1 & BC2 had potassium on the sample

surface, which has also been identified as an important gasification catalyst.

Table 6.6: Surface atomic concentrations for each carbon sample.

Sample Elemental at%

Al2p C1s Ca2p Cl2p Fe2p Co2p N1s Nals O1ls S2p K2p
BC1 ND 75.47 0.21 ND ND ND 035 0.14 23.24 ND 0.59
BC2 ND 91.22 0.43 0.07 ND ND 0.42 ND 7.55 ND 0.31
BC3 0.37 90.59 0.86 0.18 0.28 ND 042 019 6.76 035 ND
BC4 0.13 9190 093 054 ND 0.04 057 022 551 0.16 ND
CC 140 8335 020 ND 0.12 0.08 1.66 ND 12.84 0.35 ND
HC 1.01 67.64 1.85 ND 0.50 ND 3.45 ND 25.11 0.44 ND
BC1HCI ND 75.25 ND ND ND ND 3.69 ND 22.26 0.41 ND
HCHCI  ND 73 ND ND ND ND 4.13 ND 21.14 032 ND

*ND: Not Detected.

An often-overlooked parameter to gasification reactivity is the form of carbon present on
the surface. The XPS can be used to determine the sp?/sp? carbon hybridisation bonding
using the X-ray excited carbon Auger (Ck.L) spectra. This was first carried out by Lascovich
and Scalione and quoted as the D-parameter derived from the differential of the carbon
Auger signal [208] (Table 6.7). The technique involves a linear approximation for the
parameter ranging from diamond-like (100% in the sp® configuration) where D=14 eV;

to graphitic-like carbon at 23 eV where the carbons are 100% in their sp? configuration.
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Other researchers have shown associations between the more structurally ordered
graphitic sp? type bonding and lower reactivity as associated with aromatic ring structures
compared to the less structurally ordered sp? type bonding. This is consistent for the
hydrochar sample in Table 6.7 which has a low sp? content and a higher gasification
reactivity, but less obvious with the other biochars which vary from 0 to 94% sp? bonding,
but exhibit less variability in the reactivity compared to each other. The D-parameters
indicate that hybridised bonding of BC1 and HC remains predominantly sp3? after acid

washing, showing no evidence of a significant change in the type of carbon.

Table 6.7:XPS Carbon Auger (CKLL) D-parameter and sp hybridised bonding.

Sample D-Parameter %sp? %sp?
BC1 14 0 100
BC2 18 44 56
BC3 22 94 6
BC4 22 89 11
CC 18 44 56
HC 15 12 88
BC1HCI 15 10 90
HCHCI 14 3 97

Analysis of the carbon, C(1s) and oxygen, O(1s) core-levels (Figure 6.10), reveal
significant differences in the surface functionalities of the chars. Where significant oxygen
functionality exists (HC, BC1 and CC), the materials exhibit some carbonyl containing
functionalities, as evidenced by peaks above ca. 287 eV and pi-pi* signal in the

corresponding O(1s) peak (typically this is observed above ca. 534 eV).

The spectra for HC and BC1 contain ether and alcohol (C-O-C/C-OH) moieties (ca. 286
eV and 532 eV for C(1s) and O(1s) respectively). A deeper understanding of the O(1s)

peaks is complicated by the presence of other inorganic elements, such as sulphur and

163



calcium, all of which are in their oxidic and/or hydroxide forms and have binding energies

similar to those bound to carbon.

The wider C(1s) peak asymmetry indicates more types of functional surface bonding
which could play a role in facilitating chemisorption of CO> onto the surface. This is
greatest for the most reactive hydrochar and the BC1; both show peaks with binding
energies around 287.5 eV corresponding to carbonyl groups (C=0) and 288.5 eV
corresponding to carboxyl (typically acid groups) and ester groups (from the formation
of acid and alcohol reactions). The different type of carbon-oxygen bonding sets up dipole
moments with asymmetric electron distribution that could play an important role in

facilitating the CO> combination on the surface.
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Figure 6.10: C(1s) (left) and O(1s) (right) core-level spectra for each material studied.
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Several studies have been carried out to establish a connection between the chemical
adsorption of CO> molecules on the char surface and the reactivity of char gasification
[88,112,124]. Continuing from the XPS surface analysis, the CO> chemisorption of char
samples is discussed in this section. As shown in Figure 6.11, the chemisorption is split
into two parameters based on the characterisation of the chemisorption as weak and
strong, denoted in the figure as Cwea and Cstr and has been related to the organic and

inorganic components of the char [123,124].
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Figure 6.11: An example of CO, chemisorption of BC4.

CO; chemisorption capacities of char samples are shown in Figure 6.12. The hydrothermal
char (HC) had the highest Cs value of 13.60 mg of CO./g of char which corresponds to
its high reactivity. This amount of CO, chemisorbed on HC was expected as one of the
advantages of such char is its adsorption capability [209-211], which is greater than
biochars [212-214]. The Cst values of woody biochars, BC1 and BC2, were 4.37 and 3.32
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mg of COz/g of char respectively while the sewage sludge chars, BC3 and B4, had

comparable Cstr values to the coal but lower Cyea.

The Cwea has been linked to reversible interactions with organic active sites and other
researchers have questioned if the weak interaction is a predictor of char gasification
reactivity [113,124]. For this study coal char, CC, has the highest capacity of Cwea of 7.73

mg of CO>/g but a much smaller Cst-and a correspondingly lower reactivity.
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Figure 6.12: Strong and weak CO chemisorption (Cstr, Cwea) for char samples at 300°C.

After demineralisation, both BC1HCI and HCHCI show a significant reduction in strong
chemisorption capacities replaced by a corresponding increase in weak chemisorption. As
shown in Figure 6.12, the amount of irreversible CO, strong chemisorption (Csr) of BC1
and HC decreased by 68% and 85% respectively. The demineralisation of the chars
appears to reduce the strength of CO, chemisorption with a corresponding reduction in
reactivity, suggesting that the ash minerals play a direct role in the mechanism of CO>

surface reactions.
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A closer look at the relationship between the reactivity of chars and Cstr is shown in Figure
6.13. The high values of R? of 0.924, 0.919, and 0.890, indicate a strong linear correlation

between Cstr and chars reactivity in the temperature range studied, and a similar positive

correlation was recently reported by other investigations [215].
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6.4 Heat energy consumption by the reverse Boudouard reaction

Mitigating CO- from flue gases in industrial applications can be expensive due to the high
energy demands required to sustain the capture plant. Examining the use of CO;
gasification of bio-based materials as a potential CCU method can provide an important
insight to further explore its economic viability. In this PhD, the TGA/DSC was used to
estimate the heat consumed to react CO2 by the reverse Boudouard reaction. In the
calculation, endothermic heat absorption was measured for the complete conversion of
the char (post pyrolysis). Total heat absorbed to utilise CO2 can be determined from the

integrated heat flow over time, as expressed by the following equation:

tend

Total Heat Consumed (]) = f Heat flow (W) dt (6.1)

to

The integration was performed over reaction times from t, to t.,qs which denote the
time in minutes from when CO; was introduced and the time at the end of CO; gasification
step. To normalise the total heat consumed per mass of CO,, from the reaction
stoichiometry one mole of carbon react with one mole of CO. thus the following

relationship can be used:

x MC02
Cconverted MC

(6.2)

mCO2 =m

Where m¢,, M¢o, and M. are mass of CO: utilised, the molar mass of CO; and the molar
mass of carbon, respectively. m¢, = denotes the mass of total carbon converted and

can be determined by subtracting the final mass remaining after complete gasification
(m,) from the post pyrolysis mass after N is switched to CO2 (m;) as illustrated in Figure

3.28, which is expressed using the following equation:
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=m; —my (6.3)

Cconverted

The total endothermic heat requirements to utilising CO> via the gasification process at
different temperatures are shown in Table 6.8. The results clearly demonstrate a
correlation between material reactivities, and their heat demands during the reaction. As
shown, a superior performance of biochars (BC1, BC2, BC3 and BC4) and hydrochar (HC)
samples is seen when compared to coal char (CC) as they consume less energy over the
temperatures studied. In particular, the heat requirement of CC is 3 times higher than
the most reactive sample (HC) at 900°C. This energy demand increases to more than 4
times and 6 times at 950°C and 1000°C respectively. It is suggested that the lower
reactivity of CC leads to insufficient CO, utilisation and thus material reactivity to
determine its suitability for CCU. Conversely, HC demonstrates superior performance with
values of 1.93-2.82 MJ/kgCO; which align well with its reactivity. The results also show
that heat requirements increase as gasification temperature increases, which reflects the

endothermic nature of the reverse Boudouard reaction.

Table 6.8: Total Heat consumption by the reverse Boudouard reaction at different
temperatures.

Temperature (°C) 900 950 1000
Energy consumption (MJ/kgCO>)

BC1 2.34+0.08 2.65+0.11 3.20+0.09
BC2 2.52+0.24 2.74£0.13 2.78+0.14
BC3 2.64+0.12 4.65+1.11 3.79+0.66
BC4 3.27£0.16 3.62+0.52 3.00+0.08
CC 5.85+1.02 10.82+0.33 18.55+1.05
HC 1.93+0.16 2.53+£0.08 2.82+0.06
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Table 6.9 presents energy requirements for capturing CO; using different methods. In
comparison to other carbon capture techniques, the reverse Boudouard reaction shows a
good performance using hydrochar and biochars with values of 1.93 to 4.65 MJ/kgCO..
Although these figures were determined under laboratory conditions using a pure CO;
flow, but they provide valuable insights into the reaction efficiency in terms of energy
cost per mass of CO.. However, further work is strongly recommended to achieve fair

comparison between those methods.

Table 6.9: Energy requirements for different CO, capture technologies.

CO2 capture method Energy consumption (MJ/kgCO2) reference
Chemical absorption 4-6 [216]
Adsorption beds 2-3 [216]
Membrane separation 0.5-6 [216]
Cryogenic Separation 0.74-2.6 [217]
Swing Adsorption 1.9-5.64 [218]

(TSA, VPSA, ETSA and VSA)

6.5 Chapter summary

In this chapter, char samples were reacted with CO, at 900°C-1000°C to examine their
reactivities during gasification using TGA and detailed surface analysis techniques. A
demineralisation treatment was performed to investigate the ash composition influence
on chars’ reactivity. A CO, chemisorption method was used to evaluate char surface
adsorption and desorption capacities. Finaly, heat energy consumption by the reverse
Boudouard reaction was determined using TGA to investigate its viability as a potential
CCU method and compared to other CO; capture technologies. The following conclusions

were therefore drawn:
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. Biochars have much better CO, gasification reactivity compared to coal char and
are strong candidates for consideration in a carbon utilisation reaction to produce
carbon monoxide for the synthesis of platform chemicals. The shorter reactivity
time at lower temperatures will result in lower energy requirements to carry out
the carbon utilisation reaction compared to other materials.

. XPS gave a valuable insight into the type of functional chemical groups associated
with the highest reactivity chars. The hydrochar and the BC1 surfaces both
showed a wide range of functional chemical groups such as carbonyl, ester and
carboxyl groups. It was less clear however, what role the sp?/sp? bonding played
for all the chars; although the highest reactivity chars did correspond with lower
sp? bonding in agreement with other literature findings.

. The reduction in the ash content by demineralisation of the chars reduces the
strong CO, chemisorption and also relates to the rate of reaction. The results
suggest minerals play a role in the mechanism by which CO> combines with carbon
on the surface of the chars but there is some variation on its importance depending
on the sample.

. According to physicochemical properties of chars there is more than one parameter
controlling CO; gasification reactivity of chars at high temperature. While the pore
structure of chars is indeed a significant characteristic, it appears that porosity
alone does not exert the primary influence on gasification reactivity. This
conclusion is supported by the findings of analytical techniques, which indicate
that the types of inorganic elements present and their distribution on the surface
may be more closely associated with the observed variations in reactivity.

. The impact of demineralisation treatment on hydrochar was stronger than biochar,
suggesting that the dominant factor of HC reactivity is the presence of the minerals
and their catalytic effect.

. The CO; chemisorption procedure can be used as an evaluation tool to predict
different char reactivities, i.e. gasification reactivity is well correlated with CO;

strong chemisorption Cetr.
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7. Heat requirement per unit mass of CO2 confirm that biomass materials have more
visible benefits than coal on the efficiency of CO; utilisation via the reverse
Boudouard reaction. This indicates that the reactivity of carbonaceous material

determines their suitability for CCU applications.
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Chapter 7 Kinetic analysis of char gasification and non-

isothermal gasification results

7.1 Introduction

Kinetic analysis of the reverse Boudouard reaction is an important aspect of
understanding the reaction mechanisms at different conditions. In this chapter, the
results of kinetic model applications are discussed, and the variation of kinetic parameters
is evaluated. In addition, the reactivity and performance of biochars, hydrochar and coal

char were examined under non-isothermal CO; gasification at different heating rates.
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7.2 Kinetic analyses of isothermal CO: gasification

Isothermal CO: gasification experiments were conducted in the Micro-TGA at 900°C,
950°C and 1000°C for each char sample to obtain conversion data over time as discussed
in Section 3.14.2. The following analysis of the reaction kinetics has been carried out to
better understand the dominant mechanisms of the gasification reactions and determine
the kinetic parameters in relation to the previous findings using linearised forms of the
VM, GM and RPM (Equations 5.9-5.11), which were plotted against conversion time at
900°C to 1000°C as shown in Figure 7.1 and Figure 7.2. The reaction rate constants

obtained from these models are presented in Figure 7.3.

