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Abstract

The rising levels of carbon dioxide emissions stemming from the combustion of fossil fuels
necessitate immediate attention to implement sustainable energy solutions. Hydrogen as a fuel,
holds significant potential for establishing CO»-neutral systems, and the utilization of microwave
pyrolysis of methane is emerging as an innovative and promising approach in this regard. In
contrast to conventional hydrogen production methods that generate CO» by products, the
microwave-driven methane pyrolysis process exclusively yields solid carbon and hydrogen gas as
its byproducts. To enhance our understanding of this technique and its scalability, it is essential to

explore the microwave characteristics of the carbon used and generated during this process.

This thesis provides fundamental insights into the microwave heating behaviour of solid carbon
and how it translates to cracking of methane into hydrogen. We investigated the microwave
properties of two carbon samples (seed carbon; SC and product carbon; PC) from microwave-
driven pyrolysis of methane. We employed cavity perturbation technique from room temperature
to 1250°C across frequencies 0f 397,912, 1429, 1948, and 2467 MHz. Thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and X-ray diffraction (XRD) analysis were
conducted for further insight. SC exhibited an initial permittivity decline up to 200°C due to
moisture release, confirmed by TGA/DSC showing a 5% mass loss from 100-155°C.
Subsequently, permittivity peaked and then decreased due to high conductivity. PC displayed
fluctuating permittivities but maintained consistent values. PC, generated at elevated temperatures,
showed no moisture loss in TGA/DSC. These findings indicate that the microwaves can penetrate
and heat both the samples uniformly across their entire volume, resulting in efficient heating. SC
had higher permittivity, making it more responsive to microwaves, but its potential for thermal

runaway in microwave-driven pyrolysis applications is a concern. XRD analysis revealed that both
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SC and PC had amorphous carbon structures, with PC showing some signs of graphitization. Both
carbons can serve as effective microwave heat carriers in methane pyrolysis, potentially

eliminating the need for costly catalysts and enabling a self-sufficient process.

While microwave pyrolysis of methane has proven to be effective in producing a substantial
quantity of hydrogen, the reactor's fluidization process is of paramount importance. Therefore, the
second part of the thesis further reviewed the diverse comminution behaviours observed in
fluidized reactors concerning carbon materials. This study is essential for understanding the actual
combustion rate, thermal efficiency, and particle size distribution of carbonaceous solids during
fluidized bed combustion. Factors such as porosity, particle size, volatile content, and bed

temperature heavily influence particle fragmentation.

The outcomes of this thesis will play a significant role in improving the efficiency and efficacy of
microwave pyrolysis of methane and its associated applications, thereby advancing the path

towards a more sustainable and economically viable energy solution.
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Chapter 1
Introduction and Outline

1.1 Overview

The increase in global population along with rapid urbanization of developing nations has led to a
rise in energy demand. Fossil fuels are projected to be the main energy source for the next two
decades, this however, will result in increased CO> emissions in the atmosphere thereby causing
global warming [1]. To meet the goals of the Paris agreement and to prevent a climate catastrophe
due to anthropogenic emissions, it is imperative to decarbonize the primary energy sources by
transitioning to clean, sustainable and renewable energy. Among the different alternate sources,
hydrogen as a clean fuel is a promising substitute to the traditional fossil fuels. Not only does it
have the features of a long term clean and safe energy carrier, but it also has highest energy per
unit [2]. Hydrogen can be used with high efficiency, and possesses the properties of being versatile,

inexhaustible, convenient, and independent from foreign control [3].

Hydrogen can be produced using different technologies, feedstocks, and pathways. The benchmark
process to produce hydrogen is steam reforming of methane, followed by water-gas shift reaction
to generate more hydrogen. This process ultimately yields a large amount of CO; as one of the
final products which has a negative impact on the environment [4]. Other conventional methods
such as coal gasification, hydrocarbon reforming, water electrolysis, molten metal catalysis and

plasma arc tube are too expensive [5].

Our research group has recently developed a novel method for hydrogen production using
microwave pyrolysis that involves the removal of CO; from the loop, resulting in the formation of
solid carbon and hydrogen. This approach shows great promise; however, it is crucial to gain a
comprehensive understanding of the microwave properties associated with this carbon material.

1



By investigating the microwave characteristics, we can further evaluate the potential applications

of this carbon and optimize its utilization.

1.2 Objective

The objective of this work was to investigate the microwave properties of the seed carbon used

and product carbon generated during microwave-driven pyrolysis of methane.

1.3 Hypothesis

The sole by-product of the methane molecule during microwave pyrolysis is solid carbon material,
which is produced in significant quantities. This emphasizes the importance of conducting a
thorough examination of this material. Carbon solids posses excellent microwave absorbing
properties, thus allowing them to participate in reactions in the form of heating media, or indirectly
heat microwave transparent materials. Accurate measurement of microwave properties of carbon
such as real and imaginary permittivity, loss tangent and penetration depth are essential for the
development of a microwave technology. Knowledge of complex permittivities as a function of
temperature and frequency is crucial for comprehending the material behaviour in microwave
field, and also to regulate heating behaviour. This information is necessary for scaling up process
and designing industrial systems. The hypothesis is that carbon produced during microwave
pyrolysis of methane can be used as a microwave carrier which will transfer heat to methane gas,

thereby removing the need for expensive catalysts and making the process self sufficient.

1.4 Thesis outline

This thesis has been written in the form of chapters and the structure of this thesis is as follows:

Chapter 1 provides a general overview of the thesis and defines the objectives.



Chapter 2 conducts a literature review on hydrogen as a fuel, exploring various production

pathways, explaining the fundamentals of microwave and microwave heating involving carbon.

Chapter 3 presents the findings of microwave heating behaviour of the carbon used and generated

during microwave-driven methane pyrolysis.

Chapter 4 presents the review of different comminution processes of carbon materials observed in

fluidized bed reactor as used in the microwave methane pyrolysis.

Chapter 5 presents the conclusions and recommendations from this work.



Chapter 2
Literature Review

2.1 Introduction

In recent years, there has been a significant rise in CO» emissions, resulting in the greenhouse
effect. Approximately 20% of the global thermal absorption can be attributed to CO; alone. The
burning of fossil fuels is the main cause of this anthropogenic gas and is responsible for the largest
share of greenhouse gas emissions [6]. Over the past 50 years, CO; emissions have accounted for
approximately 80% in the US and 87% in Canada [7]. The increasing global population is driving
up the demand for energy, which in turn will lead to a higher production of COz since fossil fuels
are expected to remain the primary energy source for the next two decades. Hence, there is an

urgent need to develop an energy source that is CO2 neutral [1].

Hydrogen is a promising substitute to the traditional fossil fuels. It offers the advantages of being
a long-term, clean, and secure energy carrier, while also having the highest energy density per unit
[8]. Additionally, hydrogen exhibits high efficiency in its utilization and possesses versatile
qualities, being both abundant and convenient, while also being independent of foreign control [3].
One of the significant benefits of hydrogen is its potential to significantly decrease CO2 emissions

and minimize other pollutants that arise from the combustion of fossil fuels [9].

2.2 Hydrogen production methods

The primary method for hydrogen production involves the steam reforming of methane, followed
by the water-gas shift reaction, which generates additional hydrogen. Unfortunately, this process
results in the production of a significant amount of CO> as one of the end products [10].
Additionally, the hydrogen produced through this process requires further purification, leading to

the presence of substantial amounts of CO> in the stream [11].



Other conventional techniques for hydrogen productions are either considered costly as in coal
gasification, water electrolysis, molten metal catalysis, and plasma arc tube [1] or generate low
hydrogen quantity [12]. Catalytic pyrolysis of methane is yet another method, however, it has a

major disadvantage as the catalyst used is deactivated by carbon surface deposits [13].

Recently, a novel method called microwave pyrolysis of methane has emerged as an innovative
approach that serves two objectives simultaneously: the production of clean hydrogen fuel and the
capture of carbon that would otherwise be released as CO> during combustion [14]. This method
entails exposing natural gas to microwave radiation and utilizing microwave carriers, such as
carbon, to facilitate heat transfer to the gas [15]. Consequently, the process yields gaseous

hydrogen and solid carbon as products.

The following section gives an overview of various methods used for hydrogen production, with

a concise summary provided in Table 2.1.



Table 2.1. Hydrogen generation technologies. Reproduced from [2].

Production Method Feedstock Efficiency Maturity
Steam reforming Hydrocarbons 70-85% Commercial
Partial oxidation Hydrocarbons 60-75% Commercial
Autothermal reforming Hydrocarbons 60-75% Near term
Plasma reforming Hydrocarbons 9-85%%* Long term
Biomass gasification Biomass 35-50% Commercial
Aqueous phase reforming Carbohydrates 35-55% Medium term
Electrolysis H>0 + electricity 50-70% Commercial
Photolysis H>O + sunlight 0.5%%* Long term
Thermochemical water

H>O + heat - Long term

splitting

*Hydrogen purification not included



2.2.1 Steam reforming

Steam reforming of natural gas is a widely adopted method in industries [3], accounting for
approximately 40% of hydrogen production [12]. However, this process is associated with the
highest air emissions [4]. Figure 2.1 illustrates the key processing steps involved in a steam
reforming unit. The process entails two main steps. In the first step, hydrocarbon raw materials are
mixed with steam and introduced into a catalytic reactor to generate syngas. To prevent catalyst
deactivation, these raw materials must be free of sulphur, which can be achieved through a
desulfurization process [2], [3]. The feedstock can include light hydrocarbons like natural gas and
naphtha, as well as biogas or methanol [12]. Subsequently, the gas product is directed into a carbon
monoxide catalytic converter, where steam transforms CO into carbon dioxide and hydrogen
through the water gas shift reaction [2], [3]. Catalysts utilized in this process can be categorized
into non-precious metals, such as nickel, or precious metals, like platinum or rhodium-based [4].
The primary reactions occurring during steam reforming of natural gas are represented by the

following equations [3]:

CH, + H,0 < CO + 3H, AH o = 206.4KJ/mol  (2.1)
CoHypyy + 1H,0 — nCO + (21 + 1)H, AH®»osr > 0 2.2)
CO + H20 Ld COZ + HZ AH0298K = _412 k]/mol (2.3)



Flue gas Steam

Feed Hydrogen
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tailgas

Steam

Figure 2. 1. Steam Reforming Plan Diagram. Adapted from [12].

2.2.2 Partial oxidation

Partial oxidation is a non-catalytic process that involves the gasification of raw materials using
oxygen in an exothermic reaction, eliminating the need for external heat [2], [3]. This process
yields hydrogen at a higher rate than steam methane reforming, but with a lower overall hydrogen
output [12]. The most commonly used feedstocks for partial oxidation are heavy residual oils or
coal. When the fuel is combined with oxygen, it undergoes conversion into H,, CO, and CO», as
illustrated in Figure 2.2. The primary steps of this process include gasification, cooling and
cleaning of syngas, shifting of syngas, and ultimately the purification of hydrogen [12]. To reduce
processing temperatures, catalysts can be introduced in a process known as catalytic partial
oxidation. This reaction occurs within a temperature range of 1300—1500°C and a pressure range

of 3—8 MPa, ensuring complete conversion and minimizing carbon or soot formation [4].