The reaction rate constants , kyy, keu and kgpy, Which represent the apparent rate
constants obtained from the linearised forms of the volume model (VM), grain model
(GM) and random pore model (RPM), respectively, were determined by obtaining the
slopes of the corresponding linear plots (see Section 5.3). Meanwhile, the structural
parameter, ¥, values in the RPM model were estimated using the optimum fitting, which
was achieved by maximising the coefficient of determination R? (Equation 5.8). These
values remained constant across varying gasification temperatures due to their

association with the initial pore structure of the chars [114].

As shown in Figure 7.3, the reaction rate constant values significantly increased as the
gasification temperature increased from 900°C to 1000°C for all the kinetic methods.
These results indicate that the gasification temperature is the most important factor
controlling the reaction rate over the conditions studied and is with agreement with

results found in the literature [129].
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Figure 7.1: Linearisation of the VM, GM and RPM models:(a) BC1, (b) BC2, (c) BC3
and (d) BC4.
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Figure 7.3: Reaction rate constants obtained from VM, GM and RPM.

The calculated reaction constants from VM, GM and RPM were used to generate Arrhenius
curves by plotting (Ink) vs. (1/T) to determine the kinetic parameters, activation energy
E and the pre-exponential factor A,. According to Figure 7.4, a good linear relationship is
observed between (Ink) and (1/T) for the chars at the gasification temperatures studied,
which indicates that the process is likely governed by the chemical reaction [114].
However, the linearity of Arrhenius plot is not conclusive for the chemical reaction regime
as the pore diffusion regime can exhibit similar trends at high gasification temperatures.
Therefore, additional data points would be required for precise assessment. This could
be attained by extending the range of the gasification temperature, specifically toward
lower temperatures, to observe the change in the reaction controlling mechanism (see
Section 2.8.2). Unfortunately, this was not feasible at this stage of the PhD due to the
breakdown of the Mettler-Toledo TGA/DSC 3+ during this experimental work.
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Fitting the calculated conversion to the experimental conversion data was carried out in

MATLAB and can be found in Appendix D. The fitting curves at different temperatures

were obtained by fitting the experimental results of CO. gasification to the kinetic models,

as shown in Figure 7.5 and Figure 7.6. The RPM model provides the most optimal fit for

gasification data of the biomass chars and hydrochar under investigation at all

temperatures studied. This finding is consistent with the existing literature [114,115,219-

221].
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The effect of demineralisation on the hydrochar (HCHCI at 900°C and 950°C) was a
change from the best fit of the random pore model to the grain model instead, whilst
maintaining similar kinetic parameters, suggesting a change in the reaction mechanism
of HC with the loss of catalytic ash components. The kinetic parameters of HC were
measurably changed after demineralisation with significant increases in activation
energies for HC from 116.2 to 183.0 kJ/mol whereas BC1 was much less affected ranging
from 124.9 to 126.5 kJ/mol as shown in Table 7.1.

In this study, the activation energy values obtained from the kinetic models are 114 to
193.6 kJ/mol. These values fell within the activation energy values reported in the
literature as shown in Table 7.2. Although the activation energy of HC is slightly lower,
this may be attributed to the hydrothermal treatment applied to this sample. The
advanced surface analysis using XPS identified increased chemical surface functionality
for the HC and BC1 samples. This was indicated by wide asymmetric carbon peaks, and
the predominately sp? allotropic forms of carbon and correspondingly lower activation
energies. The range of techniques used to analyse and compare the samples used in this
study, including demineralisation, illustrating the potential contribution of other reaction

mechanisms on the activation energy.
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Figure 7.5: Fitting curves of experimental data and predicted values by the VM, GM
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In comparison, experimental conversion profiles of CC were fitted by the VM indicating
that coal char has a completely different mechanism compared to biomass chars. Table
7.3 presents the percentage errors between the experimental conversion values and
those estimated by the kinetic models using Equation 5.16. A lower value of DEV(X)%
means a better model to fit the experimental data. The results show that relative errors
corresponding to the RPM are the lowest of all models except for CC and demineralised
hydrochar (HCHCI) as shown in Table 7.3.

Table 7.1: Kinetic parameters obtained by VM, GM and RPM models for the char samples
in isothermal CO; gasification.

Sample VM GM RPM

E(kI/mol) Ap(st) E(I/mol) As(st) E(kI/mol) As(s?) Y
BC1 125.2 559.2 123.7 354.9 124.9 210.7 7.7
BC2 153.6 6510.7 153.2 4575.2 155.6 1902.5 23.6
BC3 179.9 55547.8 180.0 39183.1 180.3 37949.1 1.3
BC4 142.4 2760.3 142.3 1986.2 143.9 1036.4 11.7
CC 193.6 26903.2 188.7 11385.6 190.3 13550.8 1.0
HC 114.0 733.4 114.9 568.2 116.2 479.4 2.9
BC1HClI 126.6 506.7 126.1 351.7 126.5 187.8 8.1
HCHCI 184.1 70615.2 183.0 44891.3 183.7 27694.8 5.7
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Table 7.2: Activation energy values of chars in literature for isothermal CO; gasification.

Material Temperature (°C) Kinetic model E (kJ/mol)  Reference
Herbaceous and 850-1000 RPM 129.8- [114]
wooden residues 180.3

Barapukurian 800-1100 VM, GM and RPM 171.2- [139]
bituminous coal 173.7

Bituminous coal 1050-1150 GM 125-207.6  [222]
Food waste 850-950 VM, GM and RPM 155-164.3 [193]
Pinus densiflora 850-1050 VM, GM and RPM 134-172 [223]

Table 7.3: Deviation between the predicted values by the kinetic models (VM, GM and
RPM) and the experimental conversion data in isothermal CO; gasification.

DEV (X) (%)
Sample

VM GM RPM
BC1 15.03 10.10 3.77
BC2 16.17 11.15 3.49
BC3 4.02 3.10 2.99
BC4 15.02 9.79 2.41
CC 2.24 5.69 4.60
HC 12.72 7.24 4.76
BC1HCI 13.71 8.44 2.06
HCHCI 9.02 3.28 3.45
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7.3 Kinetic analysis of non-isothermal CO: gasification

Biomass and coal chars were tested in non-isothermal conditions at different heating
rates to study dynamic temperature impact on their reactivity and to measure kinetic
parameters at these conditions. Thermogravimetric mass loss and first derivative
thermogravimetric rate of mass loss curves are shown in Figure 7.7. As seen in TGA and
DTG profiles, both mass loss trends and DTG peaks shifted to higher temperatures as the
heating rate rises from 5 to 15°C/min. Also, the peak rate of mass loss becomes steeper
as the heating rate increases, confirming the effect of temperature on the gasification
process. Similar to the observed performance of hydrochar (HC) in isothermal tests, the
chemical reactions started and completed earlier compared to the other char samples.
However, woody chars (BC1 and BC2) exhibited higher DTG peaks compared to HC. This
reflects their higher fixed carbon content and lower ash contents as shown in proximate
analysis results in Table 6.3. Of the samples examined, coal char (CC) and BC3 samples
demonstrated a very slow reaction rates, and CC did not even reach complete conversion

for all heating rates. This behaviour is explained below.
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The non-isothermal CO; gasification comprises of three stages. The first stage is when
the temperature below the initial gasification temperature (Ti) also known as onset
temperature. At this stage the mass loss remains constant, which provides a baseline to
determine Ti. Once mass loss deviates from the identified baseline, the second stage is
reached, which ends at the final gasification temperature (Tf), known as offset
temperature. The mass loss trend then subsequently returns to the baseline. The final
stage represents the end of the gasification reaction above Tr, where only unconverted
carbon and residual ash remain. The measurement of the gasification characteristic
parameters and kinetic parameters (Section 7.4) is based on the second stage where
most of the carbon is converted during the gasification process [92,129,133]. The
gasification characteristic temperatures (Ti and Tr) are determined according to the
standards ASTM E2550 [224] and ISO 11358-1 [225] using TGA and DTG profiles by
identifying a threshold of 0.02% mass loss and baseline. These gasification parameters
including Ti, Tm (maximum DTGpeak temperature), Tr can be used to assist material
reactivity at similar conditions [129]. Additionally, the non-isothermal char gasification
reactivity can be further evaluated using the comprehensive gasification characteristic
index S [92]. A higher value of this index means high gasification reactivity [129]. It is

calculated by the following equation:

S = (dx/dt)max- (dx/dt)mean
T Ty

(7.1)

Where (dx/dt) .. iS the maximum experimental reaction rate and (dx/dt)meqn iS the

mean experimental reaction rate for different heating rates.

Table 7.4 summarises the gasification characteristic parameters of the six chars with
results reported as averages from duplicate and triplicate experiments. The experimental
errors are given as standard deviations, which are provided in Appendix E. It can be seen
that gasification characteristic parameters increase as the heating rate increases, which
is in agreement with reported findings in literature [129,133]. The lower characteristic
temperatures (T;, Tm and Tr) and higher S indices for (BC1-BC4) and HC indicate that their
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overall gasification reactivity is significantly higher than CC. This is consistent with the
isothermal gasification experiment results presented in Chapter 6. Notably, HC
demonstrates the lowest characteristic temperatures in the range of (637 to 999°C) which
indicates superior thermal reactivity. However, BC1 and BC2 show higher reaction rates
(dx/dtmax) and mass loss rates (DTGpeak) With values ranged from 0.058 to 0.132 min!
and 5.50 to 13.45 wt.%/min, respectively. This outcome is reflected in the calculated S
values. Overall, the char reactivities can be ranked from high to low as BC1, HC, BC2,
BC4, BC3 and CC based on the gasification comprehensive reactivity index S.

Table 7.4: Non-isothermal gasification parameters of different chars at different heating
rates.

Heating

rate Ti Tm Tr DTG peak dX/ dtmax dX/ dtmean S Mash

Sample °C
iy €O OO (wk%/min)  (min)  (mint)  (10%) (%)
5 652.7 926.4 933.6 5.5 0.057 0.007 10.4 4.5
BC1 10 667.5 978.4 988.6 8.8 0.092 0.014 29.9 4.0
15 680.7 1009.2 1018.6 12.1 0.129 0.021 58.8 4.2
5 679.8 952.8 968.3 6.4 0.064 0.007 10.1 0.9
BC2 10 692.6 1008.5 1025.1 10.5 0.105 0.014 30.5 1.4
15 703.1 1038.8 1060.6 13.5 0.132 0.021 53.7 3.0
5 726.3 933.7 1027.6 2.0 0.035 0.007 4.6 41.4
BC3* 10 7459 9759 1078.0 3.8 0.064 0.014 15.3 40.1
15 756.9 1005.0 1105.7 54 0.091 0.021 30.9 40.9
5 705.2 9143 957.3 3.7 0.047 0.007 7.04 20.8
BC4 10 708.6 956.6 1006.3 6.5 0.082 0.014 23.1 19.9
15 716.0 985.9 1047.8 8.5 0.104 0.021 41.4 17.9
5 847.6 1077.7 1103.6 2.3 0.039 0.007 3.6 34.4
cCc 10 876.6 1101.5 1103.2 3.7 0.094 0.014 15.8 58.0
15 904.4 1100.8 1104.0 3.6 0.125 0.021 29.6 70.7
5 637.6 8524 921.3 3.1 0.046 0.007 8.9 30.8
HC 10 662.1 865.0 971.0 6.3 0.092 0.014 30.9 30.6
15 673.9 865.0 999.3 7.8 0.119 0.021 56.0 33.5

*: Teat heating rate 15°C/min is the last recorded temperature.
¥ Tt for all heating rate is the last recorded temperature.
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7.4 Kinetic analysis of non-isothermal char gasification

Kinetic models (VM, GM and RPM) were applied to fit the experimental data and measure
activation energy and pre-exponential factor using Equations 5.2-5.5 and Equation 5.17.
Fitting the calculated reaction rate (dx/dt) and conversion (X) to the experimental reaction
rate and conversion data were carried out in MATLAB and can be found in Appendix F

and Appendix G.