The equation for partial oxidation is as following [5]:

CH, + %02 - 2H, + CO AH®;98x = —43.6 kJ/mol 24
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Figure 2. 2. Partial Oxidation Process. Adapted from [12].

2.2.3 Autothermal reforming

Autothermal reforming is a process that combines the steps of partial oxidation or catalytic partial
oxidation with the addition of steam. This addition of steam supplies the necessary heat to drive
the reforming process [3], [4]. By combining both steam reforming (endothermic) and partial
oxidation (exothermic) processes, this method becomes self-sustaining and does not require any
external heat. As a result, autothermal reforming is simpler and more cost-effective compared to

traditional steam reforming of methane [2].

2.2.4 Plasma reforming

Plasma reforming shares similar overall reactions with conventional reforming. However, in this
process, plasma serves as the source of energy and generates free radicals through heat or
electricity. Injecting steam into the fuel leads to the creation of radicals and electrons, creating

conditions for reductive and oxidative reactions to occur [2]. Compared to conventional reforming,
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plasma reforming offers numerous advantages, including lower costs, reduced catalyst
deterioration, fewer limitations on hydrogen production from heavy hydrocarbons, and the ability

to operate at lower temperatures [4].

2.2.5 Conventional pyrolysis

In pyrolysis of methane, hydrogen and carbon are produced in the absence of oxygen. Carbon
monoxide and carbon dioxide are not formed, hence, there is no need for secondary reactions like
water gas shift or partial oxidation. This method also results in lesser emissions as solid carbon
and hydrogen are the only two products. Fuel flexibility, simplicity and compactness, and clean
carbon by-products are some of the advantages of this process [2]. Methane pyrolysis has been
categorized into 3 main groups namely, thermal decomposition, plasma decomposition and

catalytic decomposition [16], as shown in Figure 2.3.
The following reaction takes place in methane pyrolysis:

CH,(g) » 2H,(g) + C(s) (2.5
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Figure 2. 3. Methane decomposition methods. Adapted with permission from [16]. Copyright

2020 John Wiley and Sons.

Thermal decomposition of methane demands reaction temperatures above 1000°C [17]. When
process heat is supplied through the reactor walls, it causes soot deposition on hot surfaces, leading

to operational disruptions and heat transfer decline [16], [18].

Plasma decomposition utilizes a plasma torch to generate high local energy densities and
temperatures, reaching up to 2000°C. The actual plasma torch faces significant technical

limitations, including cooling, electrode wear, and carbon deposits [16].

Catalytic decomposition usually exhibits favourable reaction and conversion rates even at
temperatures below 1000°C [16]. However, it has a major drawback as the catalyst used becomes
deactivated due to carbon surface deposits, necessitating the burning off of these deposits to restore

the catalyst's original activity. This regeneration process generates CO> as a by-product [19].
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2.2.6 Microwave pyrolysis

Microwave pyrolysis of methane converts natural gas directly into hydrogen and solid carbon,
thus, there is no need for carbon capture and storage. This process is also environmentally friendly
as there are zero carbon emissions [15]. Additionally, this process does not require the use of high
alloy reactor materials, expensive catalysts, and desulfurization of the feedstock [20]. Assuming
cheap natural gas accessibility, this method has the potential to produce hydrogen at a reasonable
cost [16]. Therefore, it results in not only less pollution but also gives higher efficiencies [21].
Studies have shown that microwave-assisted pyrolysis of methane shows greater conversion rates
when microwave power was increased, and when methane flow was reduced [20]. Furthermore,
methane conversions are more significant compared to conventional heating at temperatures less

than or equal to 800°C [22].

Numerous studies have been conducted investigating the use of microwave plasmas for methane
pyrolysis, with a specific emphasis on nanocarbon production [23], [24], [25], [26], [27]. Juda et
al. attained a 90% conversion rate without a catalyst, but needed significant amounts of nitrogen
to stabilize the plasma, leading to a diluted product stream [23]. On the other hand, Medvedev et
al., utilized a Ni catalyst bed and achieved a conversion rate of 40—80%. However, the formation

of solid carbon destabilized the microwave torch [24], [25], [26], [27].

In another study, Zeng et al. conducted microwave pyrolysis of methane at temperatures between
1300 K and 1400 K to produce carbon nanospheres and carbon nanotubes in absence of a catalyst.
Although hydrogen production was not mentioned, it is worth noting that they employed a

commercial carbon composite as a microwave susceptor [28].

In other literature, catalytic properties of carbon materials were employed to facilitate the

microwave decomposition of methane at lower temperatures. However, the presence of the carbon
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product resulted in the deactivation of the catalyst, blockage of the packed-bed reactors, and a

considerable decrease in methane conversion over time [20], [22].

Recently, a new technique to produce hydrogen via microwave-induced methane pyrolysis has
emerged [15]. This technology, as shown in Figure 2.4, involves subjecting natural gas to
microwave radiation. This process entails exposing activated carbon (known as seed carbon; SC)
to microwaves, serving as a microwave receptor to heat methane gas up to temperatures of 1200°C
and convert it into pure hydrogen gas and solid carbon. The resulting product carbon (PC) could

function as a microwave receptor, sustaining the methane pyrolysis process.

Microwave pyrolysis of methane has demonstrated its ability to yield a high amount of hydrogen,
but the fluidization process is crucial within the reactor [15]. During fluidization, carbon particles
inside the reactor undergo comminution, a process of breaking down or reducing particle size. The
diverse comminution behaviours observed in fluidized reactors concerning carbon materials have

been comprehensively summarized in a review paper presented as chapter 4 of this thesis.
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Figure 2. 4. Schematic diagram depicting microwave-driven methane pyrolysis. Adapted with

permission from [15]. Copyright 2023 Elsevier.

2.3 Fundamentals of Microwave Heating

Microwaves, as a form of electromagnetic radiation, encompass a wide frequency range between
300 MHz to 300 GHz, occupying the spectrum between infrared and radio frequencies [29]. In
North America, specific frequencies have been approved for microwave applications, with 915
MHz designated for industrial use and 2450 MHz for domestic purposes [30]. Microwave heating
has several advantages over conventional heating such as faster heating rate, selective non-contact
heating, direct volumetric heating, clean energy source, uniform heating, quick start up and shut
down, easy automation, and cost efficiency [29], [30], [31], [32]. Such benefits of microwaves

have enabled them to be applied in different technological and scientific fields [32].
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Microwave heating of materials stands apart from conventional heating methods due to the

fundamental distinction in the heat transfer mechanism, as depicted in Figure 2.5. Conventional
heating relies on heat transfer through conduction, convection, and radiation, with heat moving
from the hotter external surface to the cooler core region of the material. Conversely, microwave
heating operates by directly absorbing electromagnetic energy within the material, leading to heat
generation from within. As a result, heat transfer occurs from the hotter internal region to the cooler

outer surfaces of the material during microwave heating processes [33].

Microwave Heating Conventional Heating

Heatflow

Figure 2. 5. Illustration of temperature gradient and heat transfer from microwave and
conventional heating methods. Adapted with permission from [31]. Copyright 2023 Royal

Society of Chemistry.

Microwave interaction depends on the nature of material (conductors, insulators and dielectric
materials) and degree of interaction [31]. Generally, materials can either reflect, transmit, or absorb

microwaves [30], [34]. For instance, metals, being opaque materials, act as excellent reflectors and
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are not heated by microwaves as they simply bounce off from their surface [31], [34]. Transparent

materials like quartz can transmit microwaves when it passes through them without causing any
substantial change due to microwave interaction [34]. On the contrary, materials that can absorb
microwaves, such as polar liquids, are referred to as microwave absorbers and can instantly
produce heat [31], [32]. They exhibit a diverse range of properties, encompassing both conductive
and insulating characteristics. These materials are commonly known as lossy dielectrics or high
dielectric loss materials due to their propensity to efficiently absorb electromagnetic energy and
convert it into heat [35]. Microwave heating is based on the principle that a material absorbs
microwave energy and changes it into heat. Different types of materials and their interactions with

microwave radiation is shown in Figure 2.6.

Absorption Transmission

Absorbing materials Transparent materials

Reflection Scattering

RN

Opaque materials

Figure 2. 6. Microwave interaction with different materials. Adapted with permission from [35].
Copyright 2011 John Wiley and Sons.
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The mechanism of microwave heating differs between solutions and solids [29]. In liquids or

solutions, two main interactions take place: dipolar rotation and ionic conduction [34]. In dipolar
rotation, the molecules with dipole moments align themselves with the changing microwave field,
causing friction and collisions that result in heating [36]. In contrast, ionic conduction involves the

movement of ions through the solution, driven by the microwave field, which generates heat [36].

In solids, particularly those electron-rich materials lacking freely movable dipoles (e.g., carbon
materials), heating occurs through the motion of electrons via Joule current within the grain or
phase boundaries [29], [36]. Unlike liquids, solid materials rely on electron motion for heat

generation in response to the microwave field.

2.3.1 Dielectric Polarization

When microwaves interact with a dielectric material, they cause the charged particles within the
material to shift from their average equilibrium positions. This phenomenon gives rise to different

types of polarization, each characterized by distinct mechanisms (Figure 2.7) [29], [30], [37]:

1. Electronic polarization occurs due to the displacement of electrons around the nuclei of atoms
within the dielectric material. As the microwave field interacts with the electrons, they experience

a net displacement, leading to polarization effects.

2. Atomic or ionic polarization results from the displacement of atomic nuclei within the dielectric.
This displacement arises from the non-uniform distribution of charge during the formation of

molecules, causing the atoms to respond to the microwave field.

3. Dipolar or orientation polarization is observed in polar dielectrics containing permanent dipoles.
Here, polarization occurs through the reorientation of these dipoles. The microwave field induces
alignment changes in the permanent dipoles, leading to polarization of the material.
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4. Interfacial or spatial charge (also known as Maxwell-Wagner polarization) arises when free
electrons accumulate at the grain or phase boundaries or surfaces of the dielectric material. The

microwave field induces the movement of these free electrons, resulting in polarization effects.
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Figure 2. 7. Different polarization mechanisms. Adapted with permissions from [35]. Copyright

2011 John Wiley and Sons.

2.3.2 Microwave Properties

The microwave field undergoes continuous fluctuations in both direction and magnitude over time,
consequently leading to a corresponding variability in the polarization of materials. This
polarization response arises from the concerted efforts of ions or dipoles within the material to
realign themselves with the frequency of the incident electromagnetic wave [31]. However, this
reorientation process experiences a delay known as the relaxation time, which represents the time
required for dipole rotation to occur. When the frequency of the microwave is raised, the rotational
capability of dipoles fails to match the rapid alterations in the electric field, further exacerbating
the disparity between the two phenomena. As a result, the polarization suffers from a lag phase in

relation to the electric field [29]. This intricate interplay between the dynamic microwave field,

18



the material's polarization, and the concept of relaxation time serves as a fundamental aspect of

electromagnetic interactions.

It is crucial to have a comprehensive understanding of parameters dictating the dielectric properties
of a material. These parameters are crucial for microwave heating [31]. During the process of
heating dielectric materials, it is commonly assumed that the magnetic field's contribution to
microwave absorption is negligible. Instead, microwave absorption and subsequent heating
predominantly occur due to the electric field's effects on the dielectric properties of the material

[33].