Results are shown in Figure 7.8, Figure 7.9 and Table 7.5. As shown, activation energies
and pre-exponential factors derived from non-isothermal CO. gasification tests are
significantly higher than those obtained from isothermal CO> gasification (see Table 7.1)
for all samples. Taking BC1 for example, the measured activation energy from VM, GM
and RPM are 208.7, 195.2 and 174.2 kJ/mol, respectively. These are approximately 1.7,
1.6, and 1.4 times higher than their corresponding measured values under isothermal
tests (125.2, 123.7, and 124.9 kJ/mol, respectively). Also, the pre-exponential factor
under isothermal conditions significantly increases from (559.2, 354.9, and 210.7 s—1) to
(1.8x108, 3.6x107, and 2.2x106 s-1) in non-isothermal conditions. In contrast, the
structural parameter for BC2, BC3, BC4, and HC significantly decreases in non-isothermal
gasification. While similar findings have been reported by Wang et al. in their isothermal
and non-isothermal CO; gasification studies of agricultural and coal [92,114], both studies
did not explore the effect of these conditions on the kinetic parameters obtained from
VM, GM, and RPM. Most kinetic investigations in literature using these models have
focused on either isothermal or non-isothermal conditions, with only a few studies
considered the effect of these conditions on the kinetic parameters. For instance, Czerski
et al. [226] compared activation energies and pre-exponential factors using an nth-order
model under both conditions. Tran et al.[227] also made a similar comparison but using
the distributed activation energy model (DAEM) in non-isothermal gasification. This work,
however, provides a direct comparison of VM, GM and RPM parameters under isothermal
and non-isothermal conditions. It also extends the understanding of the reaction kinetics
by including hydrothermally carbonised char which has different physicochemical

properties.
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Deviation between calculated reaction rate and experimental data was measured using
Equation 5.22, the results in Table 7.6 indicate that GM was the best fitting model for
(BC1,BC2 and BC4) with values of 7.17,7.81 and 4.29%,respectively, while RPM was
better suited to samples BC3 and HC with values of 2.21 and 3.17%, respectively. This
implies that gasification conditions play a significant role in reaction kinetics. Additionally,
the obtained kinetic parameters (Table 7.5) were used to calculate char conversion
Equations 5.19-5.21 at the three heating rates. The results are shown in Figure 7.10. It
clear that char conversion was reduced and gasification reaction rate was increased

(Figure 7.8 and Figure 7.9) as heating rates increased.
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Table 7.5: Kinetic parameters obtained by VM, GM and RPM models for the char samples
in non-isothermal CO: gasification.

VM GM RPM

Sample
P E

(k3/mol)

Ao(sl) R Ao(mint) R2 {kj/mol) Ao(mint) @ R?

(k3/mol)

BC1 208.7 1.8e+08 0.77 195.2 3.6e+07 0.87 174.2 2.2e+06 7.7 0.84

BC2 214.9 1.9e+08 0.71 214.7 1.4e+08 0.83 190.8 6.2e+06 10.0 0.81

BC3 203.4 5.6e+07 0.99 158.6 5.1e+05 0.99 1924 1.6e+07 0.5 0.99

BC4 209.7 2.0e+08 0.89 187.4 1.2e+07 0.97 164.8 9.2e+05 7.4 0.96

HC 177.4 2.4e+07 0.96 120.2 3.6e+04 0.86 196.3 2.0e+08 0.2 0.98

Table 7.6: Deviation between the predicted values by the kinetic models (VM, GM and
RPM) and the experimental reaction rate data in non-isothermal CO- gasification.

DEV (dx/dt) (%)
Sample

VM GM RPM
BC1 9.56 7.17 7.89
BC2 10.16 7.81 8.19
BC3 2.54 2.81 2.21
BC4 7.71 4.29 4.98
HC 4.47 8.76 3.17
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7.5 Chapter summary

Three kinetic models, namely, VM, GM and RPM were used to describe CO; gasification

of the different samples by fitting experimental data with models in isothermal and non-

isothermal conditions. Non-isothermal CO; gasification experiments were conducted at

three heating rates (5,10 and 15°C/min) to investigate dynamic temperature impact on

chars’ reactivity and results show that:

a.

The reaction rate constant values were significantly increased when the
reaction temperature increased from 900°C to 1000°C for all the kinetic
models.

The RPM model provides the most optimal fit for isothermal gasification data
of the biomass chars and hydrochar under investigation at all temperatures.
CC show an acceptable fit to the VM indicating that coal char has a completely
different mechanism compared to biomass chars.

The RPM model was reduced to the GM model for the demineralised hydrochar
at 900°C and 950°C, which suggests that the reaction mechanism of HC is
different after demineralisation.

In non-isothermal gasification, increasing the heating rate moves mass loss
trends and DTG peaks to higher temperature zones.

As heating rate increases, gasification characteristic parameters increase and
char conversion decreases.

The gasification comprehensive reactivity index S indicates that the char
reactivities can be ranked from high to low as BC1, HC, BC2, BC4, BC3 and CC.
Kinetic parameters including (activation energy and pre- exponential factor)
under non-isothermal CO. gasification testing are significantly higher than
those obtained from isothermal CO. gasification. Conversely, the structural

parameter (y ) is significantly lower under non-isothermal conditions.

. In non-isothermal gasification, the GM was the best fit model for (BC1, BC2

and BC4), while RPM had a better fit for samples BC3 and HC.
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Chapter 8 CO.> gasification experimental results from
Macro-TGA

8.1 Introduction

This chapter presents the results of CO> gasification from the fixed bed Macro-TGA reactor
that was developed specifically for this research project. The conventional TGA was
upscaled as detailed in Chapter 4 to investigate the reverse Boudouard reaction
performance under more representative industrial conditions. In this system, a larger
sample size of biochar (BC1) was used to evaluate its reactivity and reaction kinetics at
different gasification temperatures. The results were compared to TGA data from smaller
samples (~ 15 mg), as discussed in Chapter 5, to examine the influence of scale on
material behaviour. Another set of experiments discussed the effect of changing the
surface area exposed to CO2 molecules, using pellets of different sizes. The influence of
surface area on the CO gasification behaviour is explained by real-time mass loss
measurement and confirmation of this mass change using the corresponding gas
composition analysis. Finally, gas compositions were analysed through a simple

calculation of the gas analysis results.
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8.2 Stability evaluation of the Macro-TGA balance system

Accuracy and functionality testing of the constructed thermobalance system are essential
to produce a mass loss measurement. Prior to the gasification experiments, initial trials
were performed to identify the most stable setup to provide reliable mass reading. In this
test set, the balance stability was examined using two ceramic rods of different diameters
to hold an unloaded crucible inside the chamber. The first rod was relatively thin (a 3 mm
diameter) and the second was 12 mm diameter with a block support as described in
Section 4.3.1.2. The tests were caried out in cold and hot conditions, and each test was
repeated three times to ensure the repeatability of the examined setup, as shown in the
following sections. In addition, one single test was carried out using a known reference
weight to confirm chosen setup accuracy. It should be noted that balance readings were
always smoothed using a moving average method in Origin software for clarity and to
reduce noise, while retaining the experiment’s trends. The smoothing interval was fixed
at 100 data points for all runs. Figure 8.1 shows the effect of smoothing by comparing

raw and smoothed data for three balance readings using the 3 mm ceramic rod.

3.0
] run 1 (smoothed)
244 | run 2 (smoothed)
T run 3 (smoothed)
18 ] raw data

weight (g)

Time (min)
Figure 8.1: An example showing the effect of applying a moving average
over 100 data points on the balance readings for three cold condition
runs using the 3 mm ceramic rod.
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8.2.1 Stability under cold (unheated) conditions

This test was conducted under ambient laboratory conditions in the absence of heat and
gas flow inside the reactor for an hour. The balance was turned on and zeroed, and the
mass was recorded using the connected SDL logging software. During all tests the lab
extraction system was turned on to simulate the real experiment environment, and to get
an indication of the vibration-induced noise from the system. The results from the two
configurations are significantly different. When the thinner rod was used, a variation
between 0.9 to -2.4 g was observed, as shown in Figure 8.2. This overestimated reading
is nearly half of a typical sample size, 5 g, i.e. the proposed mass for the gasification
experiments. It is not surprising that the surrounding noise affect the mass reading
accuracy. However, achieving an acceptable error is crucial to avoid misinterpreting of
the mass loss from the gasification experiments. The measured fluctuation was deemed
acceptable in the second and third runs whereas first run was significantly more noisy.
The unstable mass reading was attributed to the laboratory environment and size of the
ceramic rod. Figure 8.3 shows the balance reading after replacing the rod with 12 mm
rod. The results of all the three runs were steadier when compared to the 3 mm rod.
This indicates that the mass and wider diameter of the rod provides less noise from the

extraction fan and the movement around the rig.
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Figure 8.2: Stability of the balance using the 3 mm ceramic rod (Cold
run with no gas flow and no sample).
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Figure 8.3: Stability of the balance using the 12 mm ceramic rod (Cold
run with no gas flow and no sample).
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8.2.2 Stability under hot conditions and gas flow

In order to examine the impact of high-temperature conditions on the weight
measurement, heat and gas flow were introduced to the system. The furnace was heated
to 900°C, and the reactor was then purged continuously by preheated 3.5 L/min N; at
the same temperature. The mass reading was recorded for an hour under steady
isothermal conditions. From the observation of the trials of 3 mm rod, the instability of
the weight measurement was significantly increased as can be seen in Figure 8.4. This
fluctuation likely occurs due to the introduction of heat, gas flow and thermal expansion
of the furnace heating elements which can make instability more prevalent. The deviation
of mass readings was between 2.8 and -3 g. In contrast, 12 mm rod provided a more
stable reading across the three trials, and the deviation was within 0.3 and -0.5 g as

shown in see Figure 8.5.

From this pre-gasification experimental work, it was decided that using 12 mm ceramic

rod would be more effective against external and internal noise of the Macro-TGA setup.
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Figure 8.4: Stability of the balance using the 3 mm ceramic rod
(Isothermal hot run at 900°C, 3.5 L/min N2 and no sample).
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Figure 8.5: Stability of the balance using the 12 mm ceramic rod
(Isothermal hot run at 900°C, 3.5 L/min N2 and no sample).
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8.2.3 Testing the system using a known mass

To further confirm the stability of the selected setup, thermobalance was tested using
known stainless steel reference mass loaded into the crucible to simulate the presence of
a char sample. As such the sample mass should not be subject to any chemical reactions
and the mass reading should be constant during the test. The furnace temperature was
set to 850°C and the gas flow rate was set to 3.5 L/min of N.. Once the temperature
reached 850°C, N, was then replaced by 1.91 L/min CO; flow. The flow was then kept at
this condition for 40 minutes. The balance reading was recorded from the start of the
experiment as shown Figure 8.6. Although only a single run was recorded, it can be seen
that the balance data showed a steady measurement of the stainless-steel test mass in
both isothermal and non-isothermal heating. This confirmed that the selected setup was

satisfactorily stable to be used for the CO; gasification experiments in the Macro-TGA.
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Figure 8.6: Testing the stability of the balance using a known mass at
850°C, 12 mm ceramic rod (3.5 L/min N2, 1.91 L/min CO,)
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8.3 Measuring CO: gasification reactivity in the Macro-TGA

A conventional (micro-scale) TGA has precise control of experimental conditions and is
suitable for the determination of intrinsic reactivity (Regime I) [1]. In contrast, industrial
gasifiers usually have more variables controlling the reaction rate and/or less well-
controlled conditions. This can result in differences between lab-scale studies and real-
world gasification processes. In this PhD, the Macro-TGA was used to investigate whether
biochar behaviour in a larger scale thermobalance will vary measurably from that

observed in the conventional (micro) TGA.

BC1 was tested at different temperatures ranging from 850°C to 1000°C in the Macro-
TGA. Tests were conducted in duplicate at 850°C-950°C, whereas only a single run was
performed at 1000°C due to the furnace failure. The real-time mass loss curves (Figure
8.7(a, ¢, e and g)) demonstrate that reaction rate is increased as gasification temperature
increases, which has been seen in the Micro-TGA results. Consequently, the time required
to complete the reaction was reduced from 220 minutes at 850°C to 60 minutes at
1000°C. This highlights the sensitivity of the reverse Boudouard reaction to gasification
temperature due to its endothermic nature. The undulations visible at the end of char
conversion at 850°C and 1000°C (Figure 8.7(a, g)) are likely caused by balance reading
error, as their corresponding gas composition curves (Figure 8.7(b, h)) show stable

reading at these points.

The gas profiles demonstrate a temperature influence, since CO> conversion and CO
formation indicate a proportional relationship with increasing temperature as shown in
Figure 8.7(b, d, f and h). This finding is in agreement with literature regarding the
temperature effect on CO; consumption and CO yield [150,228]. As can be seen, CO
profiles show a maximum concentration at the initial conversion with values of 12.8,
27.84, 32.8 and 29.81% at 850°C, 900°C, 950°C and 1000°C, respectively. A study
carried out by Ofuani and Bhoi [150], suggests that the initial peak of CO produced can
be attributed to the available carbon active sites on the char surface. These active sites

facilitate rapid carbon consumption when CO; is first introduced into the gasifier, thus a
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high initial CO production. As gasification progresses, CO vyield values steadily decrease
at different rates for temperatures of 850°C to 950°C, while at 1000°C the CO curve
shows a plateau at last third of the conversion, suggesting another mechanism occurs as
shown in Figure 8.7(h). The reaction completed when no further mass loss occurred as
confirmed by stabilisation in gas composition. The reaction time varied with temperature,
as a result, it took approximately 220, 150, 90 and 60 minutes at 850°C, 900°C, 950°C
and 1000°C, respectively.

The CO. gasification reactivity of BC1 at different temperatures in Macro-TGA was
compared to the reactivity derived from Micro-TGA using the Ro.s index (Equation 3.15).
The comparison results in Figure 8.8 illustrate a significant difference of Ro.s values
between the two apparatus. It can be seen that Micro-TGA produced higher indices
compared to Macro-TGA, and these differences increase as gasification temperature
increases. One potential reason is that the sample size used in Macro-TGA, 5 g, involves
a thickness of the char bed which is relatively lower in the Micro-TGA setup. This
introduces a diffusion barrier to gas-solid reaction and consequently a reduction in the
reaction rate [229]. These findings highlight the role of the physical characteristics of the
char, such as sample size and available surface area, on the reactivity of CO> gasification

at larger, more realistic scales.
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Figure 8.8: Comparison of the CO; gasification reactivity, Ro.5, measured from Micro-
TGA and macro-TGA mass loss data for sample BC1.
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8.4 Scale Effects on CO> Gasification kinetics

The kinetic study of CO. gasification of the BC1 sample was performed using the
conversion profiles derived from Macro-TGA runs to confirm whether the reaction
mechanism was consistent with that observed for BC1 in Chapter 6. Similarly, VM, GM
and RPM were implemented to predict the experimental conversion of BC1 at 900°C to
1000°C. The linearised forms of the three kinetic models using experimental conversion
data range between 0 to 0.9 are shown in Figure 8.9. Among the three models, the RPM
generated the highest R? values of 0.966 to 0.9873. The reaction rate constants; Awm, kem
and kgev; were obtained from the slopes of these linearised forms. As shown in Figure
8.10, the reaction rate constants for BC1 in Macro-TGA were significantly lower than
Micro-TGA by more than 70% for all the three models at all gasification temperatures.
For example, the reaction rate constants values obtained from Micro-TGA were
1.48 x 1073, 1.1 x 1072 and 0.58 x 1073 s at temperature of 900°C for VM, GM, and
RPM models, respectively, while constant values from Macro-TGA were dropped to
0.29 x 1073, 0.21 x 103 and 0.16 x 1073 571,
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Figure 8.9: Linearisation of the VM model (a), GM model (b) and RPM model (c) using
experimental conversion data in Macro-TGA 900°C, 950°C and 1000°C.
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The reaction rate constants were then used to produce Arrhenius plots as shown Figure
8.11. In literature, the linearity of Arrhenius relation is used to explain whether the
reaction is dominated by the surface chemistry of the char or limited by the pore diffusion
[125,222,230].

4.5

{1 [ VM
4.0 4 [ GM

1.5 4

1.0 1

Reaction rate constant X107 (s™')

0.5

0.0 4
Micro-TGA [ Macro-TGA | Micro-TGA | Macro-TGA | Micro-TGA | Macro-TGA

900 950 1000

Figure 8.10: Comparison of reaction rate constant obtained from VM, GM and RPM
models for sample BC1 using Micro-TGA and Macro-TGA.

In the Micro-TGA setup, the linearity of Arrhenius plots (Figure 7.4(a)) suggests that the
reaction may occur in Regime I (chemical control), although this is not definitive as
explained in Section 7.2. In contrast, the gradient of Arrhenius curves from the Macro-
TGA results implies that the reaction may be affected by another mechanism, as shown
in Figure 8.11. In a study of steam gasification of woody char in Macro-TGA conducted

by Setptien et al. [68], they reported that the reaction is chemically controlled below
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800°C and above this temperature the reaction was undergoing a transformation to a
pore diffusion regime. In their work this was indicated from the reduction of the activation
energy from 272 to 135 kJ/mol from the Arrhenius curve. The kinetic parameters are
presented in Table 8.1. All three models indicate a decrease in activation energy values
from Micro-TGA (123.6-125.2 kJ/mol) to Macro-TGA (98.8-99 kJ/mol) over gasification
temperatures range. The pre-exponential factors also significantly dropped from (210.7-
559.2 s1) in Micro-TGA to (4.1-7.2 s!) in Macro-TGA. Furthermore, the kinetic models
were used to fit the experimental data as shown in Figure 8.12), and the deviation (as
defined in Equation 5.16) between experimental conversion data and calculated
conversion from the models are 14.63, 9.82 and 7.51% for VM, GM and RPM,
respectively, suggesting that RPM is still best choice to explain gasification reaction of
BC1 at those temperatures.

Table 8.1: Kinetic parameters obtained by VM, GM, and RPM models for BC1 sample in
Macro-TGA.

Kinetic model E (K3/mol) Ads) DEV%
VM 98.8 7.2 14.63
GM 98.9 5.3 9.82
RPM 99.0 4.1 7.51

209



VM
e GM
-7.0 1 A RPM
Linear Fit
751
®
X
£
-8.0
-8.5 -
A
-9.0

. T T T T T T T

0.00078 0.00080 0.00082 0.00084 0.00086
1T (K

Figure 8.11: Arrhenius plots of BC1 tests in the Macro-TGA.

1 1 1
09 0.9 0.9
08 0.8 0.8
07 0.7 0.7

Conversion {X)
=
a

=
=

Gonversion (X)
> =
2 &

Conversion (X)
=
=

03 03 03
02 a0°C 02 90°C 02 90°C
0 90C 0 950C ® 950°C
01 A qo0c 04 A ooe 04 A oo
—N —i —RPM
0 1000 2000 3000 4000 5000 6000 7000 80N 0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
Time(s) Time(s) Time(s)
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8.5 Influence of exposed surface area on CO: gasification in Macro-TGA

This section describes the results of changing one physical property to assess its impact
on CO» gasification performance in the Macro-TGA thermobalance reactor. The available
surface area for CO: reaction is the key variable in this experimental work, evaluated to
test the hypothesis in this PhD that it is not the dominant factor controlling gasification
reactivity. Therefore, the geometry of the pulverised BC1 was modified through a
pelletisation (densification) process as described in Section 3.5.3. In this technique, the
fine particles are compacted together reducing the void between them and consequently
reducing the porosity of the char [231,232]. Thereby, the available surface area for the

reactant gas CO; will be significantly reduced.

Three different external surface areas were established to distinguish between the
variation of restriction degree for CO> molecules reaching the active sites within the char.
A high surface area of char powder (Mixture P), moderate surface area (Pellet A), and
finally low surface area (Pellet B). The geometries and compaction levels of the samples
were used to measure their surface area (Sexposed) With the assumption that pellets have

low porosity, as displayed in Table 8.2.

The reactivity of Mixture P, Pellet A and Pellet B was tested at two temperatures (900°C,
950°C) in the Macro-TGA system. In the gasification test, 5 g was used as the initial
loaded mass in the crucible for each sample. This explains the different number of pellets
used for Pellet A (12 mm diameter), Pellet B (16 mm diameter). The placement of three
samples inside the crucible is shown in Figure 8.13. Mixture P was loaded to a height of
>14 mm, allowing for maximum exposure of its fine particles to the CO, flow. Pellet A
and Pellet B were placed in a flat position to ensure that both circular ends and half of
the lateral surfaces were exposed to the gas flow. Although the height of cylindrical pellets
varies for both Pellet A and Pellet B, the surface area exposed to the CO; flow (Sexposed)
is always higher for Pellet A. It should be noted that only a single test was conducted for
each sample at each temperature due to the breakdown of the furnace at the end of the

PhD project.
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Table 8.2: Surface area calculations for assumption of Mixture P, Pellet A and Pellet B.

Sample Surface Gas-solid interaction  Exposed surface Remark
area area Sexposed (M?)
Mixture P High High, pores Seer X mass loaded  Sger is assumed to be
structure allows both similar as Sger of
external and internal BC1=211 m?/g

surfaces accessibility

Pellet A Moderate  Moderate, o mdhg N nd?  dy =12mm

compaction reduces 2 2" p, =16.28t025.32mm
porosity and 3
pellets increase total
external surface
Pellet B Low Low; compacting « ndghy md:  dg = 16mm,

+=0)

reduces porosity and 2 2 hg = 11to 21.71mm

2 pellets result in
lower total external

surface exposure
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Figure 8.13: The shape of the powder char (a), Pellet B (b) and Pellet A (c) in the
crucible.
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The mass loss and corresponding gas composition profiles of CO gasification of Mixture
P, Pellet A and Pellet B samples at 900°C and 950°C are shown in Figure 8.14, Figure
8.15 and Figure 8.16, respectively. The mass loss curve of Mixture P at 900°C (Figure
8.14 (a)) shows a faster conversion over the reaction time compared to those for Pellet
A and Pellet B (Figure 8.15 (a) and Figure 8.16 (a)). This is consistent with the high
surface area availability for CO, molecules which provide more chance to directly contact
the char particles. While pelletisation decreases the overall accessibility of the active sites,
the available cylindrical surfaces still provide sufficient contact with CO, for moderate
reactivity, as shown by Pellet A in Figure 8.15 (a). The reduction in gas-solid contact and
internal mass diffusion limitation affects the reactivity of Pellet B as shown by its slowest

mass loss.

The gas composition profiles at 900°C support the observation of the balance recorded
mass loss, as presented in Figure 8.14 (b), Figure 8.15 (b) and Figure 8.16 (b). All samples
show a maximum CO yield at the initial stage of the reaction, 21.68 to 28.64 %, followed
by a decline in CO concentration as the reaction progresses. The gasification of Mixture
P showed a higher level of reactivity than the pelletised samples, as evidenced by the
more rapid formation of CO and consumption of CO;. CO yield from Pellet A sharply
dropped suggesting a reaction limitation most likely caused by limited gas-solid
interactions. Pellet B released CO slowly but continuously, indicating a slower gasification
process. Also, the reaction needed around 110, 130 and 170 minutes for Mixture P, Pellet
A and Pellet B, respectively, as seen in the balance and gas analysers readings (Figure
8.14 (a),(b); Figure 8.15 (a), (b); and Figure 8.16 (a),(b)). The results imply that CO
concentration and reaction duration curves can explain the difference in reaction rate
[233]. These findings suggest that external surface area has a significant influence in the
reactivity of the char samples at 900°C.
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However, the reactivity index, Ro.s, values show different trends of sample reactivity at
900°C as shown in Table 8.3. The powdered char has a slightly lower Ro.s value than
Pellet A with 0.327x103 and 0.419x10°3 s1, respectively. This inconsistency is because
Ro.s represents the reaction rate at 50% char conversion rather than the entire reaction
period. Also, the remaining unreacted carbon portion of Pellet A is quite high with a value
of 18.01%, which means that incomplete reaction has occurred. This may be due to
accumulation of ash on the pellet surfaces leading to pore diffusion limitation.
Furthermore, the smaller diameter and the use of 3 pellets of Pellet A in the crucible led
to denser packing compared to Pellet B, thus minimising voids between particles and
limiting CO> contact. These findings suggest that surface area has a significant influence
on the reactivity of the char samples at 900°C. Therefore, at this temperature the

reactivities of the three samples are ranked as Mixture P> Pellet A> Pellet B.

Table 8.3: CO> gasification reactivity index (Ro.s) for the powder char and the pellets at
900 and 950¢°C.