Permittivity is a fundamental property that exerts a significant influence on microwave interaction,
governing the dielectric response of materials [38]. Therefore, permittivity is described in terms
of relative complex permittivity, denoting the ratio of a material's complex permittivity to the

permittivity of free space [38]:

*

er(w) =¢r(w) —je'"r(w) = gle) e'(w) — je"(w) (2.6)

&

where o is radial frequency, ¢*(w) 1s relative complex permittivity, ¢ *(w) is complex permittivity,
g0 is the permittivity of free space with a constant value of 8.854 x107'2 F/m, &',(w) is relative real
permittivity, &'(w) is real permittivity, ¢"(w) is relative imaginary permittivity, ¢”(c) is imaginary

permittivity and j = V-1.

The real permittivity, also known as the dielectric constant, measures the ability of a material to
store electrical energy from the applied electromagnetic field, where as the imaginary permittivity,
referred to as the dielectric loss factor, measures the ability of a material to dissipate microwave

energy in the form of heat [30]. A high loss factor indicates that the material will absorb microwave
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and heat readily, while a low loss factor means the material is microwave transparent, exhibiting

minimal absorption [38].

Once the permittivities are calculated, then the loss tangent (tan 6) can be derived, representing the
ability of a material to absorb microwave radiation [31]. Loss tangent conveys the relationship
between real and imaginary permittivity. This term refers to the angle (loss angle) the material
deviates from the electric field. The combined real and imaginary components constitute the
complex permittivity, with the loss angle defined as being between the electric field and the
complex permittivity. This loss tangent can be used to quantify the proportion of stored energy
that dissipates during each cycle of field oscillation [39]. The loss tangent is given by the ratio of

imaginary permittivity to real permittivity:

tans = = Q@.7

&' (w)

Optimum microwave energy coupling is observed in materials with high imaginary permittivity

and moderate real permittivity [32], and hence they heat best in response to microwave [30].

Another parameter that can be determined from permittivities is the penetration depth (Dp), defined
as the distance from the surface of the material at which the power reduces to 1/e from its actual
value at the surface [37], or in other words half-power penetration depth which is the depth at
which the incident power is dropped by one half [30]. Penetration depth holds significant
importance when it comes to designing and scaling up a microwave heating system [40], and is
given by the following equation:

D, = (A—) {[1 + (tans)?]/2 — 1} /2 2.8)

2m(2") /2
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where A, is the incident wavelength. The penetration depth increases with increasing wavelength

and decreases with increasing frequency and loss tangent. At low frequencies, penetration depth
is higher but the actual amount of heat developed may not be substantial enough provided the
intensity of the internal field is less [30]. Bulk heating is seen when the material size is close to the
penetration depth [38]. When penetration depth is smaller than the material size, uniform heating
is not observed as most of the heating occurs only at the surface and internal heating takes place
via conduction [36]. Materials which are highly conductive, like metals with high real and
imaginary permittivities values, are technically lossy or high loss material and have low
penetration depth, thus the microwaves are reflected [30], [38]. In contrast, materials with low loss
factors are microwave transparent and exhibit a higher penetration depth [38].Such materials
almost completely transmit microwaves with minimal energy loss [41]. For effective microwave
heating of the processing substance, the penetration depth should be comparable to the sample

dimensions [41].

The dielectric properties of materials exhibit variability concerning temperature and frequency, as
well as in response to factors such as purity, chemical state, and the specific manufacturing process
employed [33]. Microwave properties such as penetration depth, permittivities and loss tangent
determine if the material is a microwave absorber. Thus, these characteristics should be closely

examined before selecting materials for such purposes [31].

2.4 Microwave heating involving carbon

Carbon materials are good microwave absorbers. They heat up when irradiated by microwaves,
and can be used to heat other materials indirectly, or act as a catalyst and microwave receptors
[32]. The dielectric loss tangents of various carbons are provided in Table 2.2. Notably, the loss

tangents of the majority of carbon materials, with the exception of coal, exceed the loss tangent of

21



distilled water (0.118 at 2.45 GHz and 298 K). This highlights the significantly higher capability

of carbon materials to absorb and convert microwave energy into heat compared to distilled water
[32], [42]. However, in carbon materials like graphite, the reflective nature of the highly-ordered
n—m conjugated structure restricts the efficient absorption of microwave energy and affects the

overall heating performance of these materials [36].

Table 2. 1: Dielectric loss tangents for different carbon materials at frequency of 2.45 GHz and

room temperature. Reproduced with permission from [32]. Copyright 2010 Elsevier.

Carbon material tand References
Coal 0.02-0.08 [39], [43]
Carbon foam 0.05-0.20 [44]

Charcoal 0.11-0.29 [45], [46]
Carbon black 0.35-0.83 [47], [48]
Activated carbon 0.57-0.80 [46], [49], [50]
Activated carbon* 0.22-2.95 [51]

Carbon nanotube 0.25-1.14 [52], [53]

CSi nanofibres 0.58-1.00 [54]

* Activated carbon at a mean temperature of 398 K.
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2.5 Microwave heating mechanism in carbon

Electron-rich solids, like carbon materials with m-electrons, have been extensively studied in the
context of microwave heating [55]. A prevailing hypothesis in the field suggests that interfacial
polarization (Maxwell-Wagner-Sillars polarization) serves as the primary mechanism during
microwave heating of solid carbon [55]. In carbon materials, the close conduction and valence
bands facilitate the free movement of m-electrons, and the electric field component of microwaves
can accelerate their motion [36], [56], [57]. Microwave-induced currents align in phase with the
electromagnetic field, but since electrons cannot synchronize with the changing phase of the
electric field, energy is dissipated in the form of heat in Maxwell-Wagner polarization [32], [58],

[59].

However, a comprehensive assessment of the dielectric loss factor conducted across a broader
range of parameters have shown that this type of polarization is indeed insufficient to fully explain
the microwave heating mechanism in solid carbons [55]. While microwave heating of solutions
primarily relies on the dipole rotation of polar solvent molecules, carbon materials which lack
freely rotating dipoles, employ electron motion as the predominant heat-generating mechanism.
This occurs through Joule heating in the grain or arc generation at phase boundaries [29]. This
model of Joule heating is based on the classical theory that localized heat is produced due to the
collision of free electrons with carbon atoms. This model finds significant support from numerous
experiments and serves as an additional explanation for the heating mechanism involving carbon
[36]. Moreover, carbon materials exhibit semiconducting characteristics attributed to the presence
of delocalized m-electrons in the graphitic region, further contributing to Joule heating during

microwave interactions [29].
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Notably, microwave heating proves highly efficient and selective as microwave energy is
predominantly absorbed by carbon material which is not the case in heating of solutions [29].
During microwave interaction, other intriguing phenomena can also take place, including an
increase in electron kinetic energy, resulting in sparking and ionization in the surrounding medium,
leading to plasma formation [29], [31], [32]. The different interactions which a solid carbon

undergoes with a microwave radiation is depicted in Figure 2.8.
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Figure 2. 8. Illustration of prevalent interaction mechanisms between a modern carbon and

microwave field. Adapted with permission from [36]. Copyright 2021 Elsevier.

2.6 Carbon as a microwave receptor
Carbon materials exhibit a wide range of microwave absorption characteristics due to their

outstanding thermal, mechanical, and electrical properties. Their diverse microwave absorption
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capability allows them to actively participate in reactions, serving as heating media, hotspots or

arc plasma generators [36]. The widespread usability of carbon materials is attributed to their
affordability, ready availability in various textures, sizes, and forms [32]. In this manner, they can
serve as intermediaries for heating materials that do not readily absorb microwaves (or are
essentially microwave transparent), thus acting as microwave receptors to achieve indirect heating
[32]. Carbon materials, thus, contribute to the reduction of time and energy consumption in

synthetic processes [31], [60], [61].

Carbon as microwave receptors have been employed in processes such as biomass, oil shale, coal,
glycerol and various organic waste pyrolysis [31], [32], [62], [63], [64]. Typically, these materials
are not efficient microwave absorbers, making it challenging to directly heat them to the high

temperatures required for complete pyrolysis [32].

Carbon materials have also been effectively used in soil remediation processes to remove organic
pollutants [32]. The successful application of graphite fibers as microwave receptors in
microwave-assisted extraction has been demonstrated for extracting contaminants from soils,
rivers, and marine sediments [65]. Similarly, microwave-induced thermal treatments utilizing
granular activated carbon as a microwave absorber have been utilized to reach suitable temperature

for soil decontamination [32], [66].
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Chapter 3
Investigating the microwave properties of carbon materials from
microwave-driven methane pyrolysis!

3.1 Introduction

In recent years, the global community has witnessed a significant and concerning surge in CO;
emissions, leading to the intensification of the greenhouse effect and posing a grave threat to the
Earth's climate system. Scientific studies have determined that CO> alone accounts for
approximately 20% of thermal absorption, making it a significant driver of the observed warming
patterns [6]. The combustion of fossil fuels emerges as the primary source of anthropogenic CO»

emissions, standing as the largest contributor to the overall greenhouse gas supply [7].

The continuous growth of the global population has resulted in an increasing demand for energy,
which further exacerbates CO; emissions and adds to the environmental challenges we face [1].
This rise in energy consumption is driven by various factors, including industrialization,
urbanization, and improvements in living standards across the world. As a consequence, there is a
pressing need to explore and implement alternative energy solutions that can effectively mitigate
CO» emissions and reduce the environmental impact associated with traditional fossil fuel usage.
Despite the growing awareness of the need to transit to cleaner energy sources, fossil fuels are
projected to remain the primary energy source for the next two decades. This projection is
primarily attributed to their widespread availability and existing infrastructure, which makes the

shift to alternative energy sources a complex and challenging task [1]. However, it is imperative

1A version of this chapter has been published in Carbon Trends Journal and appears as: Manzoor, S., Wani, O. B., &

Bobicki, E. R. (2024). Investigating the microwave properties of carbon materials from microwave-driven methane
pyrolysis. Carbon Trends, 100326.
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that we address the urgent need for the development and implementation of CO> -neutral energy

alternatives.

In this pursuit, hydrogen has emerged as a highly promising alternative. Its viability is rooted in a
range of desirable characteristics, including high efficiency, versatility, an inexhaustible supply,
convenience, and independence from foreign control [3]. By harnessing hydrogen as a clean fuel
source, substantial reductions in CO; emissions and other harmful pollutants resulting from the
combustion of fossil fuels can be achieved [9]. However, the current benchmark process for
hydrogen production, known as steam reforming of methane followed by the water-gas shift
reaction, presents a significant challenge due to the substantial CO2 by-product generated in the
process [10]. Although the produced hydrogen can be utilized as a clean fuel, the associated CO>
emissions pose environmental concerns. As a result, alternative hydrogen production processes
have garnered significant interest. These processes aim to address the limitations of the steam
reforming method by either reducing CO> emissions or improving hydrogen yields. However,
alternative hydrogen production processes face their own set of challenges. Some processes that
aim to minimize CO; emissions tend to be cost-prohibitive due to the additional infrastructure
required for capturing and storing the CO> [1]. Catalytic pyrolysis of methane is yet another
method, however, it has a major disadvantage as the catalyst used is deactivated by carbon surface
deposits, which need to be burned to restore the original catalytic activity, thus generating CO- as
a by-product [19]. Other methods, such as biomass gasification or electrolysis, while offering
potential for CO; reduction, often have lower hydrogen yields and are still in the early stages of

development, making them less economically viable at present [12].