Temperature (°C)  Sample Ro.5 X103 (s1) Residual (%)
900 Mixture P 0.327 2.86

Pellet A 0.419 18.01

Pellet B 0.254 7.88
950 Mixture P 0.357 0.56

Pellet A 0.359 26.63

Pellet B 0.390 2.53
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Increasing the gasification temperature to 950°C significantly reduces overall reaction
time as shown in Figure 8.14 (c), Figure 8.15 (c) and Figure 8.16 (c). Mixture P and Pellet
A show a higher reaction rate at the initial stage followed by a fluctuation and a steady
mass loss. This fluctuation in the balance reading could be just an external disturbance
as this does not appear in the corresponding output gas curves as shown in Figure 8.14
(d) and Figure 8.15 (d). Pellet B shows more improvement as the reaction time reduced
from 170 minutes at 900°C to 100 minutes at 950°C, which is broadly similar to Mixture
P. This is supported by their identical Ro.s values (0.357 and 0.390x10-3 s1). Thus, the
role of Sexposed ON CO2 gasification at 950°C has less impact and other factors may have
influenced the reaction. The visualisation of gas profiles at 950°C (see Figure 8.14 (d),
Figure 8.15 (d) and Figure 8.16 (d)) show that CO concentration is higher than that at
900°C at the initial conversion but dropped close to the baseline concentration sooner.
This demonstrates that raising gasification temperature improves char sample reactivity
leading to faster consumption of char particles. In the case of Pellet A, as mentioned
above, the diffusion limitation at 950°C is more pronounced, leaving higher residual mass
of 26.63% and reduction in Ro.s. Despite this, the mass loss gas composition profiles show
that the reaction time is about 100 minutes for the three samples (Figure 8.14 (c), (d);
Figure 8.15 (c), (d); and Figure 8.16 (c),(d)).
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8.6 Characterisation of gas composition

The efficiency of Macro-TGA in this project was assisted by evaluating the output gas
composition data in real-time of the CO; gasification experiments. The calculations of CO
yield and CO> conversion are based on integrated areas under the curves at each run at
298 K, using following equations [233], [234]:

[ €O dt (% * min) * CO, flow rate (%)

YCO —_ (8'1)
ml
Molar volume (mmol) *5(9)
CO, flow rate (rrrlrllrll ) * Gasification time (min)
nCOz,supplied = (82)
Molar volume (—)
mmol
[ €O dt (% * min)
Cco, = x 100 8.3
%27 €O + €0, dt (% * min) (8.3)

Yoo (mmol/g) and Cco,(%), represent the CO yield and CO; conversion(%), respectively.
Molar volume is 24.4 ml/mmol at SATP and COz flow rate is 1910 ml/min. nco, . 1eq 1

the total number of moles of CO, that have been supplied to the system during the

gasification test in mmol.
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Table 8.4 summaries the calculation results for gas compositions of CO; gasification
experiments in Macro-TGA. Overall trends of CO yield show a linear increase as the
gasification temperature increases. For example, BC1, CO yield increased from 187
mmol/g at 850°C to 228.7 mmol/g at 900°C, but the yield slightly decreases at 950°C
and 1000°C with 219.8 and 221.1 mmol/g, respectively. This reduction may be related to
diffusion limitation as discussed in Section 8.4. Despite this, CO. conversion efficiency
shows a strong correlation with the temperature. Hence it increases from 5.7% at 850°C
to 18.7% at 1000°C. This reduction illustrates the complexity of the process in larger

scale.

The effect of the reducing surface area on gasification performance is clearly shown at
lower temperatures. Hence, CO yield of Mixture P at 900°C is significantly higher than
the two pellet samples with 37.6% difference from Pellet A. Also, the powdered char
consumed more CO; than Pellet A and Pellet B with values of 9.3, 5.9 and 8.4%,
conversion respectively. This is further evidence of the surface area influence of char
reactivity at low temperatures. CO yield and CO conversion of Pellet A and Pellet B are
almost identical at 950°C with values ranging from (196.7 to 198.9 mmol/g) and (11.1 to
11.7%), respectively. It was mentioned that at this temperature the remaining unreacted
amount of Pellet A was 26.63%, so it may be an indication of a potential measurement
error as the calculation is based on integration areas. The CO supplied to the system
was higher than required to maintain the slight positive pressure within the reactor; it
should be noted that optimisation of the process was not an objective in the current

study.
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Table 8.4: Gas characterisation of CO; gasification experiments from Macro-TGA.

Temperature Yo CO; CCO2 CcO
Sample supplied conversion max
°C mmol/g mmol % vol.%
BC1 850 187.0 16982.7 5.7 12.8
900 228.7 12410.9 9.3 27.8
950 219.8 8186.6 14.0 32.8
1000 221.1 5907.6 18.7 29.8
Mixture P 900 192.5 10498.2 9.3 21.7
950 174.2 8466.3 10.4 24.2
Pellet A 900 120.1 10830.5 5.9 28.6
950 196.7 9062.0 11.1 38.4
Pellet B 900 103.5 13633.8 8.4 24.1
950 198.9 8516.4 11.7 28.1

8.7 Chapter summary

The results show that char performance is significantly affected by scale-up in the Macro-
TGA reactor compared to the conventional (Micro) TGA. Thus, reactivity of material
cannot be explained by only using a lab-based Micro-TGA apparatus. It was found that
biochar reactivity was significantly lower than the measured reactivity from the Micro-
TGA in all cases. Also, the kinetic study revealed that the reaction mechanism in Macro-
TGA was affected by diffusion limitation above 950°C. As the gasification temperature
increased, the reaction rate significantly increased. This is a common finding between the
typical Micro-TGA and the Macro-TGA in this thesis. The influence of the available surface
area has been investigated, and the results show that the reaction accelerates as the
exposed surface area to the CO- flow was higher at low temperatures; whereas at higher

temperature gasification process is dominated by other factors.
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Chapter 9 Conclusions and Future work

9.1 Conclusions

This thesis investigated the influence of char physical and chemical properties on its
reactivity during the reverse Boudouard reaction. A hypothesis was formulated as a basis
of this PhD, which proposed that CO gasification reactivity of char is not primarily
controlled by surface area but rather by surface chemistry as it influences active sites and
consequently controls the reaction mechanisms. The char properties such as pore
structure, functional groups and inorganic mineral content were characterised using
several advanced analytical techniques. Moreover, the kinetic modelling was carried out
to understand the reaction mechanisms under different thermal conditions. The study
also evaluated the potential use of thermochemical gasification as a CO. utilisation
pathway by comparing its energy demand with some known CCUS methods. Although
the measurement of the reaction’s heat requirements was performed using a
thermogravimetric apparatus, the results provide useful insights into the reaction’s
performance at elevated temperatures. In addition, a gasifier was developed to handle
larger char samples and contribute to the understanding of the surface area

characteristics impact on CO, gasification.

In this study, six biomass and coal derived chars were investigated under isothermal CO>
gasification and their reactivities were examined against their properties. The key findings

from this work are listed below:

e Biochars have much better CO; gasification reactivity compared to coal chars and
are strong candidates for consideration in a carbon utilisation reaction to produce
CO for the synthesis of platform chemicals. The shorter reaction time at lower
temperatures will result in lower energy requirements to carry out the carbon
utilisation reaction compared to other materials.

e According to physicochemical properties of chars there is more than one parameter
controlling CO> gasification reactivity of chars at high temperature (900°C, 950°C
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and 1000°C). While the pore structure of chars is indeed a significant
characteristic, it appears that porosity alone does not exert the primary influence
on gasification reactivity. This conclusion is supported by the findings of the
analytical techniques, which indicate that the types of inorganic elements present
and their distribution on the surface may be more closely associated with the
observed variations in reactivity.

The impact of demineralisation treatment on hydrochar was stronger than biochar,
suggesting that the dominant factor of HC reactivity is the presence of the minerals
and their catalytic effect.

The reduction in the ash content by demineralisation of the chars reduces the
strong CO> chemisorption and also relates to the rate of reaction. The results
suggest minerals play a role in the mechanism by which CO> combines with carbon
on the surface of the chars but there is some variation on its importance depending
on the sample.

The surfaces of the highest reactivity chars (HC and BC1) showed a wide range of
functional chemical groups such as carbonyl, ester and carboxyl groups. However,
it was less clear what role the sp?/sp? bonding played for all the chars; although
both HC and BC1 did correspond with lower sp? bonding, which is in agreement
with other literature findings.

The CO2 chemisorption procedure can be used as an evaluation tool to predict
different char reactivities, i.e. gasification reactivity is well correlated with CO>
strong chemisorption Ctr.

In non-isothermal gasification, increasing the heating rate moves mass loss trends
and DTG peaks to higher temperature zones. It also results in higher gasification
characteristic parameters but lower char conversion.

Heat requirement per unit mass of CO; confirms that biomass materials have more
visible benefits than coal on the efficiency of CO; utilisation via the reverse
Boudouard reaction. This indicates that the reactivity of carbonaceous material

determines their suitability for CCU applications.
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The kinetic modelling of CO. gasification was performed under isothermal and non-

isothermal conditions using the VM, GM, and RPM models. The key findings are as follows:

The reaction rate constant values were significantly increased when the reaction
temperature increased from 900°C to 1000°C for all the kinetic models.

In isothermal gasification, the RPM model was the best fit model for biomass chars
and hydrochar conversion profiles while coal char shows an acceptable fit to the
VM. This indicates that coal char has a completely different mechanism compared
to biomass chars.

The reaction mechanism of hydrochar has changed after acid leaching as the best
fit model shifted from RPM to GM at 900 °C and 950 °C.

The values of kinetic parameters measured under non-isothermal CO> gasification
testing are significantly higher than those obtained from isothermal CO;
gasification. Conversely, the structural parameter () is significantly lower under
non-isothermal conditions.

In non-isothermal gasification, the GM was the best fit model for (BC1, BC2 and
BC4), while RPM had a better fit for samples BC3 and HC.

The measurement of char reactivity in CO, atmospheres at high temperatures using

Micro-TGA is limited by the use of unrepresentative sample sizes (milligrams), which may

not correspond to the overall reaction behaviour in an industrial application. Therefore,

this study contributes to the understanding of the reactivity by developing a Macro-TGA

to address this limitation. The newly developed Macro-TGA gasifier can carry out CO>

gasification experiments using 5 g char samples under higher gas flow and allows for a

direct evaluation of surface area effects.

The stability of the Macro-TGA system, along with the comparison of CO gasification

reactivity and kinetic parameters derived from both Micro-TGA and Macro-TGA

experiments were studied in Chapter 8. The key findings from this experimental part of

the study are summarised below:
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The accuracy of mass loss measurements in the Macro-TGA was significantly
influenced by the design of the thermobalance setup. Increasing the diameter of
the supporting ceramic rod to 12 mm improved system stability and decreased the
fluctuations in the balance readings.

In comparison to the reverse Boudouard reactivity results obtained using the
traditional Micro-TGA, the reactivity measured in the Macro-TGA was significantly
lower. This suggests that the mass of the gasified sample has a great influence on
reaction performance. The reactivity indices of biochar (BC1) decreased by about
65% in the Macro-TGA at gasification temperatures (850-1000°C). This
demonstrates that a thicker char bed results in lower reactivity, likely due to
restricted diffusion of CO; into deeper layers which consequently reduces the
overall reaction rate.

A notable influence of gasification temperature on char reactivity and CO yield was
observed. The total reaction time for BC1 decreased from 220 minutes at 850 °C
to 60 minutes at 1000 °C. This indicates that increasing gasification temperature
in the Macro-TGA reduced or eliminated reaction constraints whether related to
heat and mass transfer or to the accessibility of char active sites. Despite this, the
CO profile at 1000°C showed at last third of the conversion.

To further investigate the scale-up effects associated with using larger sample
masses, kinetic parameters were measured using VM, GM and RPM kinetic models.
The RPM model successfully predicted char conversion trends even for 5g samples
in the Macro-TGA. In addition to the previously observed scale-up effects, the
reaction rate constants for BC1 reduced by more than 70% in the Macro-TGA
compared to those obtained from the Micro-TGA. The gradient of the Arrhenius
plots derived from the Macro-TGA data suggests that the gasification reaction may
be governed by a different mechanism compared to the Micro-TGA. This is
supported by the lower values of activation energies and pre-exponential factors

in these conditions.
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CO production profiles of BC1 showed sharp initial peaks across all temperatures
with a slight increase in the yield at 1000 °C may indicate the contribution of an
additional reaction mechanism at higher temperatures.

CO2 conversion efficiency showed a strong correlation with the temperature;
however, the total CO vyields slightly decreased at 950°C and 1000°C. This

reduction illustrates the complexity of the process in larger scale.

Furthermore, the Macro-TGA gasifier was used to investigate the effect of exposed

surface area on CO; gasification reactivity. Three char samples with different external

surface area were tested: Mixture P, Pellet A and Pellet B. The main conclusions are as

follows:

Reducing exposed surface area by compacting char fine particles into pellets
decreased the overall CO; gasification reactivity at 900°C. At this temperature, the
mass loss profile and CO evaluation of Mixture P stabilised after 110 minutes
compared to 130 and 170 minutes for Pellet A and Pellet B, respectively.

Despite the slightly higher Ro.s of Pellet A (0.419x1073 s'1) compared to Mixture P
(0.327%x1073 s1), however, it retained 18.01% unconverted residue possibly due
to ash accumulation causing pore blockage that leads to incomplete conversion.
At 950°C, the effect of surface area was negligible, as gasification temperature
became the dominant factor influencing the reactivity. This finding is demonstrated
by the reduction of the reaction time for Pellet B by 70 minutes compared to 900°C
and the increase in Ros value to 0.357x10-3s-1 which is close to that of Mixture
P 0.390x10-3s-1 despite its lower surface area.

Similar to the observation for BC1, Mixture P, Pellet A and Pellet B also exhibited
a maximum CO yield at the early stage of the reaction then followed by a decrease
in CO concentrations as the reaction progressed. Also, the amount of CO:

converted increases as the gasification temperature increases.
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9.2 Potential directions for future work

In the current PhD thesis, different mechanisms of CO. gasification have been

investigated to find a link between char material reactivity and its properties as well as

the reaction conditions. However, there is significant potential for further investigation

with this apparatus. Further suggestions of future work are listed below:

The chars used in this study were derived from commercial sources, these include
recovered wood biochars, sewage sludge biochars, coal char and hydrothermally
carbonised char from digested food waste. Future work could include feedstocks
such as biomass or coal char and follow a systemic investigation where the char is
produced from a variety of conditions (e.g., hydrothermal carbonisation, fast
pyrolysis, slow pyrolysis). This will provide a clearer interpretation of how the
original structure, as a baseline, influences the char reactivity.