Recently, microwave pyrolysis of methane has emerged as an innovative approach for achieving

dual objectives: the production of clean hydrogen fuel and the capture of carbon that would
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otherwise be emitted as CO; during combustion [14], [15], [67]. This method involves subjecting
natural gas to microwave radiation while utilizing microwave carriers (like carbon) to facilitate
heat transfer to the gas. As a result, gaseous hydrogen and solid carbon are produced [15]. It is
noteworthy that the solid carbon component accounts for up to 75% of the resulting product's mass
in methane pyrolysis, highlighting the need for a comprehensive analysis to gain deeper insights
into the process [14]. One notable advantage of carbon materials in this context is their excellent
microwave absorbing properties. This characteristic enables their participation in reactions as
heating media or indirectly heating microwave-transparent materials [32]. To further advance the
development and widespread implementation of microwave pyrolysis technology, it is crucial to
accurately measure the microwave properties of carbon. These properties encompass real and
imaginary permittivity, loss tangent, and half-power penetration depth. The aforementioned
properties not only contribute to establishing heating characteristics of material but are also
observed to be influenced by factors like frequency, temperature, material type, and so on. Real
permittivity or dielectric constant (&') governs the efficiency of energy storage in materials when
exposed to an electric field, while imaginary permittivity or dielectric loss factor (¢") determines

the extent to which a material dissipates stored energy as heat [30].
The following equation gives the relative complex permittivity, &*r(ew) with j = V-1.
e'r(w) = &' (w) — je"(w) 3.1

The loss tangent and half-power penetration depth are defined in Equations 3.2 and 3.3 [31], [37].
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Where w is the angular frequency and 4, is the microwave wavelength in free space.

Understanding the complex permittivity of materials is of utmost importance in comprehending
their behaviour within a microwave field and regulating heating characteristics. This knowledge
plays a vital role in scaling up processes and designing efficient industrial systems [38]. It is
essential to have information about the permittivities as a function of both temperature and
frequency. While a particular microwave application might use a single frequency, understanding
the frequency dependency is crucial for characterizing the relaxation processes in the material.
Moreover, having knowledge of the permittivities can aid in selecting the most suitable operating
frequency for the treatment process or industrial application [30], [38]. Additionally, it can also
provide valuable insights into material conductivity, polarity, relaxation processes, and resonant

behaviour, enabling a deeper understanding of their properties [38].

The present work investigates the microwave properties of carbon (seed carbon; SC and product
carbon; PC) from room temperature to 1250°C as well as thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC) and X-ray diffraction (XRD) of the samples to better

explain the permittivity results.

3.2 Methods and Materials

3.2.1 Materials

The materials utilized in this study consisted of two carbon samples, out of which one is a
commercially available activated carbon sample and the other is obtained from microwave-driven
methane pyrolysis experiments conducted at the University of Toronto [68]. The first sample,
referred to as seed carbon (SC), served as the precursor activated carbon derived from bituminous

coal. The second sample, known as product carbon (PC), comprised the carbon particles produced
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as the end product of the pyrolysis process. To facilitate testing, both samples were used in the
form of loose powder with particle sizes ranging from 250 to 600 um. In addition to the carbon
samples, graphite flakes in the same particle range were also included in the thermal analysis for
comparative purposes. SC was assessed for moisture content (4.6 wt.%), volatile matter (3.6
wt.%), ash (1.5 wt.%) and fixed carbon (90.3 wt.%) using a TA Instruments Discovery
thermogravimetric analyzer, and for total sulfur (0.154 wt. %) using strong mineral acid block
digestion followed by ICP-OES (inductively coupled plasma-optical emission spectroscopy). PC
was not assessed for this as it is produced from natural gas and will be completely free of moisture
and ash. When exposed to temperatures of 1250°C, it will undergo complete conversion into fixed

carbon (98.50%) [ 14] with no remaining volatile matter.

3.2.2 Thermal Analysis

Thermal properties of ground seed carbon (SC), product carbon (PC), and graphite samples, such
as thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was performed
using a Netzsch STA 409 PC/PG instrument at Brockhouse Institute for Materials Research
(BIMR) Thermal Lab, Hamilton, ON, Canada. The samples of 126-147 g mass were carefully
placed in alundum crucibles and subjected to a controlled heating process from room temperature
up to 1250°C at a heating rate of 10°C/min. To maintain a neutral environment during the analysis,
argon gas was employed at a flow rate of 20 mL/min. This experimental setup facilitated the
simultaneous monitoring of both heat flow and mass loss of the samples as the temperature

increased.

3.2.3 Permittivity measurements
The real and imaginary permittivities of the samples were determined using the cavity perturbation

technique at Microwave Properties North (MPN), Deep River, ON, Canada [69], [70]. This
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technique is based on quantitatively assessing the effect of sample, along with sample holder, on
a precisely defined electric field within a cavity across various frequencies and temperatures [38].
Figure 3.1 shows the diagram for cavity perturbation technique. The effect of empty sample holder
is assessed under identical conditions and subtracted from the overall measurements. These
changes are recorded as a function of temperature, frequency, and elapsed time. By analyzing the
obtained data, the two-component complex dielectric constant was determined, specifically the

real and imaginary permittivities (¢’ and €"), in relation to frequency and temperature.

The permittivity measurements were conducted under a flow of 5 standard cubic centimeters per
minute of ultra-high purity argon gas, spanning from room temperature to 1250°C in increments
of 50°C at frequencies of 397, 912, 1429, 1948 and 2467 MHz. This temperature was chosen as
methane was observed to reach a 90% conversion at 1216°C [15]. Measurements were also
recorded as the temperature was reduced in increments of 50°C, returning to 100°C and then to
room temperature. To replicate the conditions of carbon used in methane pyrolysis experiments,
loose powder form with particle sizes ranging from 250 to 600 pm was utilized instead of pressed
pellets in the cavity perturbation technique. A "flow-through" holder was employed, incorporating
a porous quartz frit inserted against the base (Figure 3.2a). The argon gas was directed to flow
through the frit and the powder sample. Initially, the gas flow bypassed the frit edges, resulting in
significant activity and bouncing of the powder with low flows of approximately 10 standard cubic
centimeters per minute of argon. To address this issue, a plug was positioned at the top of the
holder, ensuring a secure mechanical fit (Figure 3.2b). This adjustment successfully altered the

flow patterns, achieving a stable state for the powder, free from disturbances.
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Figure 3. 2. a) Initial SC on frit in holder b) SC in holder with plug.

3.2.4 X-ray Diffraction Analysis

The X-ray diffraction (XRD) patterns of SC, PC and graphite flakes were acquired using a Bruker
D8 Advance diffractometer. Cu-Ka radiation with a wavelength (1) of 1.5418 A was employed
for the measurements, covering a 20 range from 5° to 110°. Subsequently, Origin Lab software
was utilized to perform background removal and multipeak fitting analyses on the obtained
patterns. The resulting data included the full width at half maximum (FWHM) values and peak

positions.

To further characterize the materials, the FWHM values and peak positions were employed in the
Scherrer equation [72], [73] to calculate the lateral size (La) and stacking height (Lc) of the

samples:
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1.841

Le = Freos @ .
0.894
Le= B cos(6.) (3.5)

In the above equations, Ba and Bc correspond to the FWHM of the fitted 101 peak and 002 peak,

respectively, and 6a and Oc indicate the Bragg angles of the corresponding peaks.

3.3 Results and Discussion

3.3.1 TGA/DSC Analysis

SC, PC and graphite were tested using thermal analysis (TGA and DSC). Figure 3.3 illustrates the
change in mass and heat flow with increasing temperature from 25°C to 1250°C. SC underwent
an initial 5% mass loss with a matching endothermic peak (100-155°C) which is associated with
the loss of loosely bonded free water and volatile compounds [14]. Raw activated carbon particles
typically exhibit absorption of water vapour on their extensive surface area [14], [74], [75] which
is removed when subjected to heat at temperatures below 150°C [14]. The effective adsorption
capability of activated carbon is typically associated with its elevated specific surface area,
porosity, and pore volume [76]. Cuhadaroglu et al., found similar results with bituminous coal-
derived activated carbon that underwent a 7% mass loss up to 150°C [77]. The continued gradual
mass loss at higher temperatures is due to other volatile materials being released from the sample.
As illustrated in Table 1, it is evident that SC comprises 3.6% of volatile matter and 0.154% of
sulphur. These constituents undergo evaporation at elevated temperatures, resulting in a
corresponding reduction in mass [78]. As expected, this behaviour was not observed in either

graphite or PC samples as they are formed at methane cracking temperatures of above 1000 °C.
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Figure 3. 3. TGA and heat flow versus increasing temperature for SC, PC and graphite.

3.3.2 Microwave properties measurements

Figure 3.4 and 3.5 depict the real and imaginary permittivities of SC and PC at frequencies 397,
912, 1429, 1948 and 2467 MHz as a function of increasing temperature. Both permittivities for
each sample exhibit similar trends and were frequency dependent. In the case of SC, the
permittivities declined between room temperature to 200°C which correlates well with the mass
loss and endothermic peak seen in Figure 3.3 over this temperature range. This reduction in
permittivity is ascribed to the release of free water adsorbed by SC from atmosphere as also seen
in other literature [74]. The decrease in permittivity is linked to the elimination of the impact of
this polar species, alongside a decrease in the quantity of material available for interaction with
the electric field [30], [78]. As the temperature further increased, the permittivity values remained
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stable due to the water being completely eliminated [74]. Additionally, the removal of volatile
matter does not impact the overall permittivities significantly as volatile hydrocarbons have low
permittivity [78], [79]. The values demonstrated a rapid increase after the critical temperature was
achieved which is mostly seen in microwave-responsive materials [30]. This observation is
consistent with a previous study on microwave drying of coal [78]. The study indicated that
graphitization becomes evident at temperatures exceeding 550°C, leading to a decline in electrical
resistance as the temperature rises. As a result, the conductivity of the char starts to surge
significantly with temperature, causing a rapid escalation in permittivity. This exponential increase
is accountable for the occurrence known as thermal runaway [78]. It can be seen in Figure 3.4 that
after the permittivities reached a peak, they started to decline at very high temperatures of 860-
960°C. This phenomenon can be explained by the high conductivity observed at elevated
temperatures, leading to non-uniform electric fields within the sample, reducing penetration depth

and causing the material to exhibit reduced efficiency in absorbing microwaves [30].

Generally, at low temperatures, the frequency dependency of permittivity is very low and this is
due to electrons or ions being displaced slightly but rapidly. As the temperature increases, their
displacement increases and the permittivity as well as its dependency on frequency also increases

[30].

Although undulations are seen in the plots of PC, the permittivity remains reasonably consistent
for 912 MHz and 2467 MHz frequencies which is close to the industrial (915 MHz) and domestic
(2450 MHz) frequencies. Consistent values mean there is low probability of thermal runaway and

PC will be easy to operate in microwaves.

Overall, the permittivity values are high which implies that both samples have good absorbing

ability and are excellent microwave susceptors. Materials with a high carbon content tend to
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display greater dielectric constant values, primarily due to the substantial polarization developed
by the presence of delocalized m-electrons. These electrons move freely, leading to ionization
within the surrounding atmosphere [80], [81]. The magnitude of real permittivity values in SC is
larger than that seen in PC. This means that SC is more effectively polarized by the microwave
fields over the temperature range. Similarly, imaginary permittivity values were also greater in SC

when compared to PC.
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Figure 3. 4. Real (a) and imaginary permittivities (b) vs temperature of SC.
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Figure 3. 5. Real (a) and imaginary (b) permittivity vs temperature of PC.

The real permittivity for both samples upon heating and cooling at 2467 MHz is shown in Figure

3.6. In the case of SC, the variation that was detected during the heating phase was not observed

during the cooling phase. Rather, it maintained a relatively stable value throughout the cooling

cycle. This implies that whatever factor contributed to the changes in real permittivity upon heating

was either eliminated or irreversibly modified due to the temperature rise. In the plot for PC, the

reversible peak is evident upon cooling and remained largely unchanged.
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Figure 3. 6. Real permittivities for SC (a) and PC (b) during heating and cooling cycle.

Figure 3.7 shows loss tangent (or dissipation factor) of SC and PC which is the ratio of imaginary
permittivity to the real permittivity. It is evident that the loss tangent exhibited a resemblance to
the behaviour of the imaginary permittivity. Loss tangent indicates the ability of a material to
absorb microwaves effectively and exhibit efficient heating when exposed to it [30]. The figure
shows high values for the loss tangent, meaning that both the samples will absorb microwaves and
heat readily. SC, however, represents a material in which the imaginary permittivity and,
consequently, the loss tangent exhibit a sharp increase as the temperature rises beyond a critical
point. As a consequence, SC becomes more adept at absorbing microwave energy, leading to a
rapid temperature rise in the material. As the loss tangent also surges even further, energy
absorption can escalate exponentially and, in turn, trigger thermal runaway [82]. This phenomenon
is also explained in previous sections. Thermal runaway leads to unfavourable hot spots in
material, but it can also be deliberately harnessed to achieve rapid and efficient heating of materials
[82], [83]. However, in case of the microwave-driven pyrolysis process, thermal runaway is not

desirable. Carbon may overheat and in the presence of air may combust.
39



3.0 3.0
—a— 397.2 MHz
—=—397.2 MHz —=—911.5 MHz
251 —=—911.5 MHz 25f —=— 1429 MHz
—=— 1429 MHz —u— 1948 MHz
—=— 1948 MHz —#— 2467 MHz
20} —u— 2467 MHz 20F
) ]
s s 15}
1.0
0.5
o.u L L L L L L U.o L 1 L L L L
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Temperature (°C) Temperature (°C)

Figure 3. 7. Loss tangent vs temperature for SC (a) and PC (b).

The half-power depth for SC and PC is shown in Figure 3.8. It is the depth at which the power is
reduced by one-half and is inversely proportional to permittivities. This plot is consistent with the
permittivity plots. Effective heating of a substance can be achieved using microwaves when the
half-power depths are comparable to the dimensions of the sample [41]. The plot shows that the
half-power depth decreases with an increase in frequency. In our case, SC and PC exhibited half-
power depth in the range of 1-10 mm which is favourable to the methane pyrolysis system. This
aligns with the general observation that materials with high efficiency in converting microwave
energy to heat tend to exhibit shallow penetration depths at a fixed frequency [41]. Additionally,
this indicates that the microwaves can penetrate and heat the material evenly throughout its
volume, resulting in efficient heating. SC and PC can be used as microwave carriers during the
methane pyrolysis process, thus making the process self sufficient and eliminating the need for

expensive catalysts.
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Figure 3. 8. Half-power depth for SC (a) and PC (b) vs temperature.

3.3.3 XRD

The XRD analysis (Figure 3.9) for the samples reveal that the peaks observed at 26 = 24.8° to
26.4° correspond to the 002 reflection, while the peaks at 20 = 43° to 43.7° correspond to the 101
reflection. The second peak observed in the XRD pattern of graphite at 20 = 54.5° is attributed to
the 004 reflection. The broad diffraction peaks observed in the XRD patterns of SC and PC indicate
an amorphous carbon structure. In contrast, the peaks of graphite are sharp, indicating a crystalline

form.

The SC used in this experiment is activated carbon derived from bituminous coal. Activated carbon
typically exhibits an amorphous structure with random microcrystalline carbon fragments [84].
The presence of the two broad diffraction peaks at 20 = 24.8° and 43.7° indicates a disordered

amorphous nature.

The PC, on the other hand, has undergone heating at ~1220°C during microwave pyrolysis. As a
result, there is a shift in its 002 peak at 20 = 25.1° to the right when compared to 002 peak at 20 =

24.8° for SC. This shift, along with the narrowing of the peak width, suggests that the PC has
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undergone graphitization [14]. Previous studies have reported the graphitization of amorphous
carbon to crystalline graphite under microwave heating in the presence of a catalyst [55]. While
complete graphitization did not occur in this case, as it requires high temperatures of 3000°C, some
degree of ordered structure was achieved in the PC, as indicated by the shifted and sharpened 002
reflection peak. Lc and L, values for all samples are given in Table 3.1. The increase in these values
for PC from SC suggest that the potential existence of a crystalline structure [14]. A comprehensive

characterization of both SC and PC has been provided in our previous published work [14], [67].
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Table 3. 1. Lateral size (L.) and stacking height (L) for SC, PC, and graphite flakes.

Sample Lc¢ (nm) La(nm)
SC 1.0 4.0

PC 2.2 53
Graphite 26.1 -
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3.4 Scalability and Applications of Methane Microwave Pyrolysis

The drive towards decarbonization is gaining substantial traction across diverse industry sectors
as they embrace cleaner energy sources. Hydrogen, recognized as a promising solution for energy
supply and emissions reduction, must adhere to environmentally friendly production methods to
genuinely contribute to decarbonization. This involves capturing and storing carbon dioxide
emissions during production and utilizing electricity from clean sources. Currently, water
electrolysis stands out as a prevalent and environmentally friendly hydrogen production method.
However, industrial practices often involve using precious metals like iridium for electrodes,
rendering the process technically feasible but economically impractical [85], [86]. In contrast,
microwave methane pyrolysis, though in its early stages, presents a promising alternative. This
method generates solid carbon as a byproduct (approximately 3 kg-C/kg-H2 [15]), effectively
eliminating CO; emissions from the loop. The resulting solid carbon can be used again in the
microwave pyrolysis process [15], and can therefore serve as a cost-effective heat carrier for
methane gas, making the process economically viable compared to water electrolysis. In addition
to the major product hydrogen gas, the secondary product- solid carbon can be used in applications
such as automobile tires, battery electrodes, construction materials, carbon columns, reduction of
iron oxide etc. thereby generating additional revenue. Furthermore, results from this study have
indicated that the solid carbon generated as a byproduct has the ability to be a microwave carrier-
this means that the only cost associated would be for the initial activated carbon to start the
reaction. As the reaction progresses, the product carbon would suffice as the heat carrier and
thereby make the process sustainable in itself, eliminating the need for activated carbon or costly
catalysts thereby making the process economically feasible. The major advantage of this process
so far lies in removing the carbon dioxide from the hydrogen synthesis loop-i.e., negating any CCS

technique as the byproduct is directly solid carbon. While still in small-scale testing, this
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technology shows potential for economically efficient hydrogen production, contingent upon

methane availability and a clean electricity source.

Microwave absorbers, critical in numerous applications for efficiently converting electromagnetic
energy into heat, hinge on the dielectric loss tangent—a key parameter defining a material's
microwave energy absorption and heat generation capabilities [32]. Microwave heating, with its
distinct advantages over conventional methods, encompasses non-contact heating, rapid and
selective material heating, volumetric heating, quick start-up and stopping, interior material body

heating, and enhanced safety and automation [32], [87], [88], [89], [90].

Carbon materials, distinguished by a high dielectric loss factor, emerge as exemplary microwave
absorbers, making them well-suited for diverse applications such as soil remediation, biomass
pyrolysis, organic waste treatment, and catalytic heterogeneous reactions [32]. Various carbon
materials like charcoal, carbon black, and activated carbon, exhibiting loss tangents ranging from
0.1 to 0.8, demonstrate microwave absorption capacities comparable to or surpassing distilled
water (0.118 at 2.45 GHz and 298 K) [32]. This underscores their superiority in converting

microwave energy into heat [32], [91], [92].

Our study's outcomes reveal elevated values of both real and imaginary permittivity, along with a
high loss tangent, in both SC and PC, unequivocally validating the microwave-absorbing
properties of the carbon materials used and affirming their potential as efficient microwave
carriers. Importantly, the economic feasibility of utilizing carbon materials is highlighted by their
cost-effectiveness compared to traditional metal catalysts like nickel, iron, and cobalt. This cost
advantage, coupled with lower prices, enhanced fuel flexibility, absence of sulfur poisoning, lack
of contamination in the carbon by-product, mitigation of CO> emissions, the elimination of the

need for catalyst regeneration and the utility of carbon formed as a catalyst precursor, reinforces
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the economic viability of incorporating carbon materials in methane pyrolysis [93], [94], [95],
[96], [97], [98]. Furthermore, the intrinsic catalytic properties of carbon support its feasibility in
methane pyrolysis, eliminating the need for external catalysts and separation processes, except

during start-up operations [99], [100]

3.5 Conclusions

Microwave pyrolysis of methane has recently emerged as an innovative technique to tackle to
problem of rising CO; emissions from hydrogen fuel production. To better understand and scale
up this method, it was crucial to investigate the microwave properties of the carbon used and
generated during the process. This study focused on examining the microwave characteristics of
two carbon samples, namely seed carbon (SC), and product carbon (PC) obtained from the
microwave-driven pyrolysis of methane. The cavity perturbation technique was employed across
frequencies of 397, 912, 1429, 1948 and 2467 MHz, ranging from room temperature to 1250°C.
The results revealed that SC initially exhibited a decrease in permittivity values up to 200°C, which
can be attributed to moisture release from the sample. This observation aligns with the TGA/DSC
results, which indicated a 5% mass loss at temperatures ranging from 100°C to 155°C.
Subsequently, the permittivity gradually peaked and then started to decline due to high
conductivity. In the case of the PC, the permittivity exhibited fluctuations but remained consistent.
Since this form of carbon is generated at elevated temperatures, no moisture loss was observed in
the TGA/DSC analysis. The results demonstrate that microwaves can evenly penetrate and heat
both samples throughout their volume, resulting in effective and efficient heating. SC showed
larger magnitudes of permittivity compared to PC, indicating its more efficient response to
microwave fields. However, the possibility of thermal runaway in SC makes it less suitable for

microwave-driven methane pyrolysis process. Moreover, XRD analysis indicated that both SC and
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PC displayed structures of amorphous carbon, with PC exhibiting some signs of partial
graphitization. Overall a good agreement was observed between TGA/DSC, XRD and permittivity
tests. Results from this study suggest that the carbon produced during pyrolysis can facilitate as an

effective microwave heating carrier avoiding the requirement of expensive catalysts.