The role of char surface chemistry on the gasification reactivity was examined
using a simple chemisorption method to estimate the amount of adsorbed CO>
molecules on the char surface in the Micro-TGA. However, there are different
advanced analytical techniques can be used to precisely quantify CO>
chemisorption capacity on the carbon-based material such as Temperature
Programmed Desorption (TPD) and Fourier Transform Infrared Spectroscopy
(FTIR).

In this study, the influence of inorganic compounds was examined by acid leaching
char samples to isolate their effects on gasification reactivity. A recommended
direction for future work is to further modify char surface chemistry to enhance
gas—solid interactions. The modification involves activation treatments through
doping with AAEMs or tuning functional groups to enhance the affinity of char
particles with CO; and improve reaction rates.

This study has investigated gasification reactivity and reaction kinetics in the
Macro-TGA rig under 100% CO; concentration to examine the pure effect of CO>
on the char reactivity without interference of side reactions. However, further

experimental work should be conducted in varying CO> concentrations to better
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reflect real flue gas conditions. It could examine the process by mixing CO> with
an inert gas or even a reactive gas such as N2 and H>0O, respectively. This would
improve the industrial relevance of gasification method as a CCU pathway.

The Macro-TGA was operated under laminar flow conditions to ensure system
stability; however, this was found to influence gas mixing within the reactor.
Computational Fluid Dynamics (CFD) can be employed to analyse flow dynamics,
as well as heat and mass transfer effects on larger samples. In particular,
simulations would allow flexibility in varying parameters such as gasifying agent
flow rate, process temperature, and solid bed configuration. This would provide a
robust understanding of the Macro-TGA's performance in the current design and
help to optimise gasification process conditions by improving the design and
validating it as a later step.

A feasibility study based on Saudi Arabia’s target of net zero emissions in 2060 is
recommended. This should include a Life Cycle Assessment (LCA) of CO:
gasification and MSW utilisation in Saudi Arabia to reduce their environmental

impact under the kingdom’s Circular Carbon Economy framework (CCE).
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Appendices

Appendix A: Risk Assessment for Macro-TGA system

CARDIFF
UNIVERSITY

PRIFYSGOL

CAFRDYD IMPORTANT: Before carrying out the assessment, please read the Guidance

Risk Assessment Form

Notes

1. General Information

Department ENGIN Building Combustion lab

Date of Original

Name of Assessor Ahmed Alsawadi 23 April 2024

Assessment

Status of Assessor: Supervisor [ ] Postgraduate [X] Undergraduate [ ] Technician [ ] Other:
2. Brief Description of Procedure/Activity including its Location and Duration

Testing using laboratory scale gasification rig. The system consists of six sections: a gasifier (a
vertical tube reactor for gasification tests of biomass chars in a CO, atmosphere at 850-1000°C),
which contains a ceramic crucible placed at the top of a ceramic rod with a balance underneath,
a gas delivery system, a heating system, a tar trap system, product gas analysis, and data
acquisition system. The testing will take place in the combustion lab, west building, from May
2024 to December 2024.

3. Persons at Risk  Are they... Notes

Staff [ ] Trained [ ]
Students [X] | Competent [X]
Visitor [] Inexperienced [ ]
Contractor Disabled [ ]

[

4. Level of Supervision Notes
None [X]  Constant []

Periodic [ ] Training
Required []
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5. Will Protective Equipment Be Used? Please give specific details of PPE

Head [ ] Eye X Ear []
Body XI  Hand [X Foot
X

Safety shoes, gloves, goggles, and lab coat

6. Is the Environment at Risk?

Notes

Yes [ ]

No [X

An extraction fan will be used, there are limited fumes generation,
and the area is well-ventilated. Additionally, the experimental rig
will be contained within a fume hood to ensure safe operation

7. Will Waste be generated?

If ‘'yes’ please give details of disposal

Yes X

No []

The gases from the gasification experiments will be analysed and
then expelled from the lab using the extraction fan. Solid residues
will be discarded in the combustion laboratory bin. Liquid byproducts,
such as tar, will be disposed of in designated containers.

8. Hazards involved

accordance with cylinder
regulations.

Work Activity
/ Item of
Control Measures and
Equipment / Likelihood |Severity .
Hazard Consequence of Level of Risk
Procedure / . (0 to 5) (0 to 5)
Failure
Physical
Location
High Burns Thermal gloves will be 2 1 2
temperature worn when handling hot
surfaces: materials.
pipes, furnace,
preheater
Using electrical | Electric shock | All electrical equipment 1 2 2
equipment will be PAT tested.
Gas cylinders Explosion Cylinders will be used in 1 3 3
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Moving around | Trips/slips Working area will be 1 1 1
testing area maintained tidy, any trip
hazards will be identified
and removed
9. Chemical Safety (COSHH Assessment)
Likelihood |Severity | Level of
Hazard Control Measures .
(0 to 5) (0Oto5) | Risk
Production of Carbon dioxide | Ensure area is well ventilated | 1 3 3
Carbon Monoxide, Hydrogen | during experimentation by
and Hydrocarbon, risk of | turning the extraction on,
asphyxiation, poison or fire. | personal gas monitor to be
worn (CO detector), lab gas
monitor, masks to be worn.
Carbon Dioxide, Nitrogen Stored in pressurised cylinder, | 1 3 3
used in accordance with
cylinder regulations.
Isopropanol Stored in suitable labelled | 2 1 2
container, gloves to be worn.

Scoring Criteria for Likelihood (chance of the hazard causing a problem)

0 — Zero to extremely unlikely, 1 — Very Unlikely, 2 — Unlikely, 3 — Likely, 4 — Very Likely, 5 —

Almost certain to happen

Scoring Criteria for Severity of injury (or illness) resulting from the hazard

0 — No injury, 1 — First Aid is adequate, 2 — Minor injury, 3 — "Three day" injury, 4 — Major

injury, 5 — Fatality or disabling injury

10. Source(s) of information used to complete the above

11. Further Action

Highest
Level of Risk

Action to be taken

Score
0to5[X No further action needed
6to11 [ ] Appropriate additional control measures should be implemented
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12 to 25[ ]

Additional control measures MUST be implemented. Work MUST NOT
commence until such measures are in place. If work has already started it must

STOP until adequate control measures are in place.

12. Additional Control Measures — Likelihood and Severity are the values with the
additional controls in place

Work Activity /
Item of s
. Hazard and Additional Controls | ., .. .
E:I:gdmuergt / Existing Control needed to Reduce I('(')kte(:'gc)md (S: \;sr;_’t)y :i?:f | of
. Measures Risk
Physical
Location

After the implementation of new control measures the procedure/activity should be re-assessed
to ensure that the level of risk has been reduced as required.

13. Action in the Event of an Accident or Emergency

Report to supervisor / manager and emergency shutdown of apparatus, switch off power and
close all gas valves.

14. Arrangements for Monitoring the Effectiveness of Control

Ad-hoc visual checks and regular inspection of equipment and procedures.
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Appendix B:

N> physical adsorption analysis:
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Figure B.1: Multi-Point BET linear plot, t-plot curve and BJH pore size distribution for
(a) BC2, (b) BC3, (c) BC4, (d) CC and (e) HC, respectively.
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Appendix C: Standard deviations of proximate and ultimate analysis

Proximate analysis (wt.%, d)

Ultimate analysis (wt.%, d, daf)

Sample = A FCo C H 0° N S
BCI 0.2 0.39 0.53 0.6 005 093 029  0.004
BC2  0.16 0.04 0.14 0.3 005 029  0.04 0.001
BC3  0.22 0.3 0.14 0.1 001 007 005 0.036
BC4 2.0 0.54 1.58 0.9 003 065 022 004
cC 0.16 1.1 1.32 0.8 001 013  0.05 0.001
HC 0.63 0.47 0.49 013 00 016  0.03 0.016
BCIHCI 1.1 0.01 1.1 0.02 005 008  0.005 -
HCHCl  0.83 0.03 0.81 017 001 023  0.06 0.0
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Appendix D: MATLAB code for fitting kinetic models (VM, GM and RPM) to

experimental conversion data under isothermal CO; gasification:

$ Volumetric model (VM)
clc

clear
M=xlsread('BClfitting.xlsx', "Sheetd'); %$input data for gasification at
900°C.
y1=M(:,1);x1=M(:,2);
plot(xl,yl,'s','Color’

, 00
0], 'MarkerEdgeColor', 'g'

, 'MarkerSize',8, '"MarkerFaceColor','g")

hold on
M=xlsread('BClfitting.xlsx', 'Sheetb5'); %input data for gasification at
950°C.

y2=M(:,1);x2=M(:,2);
plot(x2,y2,'o','Color', [0 O
0], "MarkerEdgeColor', 'r', '"MarkerSize', 8, '"MarkerFaceColor', 'r'")
hold on
M=xlsread('BClfitting.xlsx', 'Sheet6'); %$input data for gasification at
1000°C.
y3=M(:,1);x3=M(:,2);
plot (x3,y3,"'"",'Color', [0 O
0], '"MarkerEdgeColor', 'b', '"MarkerSize', 8, "MarkerFaceColor', 'b")
hold on
ft=inline('l-exp(-al(1l)./10000*x1)"','al"', "'x1");
al=nlinfit(xl,yl,£ft,[0.001]); Sinitial guess for reaction rate
constant>0.
n=length(yl) ;yll=zeros(n,1l);
for i=1:n
y11l(i,1)=1l-exp(-al(1l)/10000*x1(i,1));
end
%1
s 1=0;s 2=0;
for i=1:n-1
s 1=s 1+yl(i,1)"2;
s 2=s 2+(yll(i,1)-y1(i,1))"2;
end
Rl=(s 1-s 2)/s 1

Q

o

ft=inline('l-exp(-a2(1)./10000*x2)"','a2','x2");
az=nlinfit(x2,y2,£ft,[0.001]); %S$initial guess for reaction rate
constant>0.
n=length(y2);y22=zeros(n,1);
for i=1:n
y22 (i, 1)=1l-exp(-a2(1)/10000*x2(1i,1));
end
%2
s 2=0;
for i=1l:n-1
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s 2=s 2+(y22(i,1)-y2(i,1))"2;
end
R2=(s_1-s 2)/s 1
ft=inline ('l-exp(-a3(1)./10000*x3)"','al3", "x3");
a3=nlinfit (x3,y3,ft,[0.001]); %$initial guess for reaction rate
constant>0.
n=length(y3),;y33=zeros(n,1);
for i=1:n
y33(i,1)=1-exp(-a3(1)/10000*x3(i, 1))
end
%3
s 2=0;
for i=1l:n-1
s 2=s 2+(y33(i,1)-y3(i,1))"2;
end
R3=(s 1-s 2)/s 1
plot(x1l,vyll, 'k',x2,y22,"'k"',x3,y33,"'k', 'LineWidth', 2)
xlabel ('Time (s) ")
ylabel ('Conversion (X))
legend('900°C','950°C','1000°C','VM', "Location', 'SouthEast")

% Grain model model (GMM)

clc

clear

M=xlsread('BClfitting.xlsx', 'Sheetd'); %$input data for gasification at
900°C.

yl1=M(:,1);x1=M(:,2);
plot(xl,yl,'s','Color'

, 00
0], 'MarkerEdgeColor', 'g'

, '"MarkerSize', 8, "MarkerFaceColor','g")

hold on
M=xlsread('BClfitting.xlsx', 'Sheetb'); %input data for gasification at
950°C.

y2=M(:,1);x2=M(:,2);

plot (x2,y2,'o"','Color', [0 O

0], '"MarkerEdgeColor', 'r', '"MarkerSize', 8, "MarkerFaceColor','r")
hold on

M=xlsread('BClfitting.xlsx', "Sheet6'); %input data for gasification at
1000°C.

y3=M(:,1);x3=M(:,2);

plot (x3,y3,"'"",'Color', [0 O

0], '"MarkerEdgeColor', 'b', '"MarkerSize', 8, "MarkerFaceColor', 'b")
hold on

ft=inline('l-(1-al(1l)./10000*x1./3).73"','al','x1l");
al=nlinfit(x1l,y1l,ft,[0.001]); %$initial guess for reaction rate
constant>0.

n=length(yl);yll=zeros(n,1);

for i=1:n
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y11(i,1)=1-(1-al(1)/10000*x1(i,1)./3)"3;

yl(i,1))"2;

ft=inline('1-(1-a2(1)./10000*x2./3).73",'a2"','x2");
az=nlinfit(x2,y2,ft, [0.001]); %initial guess for reaction rate
constant>0.
n=length (y2);y22=zeros(n,1);
for i=1:n
y22(i,1)=1-(1-a2(1)/10000*x2(i,1)./3)"3;
end
%2
s 2=0;
for i=1:n-1
s 2=s 2+(y22(i,1)-y2(i,1))"2;
end
R2=(s 1-s 2)/s 1

o

ft=inline('1-(1-a3(1)./10000*x3./3).73","'a3"', 'x3");
a3=nlinfit(x3,y3,ft,[0.001]); %$initial guess for reaction rate
constant>0.
n=length (y3);y33=zeros(n,1l);
for i=1:n
y33(i,1)=1-(1-a3(1)/10000*x3(i,1)./3)"3;
end
%3
s 2=0;
for i=1:n-1
s 2=s 2+(y33(i,1)-y3(i, 1))"2;
end
R3=(s _1-s 2)/s 1

plot(x1,yll, 'k',x2,y22,"'k"',x3,y33,'k', 'LineWidth',2)

xlabel ("Time (s) ")

ylabel ('Conversion (X))

legend('900°C', '950°C','1000°C"','GM', 'Location', 'SouthEast")

Q

% Random pore model (RPM)
clc
clear

M=xlsread('BClfitting.xlsx', 'Sheetd'); S%S$input data for gasification

%900°C.
yl=M(:,1);x1=M(:,2);
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plot(xl,yl,'s','Color',
0], 'MarkerEdgeColor', 'g
hold on

[0 O
', 'MarkerSize', 8, '"MarkerFaceColor','g")

M=xlsread ('BClfitting.xlsx', 'Sheetb'); %input data for gasification at
950°C.

y2=M(:,1);x2=M(:,2);

plot(x2,y2,'o','Color', [0 O

0], "MarkerEdgeColor', 'r', '"MarkerSize', 8, '"MarkerFaceColor', 'r'")

hold on

M=xlsread('BClfitting.xlsx', '"Sheet6'); %input data for gasification at

1000°C.

y3=M(:,1);x3=M(:,2);

plot (x3,y3,"'"",'Color', [0 O

0], "MarkerEdgeColor', 'b', '"MarkerSize', 8, '"MarkerFaceColor', 'b'")

hold on

ft=inline('l-exp (-

al(l)./10000*x1.*(1+al(1l)./10000*x1.*1/4))"','al','x1");

al=nlinfit(x1l,yl,ft, [0.001,1]); %initial guess for reaction rate

constant and structural parameter>0.

n=length(yl);yll=zeros(n,1);

for i=1:n
y11(i,1)=1l-exp(-al(l)/10000*x1(i,1)*(1+al(1)/10000*x1(i,1)*1/4));

i,1)72;
1(1, l)_yl (1,1))"2;

ft=inline('l-exp (-

a2 (1) ./10000*x2.* (1+a2 (1) ./10000*x2.*1/4))","'a2"','x2");

az2=nlinfit(x2,vy2,ft,[0.001,1]); %initial guess for reaction rate

constant and structural parameter>0.

n=length (y2);y22=zeros(n,1l);

for i=1:n
y22(i,1)=1-exp(-a2(1)/10000*x2(i,1)*(1+a2(1)/10000*x2(i,1)*1/4));

end

%2

s 2=0;

for i=1l:n-1

S 2=s 2+(y22(i,1)-y2(i,1))"2;

end

R2=(s 1-s 2)/s 1

o\°
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ft=inline('l-exp (-

a3(1l)./10000*x3.* (1+a3(1)./10000*x3.*1/4))"','a3"','x3");

a3=nlinfit(x3,y3,ft,[0.001,1]); %initial guess for reaction rate

constant and structural parameter>0.

n=length(y3),;y33=zeros(n,1);

for i=1:n
y33(i,1)=1-exp(-a3(1l)/10000*x3(i,1)*(1+a3(1)/10000*x3(i,1)*1/4));

end

%3

s 2=0;

for i=1l:n-1

s 2=s 2+(y33(i,1)-y3(i,1))"2;
end

R3=(s_1-s 2)/s 1

plot(x1l,vyll, 'k',x2,y22,"'k"',x3,y33,"'k', 'LineWidth', 2)

xlabel ('Time(s) ")

ylabel ('Conversion (X))
legend('900°C','950°C','1000°C"', '"RPM', "Location', 'SouthEast"')
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Appendix E: Standard deviations of non-isothermal gasification parameters of

different chars at different heating rates:

Sample Heating Ti Tm Tt DTG dx/dtmax  dXx/dtmean S Mash
rate
(°C/min) (°C) (°C) (°C)  (wt.%/min) (min') (min?) (%)
BC1 5 1.10 0.06 0.69 0.01 2.4E-05 8.5E-07 4.0E-15 0.37
10 1.13 2,51 1.66 0.10 1.9e-03 1.7E-06 7.8E-14 0.93
15 1.12 5.17 4.84 0.20 3.1E-03 3.8E-06 1.5E-13 0.47
BC2 5 1.13 397 3.92 0.25 3.1E-03 3.4E-06 5.8E-14 0.71
10 0.13 0.88 0.88 0.30 3.4E-03 6.9E-18 9.8E-14 0.11
15 1.91 453 2.63 0.09 1.5E-03 3.8E-06 1.7E-14 0.43
BC3 5 9.44 166 5.89 0.10 1.0E-03 3.9E-18 2.7E-14 4.01
10 3.69 1.07 0.49 0.06 1.1E-04 1.7E-06 1.9E-14 1.16
15 1.10 1.73 2.37 0.06 1.0E-03 1.4E-17 1.8E-14 0.11
BC4 5 1.31 0.22 1.54 0.02 5.5E-05 8.5E-07 2.2E-15 0.47
10 0.67 0.70 1.74 0.02 4.3E-04 1.7E-06 1.2E-14 0.04
15 0.26 1.36 0.32 0.03 9.7E-04 6.9E-18 4.4E-14 0.44
CC 5 49 4.15 0.26 0.02 3.0E-03 2.2E-18 3.4E-14 0.22
10 0.7 142 0.15 0.11 1.1E-02 1.0E-05 1.6E-13 0.87
15 11.8 1.51 0.60 0.97 1.6E-02 4.7E-05 2.7E-13 5.73
HC 5 3.12 12.25 2.57 0.07 2.0E-03 1.6E-06 3.1E-14 1.06
10 0.35 0.20 4.79 0.10 2.0E-03 9.7E-06 8.0E-14 2.53
15 1.88 0.23 5.15 0.04 2.3E-03 3.8E-06 1.6E-13 0.89
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Appendix F: MATLAB code for fitting kinetic models (VM, GM and RPM) to
experimental gasification reaction rate data under non-isothermal CO:
gasification:

%% Kinetic study for non-isothermal CO, gasification (reaction rate) %%
% Load Data

clc

clear

data = readmatrix('data.xlsx', 'Sheet', 'BC3');

% Extract columns for each heating rate

1 = data(:, 1); X1 = data(:, 2); dxdtl = data(:, 3);
T2 = data(:, 4); X2 = data(:, 5); dxdt2 = data(:, 06);
T3 data(:, 7); X3 = data(:, 8); dxdt3 = data(:, 9);

H

[o)

% Define a function to clean data and adjust X wvalues
clean and adjust data = @(T, X, dxdt) deal(
T(T >0 & X > 0 & dxdt > 0),

o\

Keep valid T

min (max (X(T > 0 & X > 0 & dxdt > 0), 0), 1), ... % Cap X to
[0,1]

dxdt(T > 0 & X >= 0 & dxdt > 0)); % Keep valid
dx/dt
% Clean and adjust data for each heating rate
[T1, X1, dxdtl] = clean and adjust data(Tl, X1, dxdtl);
[T2, X2, dxdt2] = clean and adjust data (T2, X2, dxdt2);
[T3, X3, dxdt3] = clean and adjust data (T3, X3, dxdt3);

% Add end points to ensure smooth curves

add zero point = @(T, X, dxdt) deal([T; T(end)], [X; 1], [dxdt; 0]);
[T1, X1, dxdtl] = add zero point(T1l, X1, dxdtl);
[ )
[ )

4

T2, X2, dxdt2] add zero point (T2, X2, dxdt2
T3, X3, dxdt3] add zero point (T3, X3, dxdt3

4

Q

% Combine data for global fitting
all T = [T1; T2; T3];
all X = [X1; X2; X3];
all dxdt = [dxdtl; dxdt2; dxdt3];

Define the universal gas constant
= 8.314; % J/ (mol*K)

I oe

\

% Define the Random Pore Model (RPM)
rpm model = @ (params, X, T)
params (1) .* exp(-params(2) ./ (R .* T)) .* .
(1 - X) .* sgrt(max (0, 1 - params(3) .* log(max(le-6, 1 - X))));

% Define the Volumetric Model (VM)
vm _model = @ (params, X, T)
params (1) .* exp(-params(2) ./ (R .* T)) .* (1 - X);



% Define the Grain Model (GM)

gm model = @(params, X, T)
params (1) .* exp(-params(2) ./ (R .* T)) .* (1 - X)."(2/3);

% Initial guesses for parameters

initial params rpm = [le7, 170000, 0.1];

initial params vm = [le5, 150000];

initial params gm = [le5, 200000];

o°

[AO, E, psi] for RPM
[AO vm, E vm] for VM
[AO gm, E gm] for GM

o°

o°

[o)

% Optimization options
options = optimset('Display', 'iter', 'TolFun', le-9, 'TolX', 1le-9,
'MaxIter', 5000);

% Perform global fitting for RPM

disp('Performing Global Fitting for RPM...');
[params rpm, ~] = lsqgcurvefit (@ (params, X) rpm model (params, X,
all T), ...initial params rpm, all X, all dxdt, [], [], options);

% Perform global fitting for VM

disp('Performing Global Fitting for VM...');
[params vm, ~] = lsqgcurvefit (@ (params, X) vm model (params, X, all T),
initial params vm, all X, all dxdt, [], [], options);

% Perform global fitting for GM
disp('Performing Global Fitting for GM...');
[params gm, ~] = lsgcurvefit (@ (params, X) gm model (params, X, all T),

initial params gm, all X, all dxdt, [], [], options);

% Calculate R? for RPM

fitted dxdt rpm = rpm model (params rpm, all X, all T);
SS res rpm = sum((all dxdt - fitted dxdt rpm)."2);
SS_tot rpm = sum((all dxdt - mean(all dxdt))."2);

R2 rpm = 1 - (SS res rpm / SS tot rpm);

% Calculate R? for VM

fitted dxdt vm = vm model (params vm, all X, all T);
SS res vm = sum((all dxdt - fitted dxdt vm)."2);
SS_tot vm = sum((all dxdt - mean(all dxdt)).”2);

R2 vm = 1 - (SS res vm / SS _tot vm);

% Calculate R? for GM

fitted dxdt gm = gm model (params gm, all X, all T);
SS res gm = sum((all dxdt - fitted dxdt gm)."2);
SS_tot gm = sum((all dxdt - mean(all dxdt)).”2);

R2 gm = 1 - (SS res gm / SS tot gm);

[o)

% Calculate Deviation (DEV) Function
calculate deviation = @(dxdt exp, dxdt calc) 100 * sgrt (mean ((dxdt exp
- dxdt calc).”2)) / max(dxdt exp);
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% Calculate DEV for each model

dev_rpm = calculate deviation(all dxdt, fitted dxdt rpm);
dev_vm = calculate deviation(all dxdt, fitted dxdt wvm);

dev_gm = calculate deviation(all dxdt, fitted dxdt gm);

% Display Final Results with Optimized Parameters, R?, and DEV
fprintf ('\nFinal Results:\n');

fprintf ('\nGlobal Optimized Parameters for RPM:\n');

fprintf ('A0: %.3e 1/min\n', params_rpm(l));

fprintf ('E: $.3f J/mol (%.3f kJ/mol)\n', params rpm(2), params_rpm(2)
/ 1000) ;

fprintf ('psi: %.3f\n', params_rpm(3));
fprintf ('Global Fit R2? (RPM): %.4f\n', R2 rpm) ;
fprintf ('DEV (RPM): %.4f%%\n', dev_rpm) ;

fprintf ('\nGlobal Optimized Parameters for VM:\n');

fprintf ('A0 vm: %.3e 1/min\n', params vm(l));

fprintf ('E vm: $.3f J/mol (%.3f kJ/mol)\n', params vm(2), params vm(2)
/ 1000) ;

fprintf ('Global Fit R? (VM): %.4f\n', R2 vm);

fprintf ('DEV (VM) : $.4£%%\n', dev _vm);

fprintf ('\nGlobal Optimized Parameters for GM:\n');

fprintf ('A0 gm: %.3e 1/min\n', params gm(l));

fprintf ('E gm: %.3f J/mol (%.3f kJ/mol)\n', params gm(2), params gm(2)
/ 1000);

fprintf ('Global Fit R? (GM): %.4f\n', R2 gm);

fprintf ('DEV (GM) : %.4£%%\n', dev _gm);

% Plot the experimental vs. fitted data for all heating rates
figure;

% Plot Experimental Data and Model Fittings
% Define a step size for skipping data points
step = 10; % Plot every 5th point (adjust this value as needed)