The recommendations of this study include exploring the potential applications of carbon produced
through microwave pyrolysis, particularly because of its semi-graphitic structure. Potential uses
include steelmaking, graphene production, and as anode materials in Na-ion batteries, with a focus
on thorough testing for these specific uses [101], [102]. While valuable insights have been gained
from lab-scale tests, it is imperative to replicate experiments in realistic conditions to ensure
accurate performance assessment. The use of activated carbon as the seed carbon in microwave-
driven pyrolysis prompts the need to further explore alternative, more cost-effective, and
environmentally friendly carbon sources, such as biomass, and to investigate their microwave
properties. Additionally, a technoeconomic analysis comparing carbon generated by microwave
pyrolysis to traditional carbon catalysts is essential for a comprehensive understanding of the
industrial scale economic viability. Furthermore, conducting a life cycle assessment (LCA) of
electricity used in microwave pyrolysis compared to electricity used in other hydrogen production
methods will help in evaluating the environmental impact of this heating approach. By delving
into these investigations, the efficiency of methane microwave pyrolysis and its applications can
be enhanced, contributing to progress in developing a more sustainable and economical energy

solution.
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Chapter 4
Comminution of carbon particles in a fluidized bed reactor: A
review?

4.1 Overview

Fluidized bed combustion is a popular method to convert fuel to energy owing to its fuel flexibility,
low emissions, and efficiency [103], [104]. In this process, solid particles are characterized with
fluid-like properties as they are evenly distributed and suspended in upward jets of air inside the
combustor [105]. When fuel particles such as coal enter a combustion system, they are heated up
quickly by bed materials at elevated temperatures, followed by decomposition. Internal high
pressure is created as volatile gases are produced inside the coal particles. At the same time,
impulsive forces result from the neighbouring particles while temperature gradient within the
particles give rise to thermal stress. These factors play an important role in the comminution of

coal particles [106].

Comminution phenomena, namely primary fragmentation, secondary fragmentation, percolative
fragmentation and attrition occur either side by side with each other, or with combustion process
[107]. Figure 4.1 presents the comminution phenomena in series/parallel. These phenomena create
several challenges during combustion as they impact the reliability and efficiency of the process.
The particle size distribution of fuel in bed is changed substantially which in turn affects the rate
and mechanism of fuel conversion, and heat and mass transfer coefficients. Elutriation of fine

particles from bed is another challenge due to comminution in fluidized bed combustion. This

ZA version of this chapter has been published in Minerals Engineering Journal and appears as: Manzoor, S., Tatum,
J., Wani, O. B., & Bobicki, E. R. (2023). Comminution of carbon particles in a fluidized bed reactor: A review.
Minerals Engineering, 195, 108026.
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occurs when particles get entrained in gas exit out of the reactor resulting in loss of unburnt carbon
[108]. Fines arise from three sources; original feed, devolatilization process, and fragmentation
during combustion [106]. Fines from original or monosized fuel feed are disregarded but those
generated during attrition, fragmentation, and shrinkage of coarse particles to elutriables are
considered a product of comminution [103], [106]. Such a loss of fines is detrimental to
combustion efficiency and pollution control of fluidized bed reactor [106]. In this paper coal, char,
biomass, waste derived fuels, and alternative fuels will be discussed as carbon-based fuels (Table

4.1) that experience comminution during fluidized bed combustion.

» Primary fragmentation
Secondary fragmentation
Attrition

v

Time rwa=ss b Percolative fr: entation
agm

e Combustion

Figure 4. 1. Schematic diagram showing series-parallel comminution. Adapted with permission

from [109]. Copyright 1991 Elsevier.
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Table 4. 1. Different fuels used in fluidized bed reactor.

Feedstock References

Coal and coal blends [108], [110], [111],
[112], [113], [114],
[115],[116], [117],

[118]

Alternative fuels (pre-dried [119], [120], [121]
sludges, civil wastes, and

industrial wastes)

Biomass (wood, [117],[119], [122],
agricultural wastes, [123], [124], [125],
sawdust, rice husk, and [126], [127], [128]

ground seed corn)

Limestone [129], [130], [131],

[132]
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4.2 Comminution Phenomenon

It is clear that comminution is an influential process occuring in fluidized bed reactor. A coal
particle injected in a fluidized bed experiences subsequent events in the given order: heating and
drying; devolatilization and volatile combustion; swelling and primary fragmentation; char
combustion and secondary fragmentation; and attrition [133]. Table 4.2 summarizes the impact of
different comminution phenomenon on bed of fuel particles. The different fragmentations which

a fuel particle undergoes are presented in Table 4.2:
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Table 4. 2. Impact of comminution type on the bed of fuel particles.

Comminution type Cause Product References
Primary Devolatilization, and thermal ~ Coarse [134],
stress particles, non- [135]
elutriable
Smaller [135]
fragments,
elutriable
Secondary Mechanical stress, and Coarse [130],
breakage of internal carbon particles, non- [133]
bridges elutriable
Percolative Sudden collapse of internal Fines, elutriable [103],
connectivity [136]
Fines, non- [134]
elutriable
Attrition Abrasion, chemical and Fines, elutriable [130],
thermal stress [136]
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4.2.1 Primary fragmentation

Primary fragmentation occurs immediately after a particle is introduced into a fluidized bed system
[130], and undergoes a thermal shock as the particle heats up [107]. This phenomenon is
considered to be the most crucial comminution process [137], as in case of coals or highly reactive
fuels it greatly contributes to size reduction of particles [138], [139]. Primary fragmentation is
always seen to be closely associated with devolatilization as there is build up of internal pressures
in the porous network of the particle [134] by release of volatile gases or CO, emmisions [107],
[130]. The resulting thermal stress can lead to breakage of particles into coarse or fine fragments
[130]. Basu et al. stated that coal particles break into several smaller fragments resembling parent
coal in size [133], while Litun et al. defined this fragmentation when intital particle disintergrates
into two or multiple parts [137]. Generally, primary fragmentation follows two patterns depending
on the fuel particle size and the heating rate [140]; more details of which is given in Section 4.4.1.
Fragments formed during this phase are relatively coarser compared to those from attrition [134],
[135]. However, particles at the smaller end of the fragment size distribution may be fine enough
to be categorized as elutriable [135]. It was reported that the thermal stress resulting from pressure
created during volatile evolution is larger than the mechanical stress [136]. Apart from thermal

stress, particle shrinkage also contributes to primary fragmentation [107].

4.2.2 Secondary fragmentation

Secondary fragmentation, also known as char fragmentation [136], occurs during post-
devolatilization combustion [133]. As the fuel burns, the internal carbon bridges of the
devolatilized particle weaken [136], and is not able to withstand the hydrodynamic forces [133].
This eventually results in loss or breakage of the carbon bridges connecting the region inside fuel

particle by mechanical stress, and their subsequent fragmentation [107], [135]. Contrary to primary
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fragmentation which takes place only during devolatilization, secondary fragmentation happens
throughout the char conversion time, and influences the particle size distribution and char surface
for conversion [136]. Montagnaro et al. reported that secondary fragmentation is caused by high
velocity collisions of particles with each other and with bed materials, reactor walls and grids, exit
region of the riser and in cyclone of a circulating bed [130]. Again, in this phenomenon the

fragments generated are larger in size than the attrited fines [130], [133].

4.2.3 Percolative fragmentation

Secondary fragmentation is succeeded by percolative fragmentation when char particles are greatly
weakened during advanced phases of char conversion, or when over 50% of conversion has been
completed [136]. As combustion occurs uniformly across the char body, there is sudden collapse
of internal particle connectivity [133]. This is due to pore enlargement, coalescene, porosity
reaching a critical value at the particle surface, and overlapping related to internal reactions [103],
[107], [109]. Percolative fragmentation produces multitudes of fines ranging in the elutriable size,
and whose generation rate is directly related to the carbon burning rate at the particle surface [103],
[136]. Cirone et al. argued that the fine produced in this case are not elutriable but are fairly small

to cause internal burning under chemical kitnetic control [134].

4.2.4 Attrition

Attrition produces fines that are elutriable [130] and are generally 90 pm or smaller in size [133].
Attrition occurs by abrasion mechanism [141] but it can be broadly divided into two categories;
mechanical and combustion-assisted attrition [136]. In the former, fines are abraded from the
surface of the parent particle by collisions with the bed material and the walls of reactor [107],
[134]. In the latter, attrition is caused by chemical and thermal stresses [136]. Mechanical attrition

is characterized by loss of ash layer while combustion-assisted generates fines in low reactive fuels
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[136]. Walsh et al. has defined attrition as an abrasive wear by collisions with sorbent particles
and heat transfer surface [135]. Attrition mainly impacts the fly ash and bottom ash discharges

from the reactor [136].

Realizing that the last review on this topic was written 30 years ago, and various scientific studies
have been published thereafter which have advanced the knowledge in this field. Therefore, this

paper attempts to review the literature works concerning this topic.

4.3 Experimental set-ups presented in literature
Mainly three experiments are conducted using the same setup but in three different configurations
[119], [122], [141]. They are particle fragmentation, fines elutriation rate and single particle

combustion experiment.

The main apparatus consists of a stainless-steel atmospheric bubbling fluidized combustor 40 mm
ID and 1 m high. A 2 mm thick perforated plate with 55 hole of 0.5 mm diameter is disposed in a
triangular pitch, and acts as a fluidization gas distributor. A 0.6 m high stainless-steel column,
positioned under the distributor, is filled with scrap steel to be used as a preheater. Two semi-
cylindrical 2.2 kW electric furnaces are used to heat the fluidization column and the preheating
section. Bed temperature is measured using chromel-alumel thermocouple located 40 mm above
the distributor. The temperature is kept constant using a PID controller. The freeboard is unlagged
to reduce fines post combustion. Gases are introduced to the column through two high precision
digital mass flowmeters. Irrespective of the test done, the reactor was charged with 180 g of sand

[122].
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Figure 4. 2. Experimental apparatus used in literature studies. Experimental apparatus: (A) basket
equipped configuration, (B) two-exit head configuration, and (C) open top configuration. (A) (1)
gas preheating section, (2) electrical furnaces, (3) ceramic insulator, (4) gas distributor, (5)
thermocouple, (6) fluidization column, (7) steel basket, (8) manometer, (9) digital mass
flowmeters, and (10) air dehumidifier (silica gel); (B) (1) gas preheating section, (2) electrical
furnaces, (3) ceramic insulator, (4) gas distributor, (5) thermocouple, (6) fluidization column, (7)
head with three-way valve, (8) sintered brass filters, (9) hopper, (10) scrubber, (11) stack, (12)
cellulose filter, (13) membrane pump, (14) gas analyzers, (15) personal computer, (16)manometer,
(17) digital mass flowmeters, and (18) air dehumidifier (silica gel); (C) (1) gas preheating section,
(2) electrical furnaces, (3) ceramic insulator, (4) gas distributor, (5) thermocouple, (6) fluidization
column, (7) gas suction probe, (8) stack, (9) cellulose filter, (10) membrane pump, (11) gas
analyzers, (12) personal computer, (13) manometer, (14) digital mass flowmeters, and (15) air
dehumidifier (silica gel). Reproduced with permission from [122]. Copyright 2006 American

Chemical Society.

4.3.1 Particle fragmentation experiment
The first configuration (Figure 4.2 A) is used for assessing primary and secondary fragmentation

by particle fragmentation test. The top of the fluidization column is open to the atmosphere so that
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a stainless-steel circular basket of 0.8 mm mesh size can be inserted. The mesh size allows for bed
particles to pass through. The basket is used to recover fragmented and unfragmented particles
from the bed. The tolerance between the column walls and the basket is kept minimum to decrease

the quantity of carbon left in the bed when the basket is removed [122].

4.3.2 Fines elutriation rates experiment

The second configuration (Figure 4.2 B) is used for fines elutriation rate experiments. The top
flange of the fluidization column is provided with a two-exit brass head fitted with a three-way
valve. The valve can be operated to convey flue gases alternately to two removable filters of
sintered brass. Batches of material can be fed to the bed through the hopper connected sideways
to the upper portion of the freeboard. The online measurements of Oz, CO and CO> concentrations

is done using a paramagnetic analyzer and two NDIR analysers in the exhaust gases [122].

4.3.3 Single particle combustion experiment

The third configuration (Figure 4.2 C) is for single particle combustion experiments. The top
section of the fluidization column is left open, and a stainless-steel probe is inserted to convey
fraction of exit gases to the gas analyzers. In order to prevent particle entrainment into the analyser,
a high efficiency cellulose filter is used in the setup. The probe is 2 mm ID, located 0.6 m above
the distributor and roughly at the axis of the column. Data from the analyser are logged and

processed on a PC [122].

4.4 Comminution in a fluidized bed reactor

4.4.1 Fragmentation experiments

Primary fragmentation experiments have shown that there are dual fragmentation patterns

followed during this comminution phase [26], [31]. The first one is when the parent particle breaks
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into larger parts due to fractures to the center (as shown in Figure 4.1) during devolatilization, and
the second is the exfoliation of the outer shell of the parent particle into smaller fragments (Figure
4.3) which occurs when the coal particle is injected into a hot atmosphere of the reactor [31].
Senneca et al. showed that the main factors that result in different primary fragmentation patterns
are initial particle size, heating rate, and heating intensity [26]. When the initial size of the coal
particle is large with low heating conditions, internal stress from volatile evolution prevails, and
the particle gets fragmented into larger parts. Other the other hand when the particle size is small
and temperature is high, finer fragments are broken from the outer particle shell due to dominating
thermal stress [26], [32]. Under certain circumstances, sequential exfoliation of the shell and
fragmentation of the core may occur amid intensely hot conditions for large particles [26].
Thereby, various primary fragmentation modes might occur during combustion of coal as shown

in Figure 4.3 [140], [142].
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Figure 4. 3. Primary fragmentation modes of coal: (A) exfoliation; (B) fragmentation at the
particle center; (C) fragmentation at internal radial position; (D) exfoliation and fragmentation at
the center; (E) exfoliation and fragmentation at an internal radial position. Adapted with

permission from [140]. Copyright 2013 Elsevier.
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In theory, particles do not always fragment at the center. Their fragmentation also depends on the
presence of pores, irregularities in shape, and non-uniformity of coal particles. Such factors
determine at which position thermal stress is maximum, and if same- or uneven-sized fragments

will be formed [143].

Primary and secondary fragmentation experiments are carried out by monitoring comminution
factors such as multiplication factor (the number of fragments produced per unit fuel particle or
char particle fed to the reactor) [119], [122], Sauter mean diameter, and fragmentation probability
(the number of fuel particles undergoing primary fragmentation divided by total number of fuel
particles fed) [122], [144]. Scala et al. [119] studied the comminution of biomass fuels and showed
they did not undergo any substantial primary fragmentation while they presented zero to moderate
secondary fragmentation. In another study Scala et al. [122] demonstrated that most biomass fuels
were subject to extensive primary fragmentation represented by large multiplication factor. This
led to a significant decrease in the mean diameter of the particle. It was assumed that a part of this
size reduction is attributed to particle shrinkage upon devolatilization. No detectable secondary
fragmentation was observed for olive husk with multiplication factor being equal to 1. While in
the case of wood chips and pine seed shells, they underwent moderate fragmentation under inert
conditions. The multiplication factor increased and then decrease with increase in oxygen
concentrations. This observation was due to several competing factors; elutriation of small sized
fragments produced by combustion mechanisms, and greater extent of char fragmentation as a

result of lengthy exposure to mechanical stresses with decrease in oxygen concentration.

Primary and secondary fragmentation significantly impacts the average particle size and
distribution. Thus, neglecting these two phenomena will lead to errors while evaluating actual fuel

particle size in the boiler [122].
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4.4.2 Elutriation rate

Various studies on coal, biomass and waste derived fuels investigated pure mechanical and
combustion-assisted attrition by operating fluidized bed under inert and oxidizing conditions
[121], [122], [124], [144]. These studies revealed similar trends for carbon elutriation rate. Under
inert conditions, carbon elutriation rate was characterized by an initial peak in elutriation rate
period due to rounding off of particle surface accompanied by a progressive decline towards an
asymptotic value [121], [124]. While passing in oxidation conditions, the elutriation rate was much
lower compared to purely mechanical attrition condition. Moreover, as the oxygen concentration
was further increased the elutriation rate decreased. Studies show that this trend was a result of
two competing phenomena [122], [124], [144]. On one hand, an increase in attrition was seen
during combustion due to weakening effect of internal particle burning. On other hand, high
intrinsic reactivity of attrited fines result in significant postcombustion during their residence time
in bed. The enhanced attrition rate caused by combustion was counterbalanced by the extensive
afterburning of fines in this case. Another study on pelletized biogenic fuels speculate that the
shielding effect of ash skeleton may prevent attrition of inner layers of the pellet which brings
about the decline in carbon elutriation rate under oxidizing conditions [121]. Since, the carbon
fines produced by attrition are burnt off within the fluidized bed due to their high reactivity, the

amount of char leaving the reactor can be considered negligible [122].

The overall effect of fines generation and their afterburning gave rise to a noticeable enhancement
of coarse char combustion rate [122]. Carbon loss by elutriation is a key factor during gasification
for low reactive fuels. However, fuels which show high reactivity and mechanical strength present

as being favourable for achieving high carbon conversion during this process [144].
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4.5 Factors affecting comminution

4.5.1 Porosity

The relatively porous structure of coal greatly influences devolatilization, char weakening and
particle fragmentation during combustion [110], [145]. The explanation of how porosity impacts
fragmentation is summarized by Dakic et al. [146] by relating it with volatile evolution. The extent
to which volatiles move inside the coal particle is determined by the porosity of the parent coal,
before a porous char is formed. The space formerly occupied by volatiles and the deformation due
to pressure build up effects the resulting structure of the char. Volatiles experience stress inside
the char particle due to limited transport capacity. The subsequent pressure built up leads to two
scenarios; breakage of particle under strain (fragmentation), or plastic deformation to
accommodate the volatiles (swelling) [146]. In other words, it is the thermal stress due to the
release of volatiles which fractures the openings in the structure, forming multiple cavities during
devolatilization. Thereby weakening the char structure and fragmenting the solid fuel [145]. In
general, heating up of coal modifies the pore structure by devolatilization, plasticity, swelling,

contraction, thermal stresses, and re-arrangement of crystal structure [110].

Study of textural structure in biomass can help to percieve the phenomenon of fragmentation. Scala
et al. [122] related the porosity of wood chips, olive husk, and pine seed shells morphology with
primary and secondary fragmentation. The fibrous nature of wood chips and pine seed shells fuel
resulted in a char with anisotropic porous structure. Olive husk char also exhibited large pores but
with irregular orientation. It was observed that larger the porosity, lower is the mechanical
resistance, and thus higher the tendency of fuels to fragment. The opposite was noted for compact

structured fuels which exhibit higher mechanical resistance [122].
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Kosowska-Golachowska et al. [110] reported that coals with smaller porosity generated large
number of fragments during devolatilization process. Low rank coals produced many fragments
during combustion (secondary fragmentation) as compared to high rank coals [110]. Howewer,
this observation is not in line with Sasongko et al. [111]. They explained that high porosity was
exhibited by low rank coals which allows easier escape of volatiles and lesser fragments than high
rank coals. The small porous structrure in high rank coals limits the flow of volatiles, and hence
significant pressure is accumulated inside the particle, and tendency to fragment is higher [111].
Zhong et al. [147] also presented the explanation for this observation. Larger porosity indicates
that there are several channels to faciliate smooth escape of volatile gases, and so the accumulated
internal pressure is reduced. Particles which are more porous are flexible and show high thermal
stress resistence. The porous structure allows enough room for heated local parts to expand freely,

so there is little hinderence from peripheral solid, eventually reducing the thermal stress [147].

4.5.2 Particle size and shape

Fragmentation intensifies exponentially with increasing diameter of fuel particles. Since, larger
sized coal particles posses larger quantities of volatiles, the resulting pressure generated during
devolatilization will be high, and primary fragmentation will be intense [110]. Similar observation
was seen in wood fuels; with increase in initial diameter, the tendency to fragment also increased
[138]. Furthermore, multiplication factor is also higher for particles with large size [115]. On the
other hand, coal particles with small diameter have larger specific surfaces, and so the evolution
rate of volatiles is high. This leads to low inner pressure and less fragmentation [106]. Likewise, a
study on coal blends revealed that fragmentation of particles with large initial diameter was more

than smaller diameter particles as a consequence of reduced particle strength with size [115].
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The shape of a fuel particle determines the exposed external surface area per unit mass for attrition
and combustion [122]. Oblong shaped particles [138] or elongated rectangular particles [139] are
more susceptible to fragmentation than quasi- circular (cubic) particle of the same diameter. This
is because heating of the elongated particle will be faster volumetrically owing to the shorter
distance between the surface and any central point along the longitudinal axis. Volatile evolution
and accumulation will occur in the core of the particle with a shorter time delay relative to the
regions near the surface. In other words, pyrolysis will take place quickly, and gas pressure will
rise at a faster rate. The resulting stress due to volatile release will be higher inside the particle

[126], [138].

Sphericity is the ratio of the external surface of a sphere with the same volume as the particle to
the original external surface of the particle. Studies have shown that sphericity of fuel particles do

not change much during devolatilization [121], [122].

4.5.3 Volatile content

Volatile content strongly influences fragmentation [106], [148]. In general, higher the content of
volatile in a fuel particle, higher will be the pressure, and more immense will be the fragmentation
[106]. Alternative fuels have shown to exhibit higher volatile content, which means that the
devolatilization time will be extended as a consequence of greater evolution of volatiles [119].
Intensive fragmentation and attrition are observed in this case due to more fragile and porous chars
developed after devolatilization of high volatile fuels [103], [119]. On the other hand, Ma et al.
showed that coal blend mixed with coal slime exhibits minimum attrition due to small inner
pressure from low volatile content, and showed slow rate of volatile evolution [115]. Zhong et al.

explained that fragmentation in low-volatile anthracites occurs by thermal stress rather than
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devolatilization as no volatile release was observed when the particles were injected into the

furnace [143].

Primary fragmentation occurs as a consequence of internal stresses due to release of volatiles,
provided the particle structure is not extremely porous to promote volatile escape [107]. The
impact of volatile gas release and porosity of fuel on comminution is already discussed earlier in

Section 4.5.1.

4.5.4 Bed temperature

Bed temperature is another factor that effects coal fragmentation [149] while it is the most
influencing factor in biomass fuels [136]. With an increase in bed temperature, the heating rate
increases, and the resulting inner pressure of volatiles is higher leading to an accelerated attrition
rate [106], [115], [149]. In case of coal blends, the attrition rate is almost twice as high at 900°C
than at 800°C [115]. Studies have shown that increasing the process temperature (800 - 900°C)

intensifies fragmentation of wood particles [126], [138].