% Heating Rate 1 (5°C/min)
scatter (X1 (l:step:end), dxdtl(l:step:end), 36, [0.5, 0, 0],
'filled','o', 'DisplayName', '5°C/min');

hold on;

plot (X1, rpm model (params_rpm, X1, T1), 'k-', 'LineWidth', 1.5,
'DisplayName', '');

plot (X1, vm model (params vm, X1, T1l), 'k--', 'LineWidth', 1.5,
'DisplayName', '');

plot (X1, gm model (params gm, X1, T1l), 'k-.', 'LineWidth', 1.5,
'DisplayName', ''");

% Heating Rate 2 (10°C/min)

scatter (X2 (l:step:end), dxdt2(l:step:end), 36, [1, O,
0],'filled','o', 'DisplayName', '10°C/min'");
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plot (X2, rpm model (params_rpm, X2, T2), 'k-', 'LineWidth', 1.5,
'DisplayName', 'RPM');
plot (X2, vm model (params vm, X2, T2), 'k--', 'LineWidth', 1.5,
'DisplayName', 'VM');
plot (X2, gm model (params gm, X2, T2), 'k-.', 'LineWidth',6 1.5,
'DisplayName', 'GM');

% Heating Rate 3 (15°C/min)

scatter (X3 (l:step:end), dxdt3(l:step:end), 36, [0.2, 0.4, 1],
"filled','o', 'DisplayName', '15°C/min'");

plot (X3, rpm model (params_rpm, X3, T3), 'k-', 'LineWidth', 1.5,

'DisplayName', '');
plot (X3, vm model (params vm, X3, T3), 'k--', 'LineWidth', 1.5,
'DisplayName', ''");

plot (X3, gm model (params gm, X3, T3), 'k-.', 'LineWidth', 1.5,
'DisplayName', '');
% Customize Legend
legend({'5°C/min"', "', '', ',
'lO°C/mj_n', ll, ll, ll, .
'15°C/min', 'RPM', 'VM', 'GM'},
'Location', 'Best');

% Add Labels, legend

xlabel ('Conversion (X)', 'FontWeight', 'bold');
ylabel ('dx/dt (min~-1)', 'FontWeight', 'bold');
grid off;

% Set y-axis limit

ylim ([0 0.1371);

yticks ([0 0.02 0.04 0.06 0.08 0.10 0.12 0.14]);
box on;

% Add text at a desired position

text (0.1, 0.12, '"(c)', 'FontSize', 14, 'FontWeight', 'bold'); % Adjust
the position as needed

% Customize frame thickness and axis appearance
ax = gca; % Get current axes

ax.FontSize = 12; %Set font size for ticks

% Convert temperature from K to °C

T1 C = T1 - 273.15;
T2 C = T2 - 273.15;
T3 C = T3 - 273.15;

% Define a step size for skipping data points
step = 10; % Plot every 10th point (adjust this value as needed)

% Plot dx/dt vs T (in °C) for each heating rate with model fits
figure;
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% Heating Rate 1 (5°C/min)
scatter (Tl C(l:step:end), dxdtl(l:step:end), 36, [0.5, 0, 0],
'filled','o', 'DisplayName', '5°C/min');

hold on;

plot (Tl C, rpm model (params rpm, X1, Tl), 'k-', 'LineWidth', 1.5,
'DisplayName', '');

plot (Tl C, vm model (params vm, X1, T1), 'k--', 'LineWidth', 1.5,
'DisplayName', '');

plot (Tl C, gm model (params gm, X1, T1), 'k-.', 'LineWidth', 1.5,
'DisplayName', '');

% Heating Rate 2 (10°C/min)

scatter (T2 C(l:step:end), dxdt2(l:step:end), 36, [1, O,
0],'filled','o', 'DisplayName', '10°C/min'");

plot (T2 C, rpm model (params rpm, X2, T2), 'k-', 'LineWidth', 1.5,
'DisplayName', '');

plot (T2 C, vm model (params vm, X2, T2), 'k--', 'LineWidth', 1.5,
'DisplayName', '');

plot (T2 C, gm model (params gm, X2, T2), 'k-.', 'LineWidth', 1.5,
'DisplayName', '');

% Heating Rate 3 (15°C/min)

scatter (T3 C(l:step:end), dxdt3(l:step:end), 36, [0.2, 0.4, 1],
"filled','o', 'DisplayName', '15°C/min'");

plot (T3 C, rpm model (params rpm, X3, T3), 'k-', 'LineWidth', 1.5,

'DisplayName', '');
plot (T3 _C, vm model (params vm, X3, T3), 'k--', 'LineWidth', 1.5,
'DisplayName', '');

plot (T3 _C, gm model (params gm, X3, T3), 'k-.', 'LineWidth', 1.5,
'DisplayName', '');
% Customize Legend
legend({'5°C/min"', "', '', '",
'10°C/min', "', "', "', ...
'15°C/min', 'RPM', 'VM', 'GM'},
'Location', 'Best');
% Add labels, legend
xlabel ('Temperature (°C)', 'FontWeight', 'bold');
ylabel ('dx/dt (min~-1)', 'FontWeight', 'bold');
legend('Location', 'Best');

% Set x-axis limits to 400°C to 1100°C
x1im ([400, 11001]);

grid off;

box on;

Q

% Add text at a desired position

text (500, 0.08, '(c)', 'FontSize', 14, 'FontWeight', 'bold'); % Adjust

the position as needed

% Customize frame thickness and axis appearance

ax = gca; % Get current axes
ax.FontSize = 12; %Set font size for ticks
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Appendix G: MATLAB code for fitting kinetic models (VM, GM and RPM) to
experimental conversion data under non-isothermal CO gasification:

%% Kinetic study for non-isothermal CO2 gasification (conversion)%%%
% Load Data

clc

clear

data = readmatrix('dataz2.xlsx', 'Sheet', 'BC3');

% Extract relevant columns for each heating rate
T 5K = data(:,1) ;

X exp 5K = data(:,2);

T 10K = data(:,4) ;

X exp 10K = data(:,5);

T 15K = data(:,7) ;

X exp 15K = data(:,8);

% Ensure experimental conversion values do not exceed 1
X exp 5K = min (X exp 5K, 1);

X exp 10K = min(X exp 10K, 1);

X exp 15K = min(X exp 15K, 1);

% Flip experimental conversion

X exp 5K flipped = 1 - X exp 5K;

X exp 10K flipped = 1 - X exp 10K;
X exp 15K flipped 1 - X exp 15K;

Q

% Kinetic parameters for RPM, VM, and GM

A0 RPM = data(1l,10); E RPM = data(l,11); psi RPM = data(l,12);
A0 VM data(1,13); E VM = data(1l,14);

A0 GM = data(l,15); E GM = data(l,16);

R = 8.314; % Universal gas constant in J/mol/K

[o)

% Define RPM model for Conversion X
RPM model = @(T, TO, A0 _RPM, E RPM, psi RPM, beta)

1 - max(0,exp(-(A0_ RPM .* (R .* T."”2) ./ (beta .* E RPM) .* exp(-
E RPM ./ (R .* T))))

.* max(0, 1 + (A0O_RPM .* psi RPM ./ 4) .* (R .* T.”2) ./ (beta .*
E RPM) .* exp(-E RPM ./ (R .* T))));
% Define VM model for Conversion X
VM model = @(T, TO, A0 VM, E VM, beta)

1 - max(0,exp(-A0_VM .* (R .* T."2) ./ (beta .* E VM) .* exp(-E VM
/(R GXT))))
% Define GM model for Conversion X
GM model = @(T, TO, A0 GM, E GM, beta)

1 - max(0, (1 - AOGM .* (R .* T."2) ./ (3 * beta .* E GM) .*
exp(-E GM ./ (R .* T))))."3;

[o)

% Define heating rates (beta) in K/min
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beta 5K = 5;
beta 10K = 10;
beta 15K = 15;

[o)

% Initial temperatures (TO0) in Celsius
TO 5K = data(l,3);
TO 10K = data(l,6);
TO 15K = data(1l,9);

% Calculate X for RPM model and flip the wvalues

X_RPM 5K = RPM model (T 5K, TO 5K, A0 RPM, E RPM, psi RPM, beta 5K);
X_RPM 10K = RPM model (T 10K, TO 10K, A0 RPM, E RPM, psi RPM,

beta 10K);

X_RPM 15K = RPM model (T 15K, TO 15K, A0 RPM, E RPM, psi RPM,

beta 15K);

X_RPM 5K flipped = 1 - X RPM 5K;

X_RPM 10K flipped = 1 - X RPM 10K;

X_RPM 15K flipped = 1 - X RPM 15K;

% Calculate X for VM model and flip the values

VM 5K = VM model (T 5K, TO 5K, A0 VM, E VM, beta 5K);

VM 10K = VM model (T 10K, TO 10K, A0 VM, E VM, beta 10K);
VM 15K = VM model (T 15K, TO 15K, A0 VM, E VM, beta 15K);
X _VM 5K flipped = 1 - X VM 5K;

X VM 10K _flipped = 1 - X VM 10K;

X VM 15K flipped 1 - X VM 15K;

X
X
X

% Calculate X for GM model and flip the values
X GM 5K = GM model (T 5K, TO 5K, A0 GM, E GM, beta 5K);

X GM 10K = GM model(T 10K, TO 10K, A0 GM, E GM, beta 10K);
X GM 15K = GM model (T 15K, TO 15K, A0 GM, E GM, beta 15K);
X GM 5K flipped = 1 - X GM 5K;

X GM 10K flipped = 1 - X GM 10K;

X GM 15K flipped = 1 - X GM 15K;

% Convert temperatures to Celsius for plotting
T 5K C = T 5K - 273.15;

T 10K C =T 10K - 273.15;

T 15K C = T 15K - 273.15;

% Plot Experimental and Calculated Conversion
figure;

% Define a step size for skipping data points
step = 10; % Plot every 10th point (adjust this value as needed)

% Plot 5 K/min

scatter (T 5K C(l:step:end), X exp 5K flipped(l:step:end), 36, [0.5, O,
0], 'filled', 'o', 'DisplayName', 'Exp (5 °C/min)");

hold on;

plot (T 5K C, X RPM 5K flipped, 'k-', 'LineWidth', 1.5, 'DisplayName',
'RPM (5 °C/min) ") ;
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plot (T 5K C, X VM 5K flipped, 'k--', 'LineWidth', 1.5, 'DisplayName',
VM (5 °C/min) ') ;

plot (T 5K C, X GM 5K flipped, 'k-.', 'LineWidth', 1.5, 'DisplayName',
'GM (5 °C/min) ") ;

% Plot 10 K/min

scatter (T 10K C(l:step:end), X exp 10K flipped(l:step:end), 36, [1l, O,
0], 'filled', 'o', 'DisplayName', 'Exp (10 °C/min)"'");

plot (T 10K C, X RPM 10K flipped, 'k-', 'LineWidth', 1.5,
'DisplayName', 'RPM (10°C/min)"');

plot (T 10K C, X VM 10K flipped, 'k--', 'LineWidth', 1.5,
'DisplayName', 'VM (10 °C/min)");

plot (T 10K C, X GM 10K flipped, 'k-.', 'LineWidth', 1.5,
'DisplayName', 'GM (10 °C/min)");

% Plot 15 K/min
scatter (T 15K C(l:step:end), X exp 15K flipped(l:step:end), 36, [0.2,
0.4, 1], 'filled', 'o', 'DisplayName', 'Exp (15 °C/min)');
plot (T 15K C, X RPM 15K flipped, 'k-', 'LineWidth', 1.5,
'DisplayName', 'RPM (15 °C/min)"');
plot (T 15K C, X VM 15K flipped, 'k--', 'LineWidth', 1.5,
'DisplayName', 'VM (15 °C/min)"');
plot (T 15K C, X GM 15K flipped, 'k-.', 'LineWidth', 1.5,
'DisplayName', 'GM (15 °C/min)'");
% Customize Legend
legend({'5°C/min', '', "', '",
'10°C/min', "', ', "', ...
'15°C/min', 'RPM', 'VM', 'GM'},
'Location', 'Best');
% Customize plot
xlabel ('Temperature (°C)', 'FontWeight', 'bold');
ylabel ('Conversion (X)', 'FontWeight', 'bold'");
ylim ([0 17]);
legend('Location', 'Best');
grid off;
% Set y-axis limit
ylim ([0 1.21);
box on;
% Add text at a desired position
text (1000, 1, '"(c)', 'FontSize', 14, 'FontWeight', 'bold'); % Adjust
the position as needed

% Customize frame thickness and axis appearance

ax = gca; % Get current axes
ax.FontSize = 12; %Set font size for ticks

Q

% Adjust Y-axis tick labels to reverse direction

yticks ([0 0.2 0.4 0.6 0.8 1]); % Set consistent ticks
yticklabels({'1', '0.8', '0.6', '0.4', '0.2', '0'}); % Reverse tick
labels

% Set x-axis limits to 400°C to 1100°C

x1im([400, 1100]);
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