Particles larger in size fragment more at higher temperature (950°C) than at lower temperature
(800°C) [136]. This is because higher temperature leads to higher heating rate while larger particle
size means larger temperature gradient inside the fuel particles. Both these conditions bring about
greater thermal stress and greater probability of fragmentation. Regardless of high heating rate for
smaller particle, the temperature gradient and thermal stress is small. Therefore, they fragment less
extensively [147]. Usually large thermal stress at elevated bed temperatures promote

fragmentation [115], [136].

It is seen that the number of fine particles increases with increase in devolatilization and
combustion temperature. This may be because of rise in thermal stress in early stages of
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devolatilization and during combustion [145]. Elutriation tendency is much higher for limestones
at increased temperatures due to weakening of particle structure by vigorous generation of CO»

[130].

Depending on the type of material in the fluidized bed reactor, different temperature ranges can
affect the smoothness of the particle surface undergoing fragmentation, as in case of limestone
[131]. Under 850°C, the surface of limestone was observed to be smoother due to inter-particle
collisions. However, at a temperature of 900°C, it was seen that contrary to the smooth surface that
is expected to occur due to further collisions, the surface was actually rough. It was explained that
fines generated at this temperature adhered to the particle with larger surface. Limestone at high
temperatures becomes adhesive leading to agglomeration of fines to its surface [131]. Table 4.3

presents a summary of all the factors affecting particle comminution.
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Table 4. 3. Different factors of fuel particle effecting comminution.

Factor Effect on Type of Fuel Bed Temperature Reason/mechanism References
comminution

Porosity Comminution is Biomass (wood chips, pine  850°C Mechanical resistance  [122]
increased when seed shells and olive husk) is low
porosity is high
Comminution is Coal 700-1600°C Thermal stress [110], [111],
increased when resistance is high [147]
porosity is low

Particle Comminution is Coal, and coal blend, wood 700-950°C Internal pressure and [106], [110],

Morphology  increased when biomass devolatilization is high ~ [115], [138],

particle diameter is

large

[139]
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Comminution is Biomass (wood chips, pine 800 —950°C Devolatilization is [115], [122],

increased for oblong seed shells and olive husk), faster due to the unique [126], [138],

shaped particles and wood biomass shape [139]
Volatiles Comminution is Biomass (Robinia 800-900°C Internal pressure and [103], [106],

increased when Pseudoacacia), coal, coal devolatilization is high ~ [115], [119]

volatile content is high blend and alternative solid
fuels (biomass,
agricultural, civil and

industrial wastes),

Temperature ~Comminution is Coal and coal blend 700-900°C Heating rate and [106], [115],
increased when bed devolatilization is high  [149]

temperature is high
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4.6 Initial particle size analysis during fluidized bed comminution
4.6.1 Initial particle size versus fragmentation probability

Fragmentation is more likely with an increase in initial particle size for coal and biomass with coal
having a very high chance to fragment as particle size increases [136]. For particles with a mean
diameter of 22.5 mm fragmentation was more prone to occur than particles with a mean diameter
of 14.25 and 9 mm for coal [136]. As with biomass it was found that particles with a mean diameter
of 20 mm fragment more than particles of a mean diameter of 15 mm and 10mm [136]. In
numerous studies [134], [150], [151], fragment count was found to be greater as initial particle
size increased as the multiplication factor increased for increased initial particle size [106]. In other
words, the chances of fragmentation is much higher when the particle size is increased [136]. If
the bed temperature is raised there are more chances of fragmentation irrespective of particle size
due to an increase of inner pressure and thermal stress, but larger particles are still most likely to
fragment for both coal and biomass [106], [136]. Figure 4.4 shows the likelihood of fragmentation
as particle size increases for two different types of coal [106]. Similar, results were found for fast

pyrolysis as with a larger initial diameter there was an increased the chance of fragmentation [152].
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Figure 4. 4. Coal size (mm) versus fragmentation index. Reproduced with permission from

[106]. Copyright 2002 Elsevier.

4.6.2 Initial particle size versus average particle size after de-volatilization

The particle size after devolatilization is dependent on initial fragment size and bed temperature
with an increase in fragment size creating more fragmentations that are smaller than the original
particle [136]. For particles with a mean diameter of 22.5 mm, the larger particles at the end of the
process was found to be 35% of the initial size which is the greatest change in mean diameter for
the three particle sizes investigated (9 mm 50% in size and 14.25 mm 40% in size) for coal [136].
In a study by Blaszczuk and Nowak, the final mean particle size ranged from 0.219 — 0.411 mm
even for large fragments of 20 mm, showing that most of the particle’s fragment with a major
reduction in size [153]. A reduction in particle size by a factor of 0.75 was also found for small
wood pellets (350 um) and a particle size reduction of 0.6 for slightly larger wood pellets (500,

700 and 800 pm) after devolatilization [154]. Cui et al. also found a reduction in particle size for
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particles as small as 122 um. However, they noticed swelling at the start of the reaction that would
slightly increase particle size, especially at low temperatures [152]. Even with the swelling there
was always a reduction in size for the overall reaction for reaction times greater than 150 ms [152].
The reduction in size for both large and small initial particles show that devolatilization has a
significant effect on both particles, and that this reduction must always be investigated even for
small particles [137]. Coal particles were found to lose mass very quickly at high temperatures

with some types of coal losing greater than 45% of their mass in just 250 ms [152].

4.6.3 Quantitative predictions of particle size distribution inside a bed

Particle size reduces as particles move through the bed with larger particles losing significant
diameter through the first quarter of the residence time and losing more than 50 % by the final
quarter [136]. Coal particles throughout the bed can range from 0.02 mm to 20 mm depending on
the initial size of the particles [153]. Paprika et al. predicted that the diameter most common post
reaction is about 1.7 mm for a coal particle that started off with a diameter between 6 — 8 mm.
They ran the simulation at 850 °C and found that there were less course particles within the smaller
particles [155]. Cui et al. found that coal particles between 30 — 60 um were likely to stick to the
reactor walls than smaller particles. Furthermore, they observed that the distribution of particle
size was mostly constituted course particles greater than 60 pm and a small fraction of small
particles less than 20 um [152]. In a study by Pragadeesh et al. both coal and biomass saw a
significant reduction in size through each quarter of the reactor bed especially for greater initial
particle size. The coal particles were nearly 50% reduced halfway through the reactor bed whereas
biomass produced fines 2 mm larger than their 20 mm initial size halfway through the reactor bed
[136]. Thus, coal particles are more likely to reduce in size throughout the reactor bed length, but

biomass sees most of its size reduction halfway through the reactor bed [136].
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4.7 Conclusions

Comminution of carbon-based fuels is an important phenomenon that occurs in fluidized bed
reactor. It involves a series of events, namely primary fragmentation, secondary fragmentation,
percolative fragmentation, and attrition. These events considerably influence the particle size and
distribution. Therefore, it is imperative to not neglect comminution to avoid oversights in actual
fuel particle size evaluation in the reactor. The generation of fines and their subsequent
afterburning results in an enhanced coarse char combustion rate. Elutriation is a crucial factor in
low reactive fuels as it leads to carbon loss. While the carbon fines generated by attrition are
consumed within the bed by combustion due to their high reactivity. It is, therefore, safe to neglect
the amount of char escaping in this case. Porosity, particle size, volatile content, and bed

temperature are some of the key factors that influence comminution.
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Chapter 5
Conclusions and Recommendations

5.1 Conclusions

The urgent need for sustainable energy solutions due to increasing carbon dioxide emissions from
fossil fuel combustion highlights hydrogen's potential as a COj-neutral option. Microwave
pyrolysis of methane, a promising method, exclusively produces solid carbon and hydrogen gas,
avoiding COz by-products. This method involves radiating microwaves on seed carbon (SC); an
activated carbon; as a microwave receptor which heats and convert methane into pure hydrogen
gas and solid carbon. The solid carbon generated, known as product carbon (PC), continues to act
as a microwave receptor and sustains the process of methane pyrolysis. Permittivity studies were
conducted on the carbon samples which confirmed that microwave heating efficiently permeates
and heats both samples. PC exhibited varying permittivity levels while consistently maintaining
overall values. Though SC was found to be more responsive to microwaves, its potential for
thermal runaway is a concern. XRD analysis shows both SC and PC have amorphous structures,
with PC displaying some graphitization. The carbon produced through methane pyrolysis is self-
sustaining and can serve as the exclusive microwave carrier without requiring additional fresh seed
carbon. This thesis presents fundamental insights onto how the PC formed can work as a
microwave heat carrier for methane gas thereby making the hydrogen generation process

inexpensive.

During the methane pyrolysis, fluidization of carbon, either SC or PC, is anticipated to occur which
may lead to attrition of the carbon particles. In this regard, the thesis also presents an in-depth

review of the different comminution phenomena that occur in a fluidized bed reactor.

72



The push for decarbonization is generating significant momentum across various industry sectors
towards adopting cleaner energy sources. Hydrogen is identified as a promising candidate, not
only for supplying energy but also for mitigating emissions. However, for hydrogen to truly
contribute to decarbonization, it must be produced in an environmentally friendly manner-
meaning the carbon dioxide emitted during production needs to be captured and stored, and the
electricity used in the process should be sourced from clean energy. Presently, water electrolysis
stands out as the most prevalent and environmentally friendly method for hydrogen production.
However, the current industrial practices involve using electrodes made from precious metals like
iridium, making the process technically feasible but not economically viable. In contrast,
microwave methane pyrolysis, while still at a smaller scale, offers a promising alternative. This
method produces solid carbon as a byproduct, effectively removing CO; from the equation. The
resulting solid carbon also functions as a heat carrier for methane gas, making the process more
cost-effective compared to water electrolysis. Although tested on a small scale, this technology
holds promise for hydrogen production in a very economic fashion- subjected to methane

availability and clean source of electricity.

5.2 Recommendations
e The tests conducted at the lab scale have provided valuable insights, but to assess the true
performance, it is necessary to replicate the experiments in realistic atmospheres.
e The carbon produced through microwave pyrolysis shows promise for application in
various fields such as steelmaking, graphene production, anode material in Na-ion

batteries, etc. therefore it should be tested for these applications.
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e To gain a comprehensive understanding of the economic viability, a technoeconomic
analysis comparing heat supplied by microwaves with conventional heating methods is
essential.

e Conducting a life cycle assessment (LCA) of the electricity used to generate microwaves
will help evaluate the environmental impact of this heating approach.

e Further investigation is required to explore the influence of particle size on heating
efficiency. Study of comminution exclusively inside the pyrolysis reactor due to
fluidization is required to completely understand how particle size affects the microwave
absorption and heat generation process can optimize the design of the pyrolysis system.

e Blending natural gas with other industrial gases may have an impact on the carbon
performance efficiency. Investigating this aspect will shed light on potential improvements
in the carbon production process by fine-tuning gas compositions.

e Examining and optimizing the quantity of carbon fed and produced within the pyrolysis
reactor is required to elucidate its influence on microwave absorption and the overall

efficiency of the entire process.

By pursuing these investigations, we can enhance the efficiency and effectiveness of microwave
pyrolysis of methane and its applications, making progress towards a more sustainable and cost-

effective energy solution.
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