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ABSTRACT
Gasification and oxy‐fuel combustion technologies are a promising approach for electricity
generation with improved readiness for CO2 capture and for subsequent geologic storage.
Owning to limited oxy‐fuel combustion knowledge, comparative evaluations on the same coal
char under the pore diffusion regime studies can be useful to transfer knowledge. The
comparative evaluations on reactivity, porosity transformations, morphology changes,
crystallinity development, particle size distributions, and fragmentation extents of Pittsburgh
no. 8 coal char during CO2 gasification conversion and char burnout in oxy‐fuel combustion
(21% O2/79% CO2 v/v) under the pore diffusion controlled regime were performed in a
horizontal tube furnace. The initial coal char was created in an entrained‐flow gasifier at 1500
°C. By using the same coal char, the behavioral differences are mostly influenced by the
reactant gases. The initial char was mostly thick‐walled cenospheres ( 80% of particles). The
relative reactivities of oxy‐fuel combustion/CO2 gasification were 23 times in the early
conversion stage (~10% gasification‐, burnout‐induced conversion (daf)) and 62 times in the
later stage (~60% gasification‐, burnout‐induced conversion (daf)). The reactivity of the char‐
CO2 gasification was partially impacted by annealing due to increasing degree of ordering
identified by the increasing crystalline width (La) and the increasing relative amount of large
aromatic rings ( 6 rings). The crystalline width increased from 2.56 to 2.94 nm in the CO2
gasification while it decreased from 2.56 to 2.41 nm in the oxy‐fuel combustion. The relative
amount of large aromatic rings increased 35% for the CO2 gasification and 14% for the oxy‐fuel
combustion, which influenced the reactivity particularly in the CO2 gasification‐induced
conversions. Pore size distributions were widely developed from microporosity to
macroporosity in the CO2 gasification while the oxy‐fuel combustion preferentially developed
macroporosity. As expected due to the different porosity development, particle fragmentation
extents also differed. These were more pronounced in the CO2 gasification 6 to 12% than in the
oxy‐fuel combustion 1.9 to 2.5% of particles. The char fragmentation in terms of size and shape,
determined through an image processing technique on SEM micrographs. The aspect ratio can
distinguish between particles ( 1.43) and fragments ( 1.43) for this coal under these
conversions.
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Chapter 1
Introduction
Global electricity demand is potentially increasing while environmental constraints are
increasingly more stringent.1,

2

There are numerous approaches to reduce greenhouse gas

emissions from power generation such as improving efficiency, installation of integrated
gasification combined cycle (IGCC) and oxy‐fuel combustion to achieve higher thermal
efficiency and to facilitate CO2 capture and storage (CCS).3, 4 Oxy‐fuel combustion (O2/CO2) is
one of the most promising alternatives to conventional pulverized coal combustion (O2/N2)
through N2 replacement by mainly CO2 from recycled flue gas by an air separation unit.4
An integrated gasification combined cycle (IGCC) and the oxy‐fuel combustion are, thus, being
developed to enhance energy efficiency and reduce the greenhouse gas emissions.4, 5 The oxy‐
fuel combustion with CO2 capture and storage (CCS) can be applicable for conventional
combustion by retrofits or new installations.5 In both technologies, coal char reactions; namely,
char‐CO2 gasification and char burnout in oxy‐fuel combustion, are key parameters for these
processes. Efficiency enhancement can contribute to reduction of CO2 emissions by ~25% in
fossil‐fired power plants.4
For the char conversion in CO2 gasification and the char burnout in oxy‐fuel combustion, the
reactant gases penetrate particles to react with the char structure.6,

7

Porosity, char

morphology, surface area, and crystalline structure predominantly contribute to reaction rates
under a chemically controlled regime (regime I) and a pore diffusion controlled regime (regime
II).7 In general, industrial coal gasification such as moving bed, fluidized bed, and entrained flow
gasifiers operates from 1000 to 1500 °C, under the pore diffusion regime.8 In addition, coal
combustion in utility boilers is also under the regime II or/and mass transfer controlled regime
(regime III).9, 10 However, laboratory chars are often generated under the regime I or regime II
and their pore development and char morphology are commonly examined under the regime
I.7, 11, 12

1

The coal char structure is influenced by coal properties and thermal history of char particles;
namely, heating rate, maximum temperature, residence time, thermoplasticity, and
reactant/product gases.13‐16 These factors influence reactivity, char morphology, porosity
development, and fragmentation in CO2 gasification and air combustion.11, 16‐18 Rationalization
of the relationship between char reactivity in gasification and combustion in terms of physical
properties has been established for the regime I.14 However, under the pore diffusion regime,
time‐temperature history affects the char reactivity and structural properties, which the
reactivity models of regime I cannot correctly predict. For computational fluid dynamic
simulations that optimization pollution controls at the industrial scales, knowledge of CO2
gasification and oxy‐fuel combustion under the regime II is required. Moreover, there is limited
knowledge of oxy‐fuel combustion but a wealth of information for CO2 gasification. If the
impact of multiple properties on char reactivity and behavior can be assessed it would allow a
more rapid acquisition/prediction for oxy‐fuel combustion.
This research is an expansion of a series of comparative investigations on the same coal char,
on the transformations of porosity, char morphology, fragmentation extents, and crystallinity in
the char conversions of CO2 gasification and the char burnouts of oxy‐fuel combustion under
the pore diffusion regime. By using the same char, the impact of the time‐temperature history
is muted and the behavioral differences are assumed to mostly be due to differences in the
reactive gas composition. Oxy‐fuel combustion occurs at a range of O2 concentrations with >
21% v/v. Here, 21% was used to slow down the reaction and allow for improved control on the
conversion extent. Pittsburgh no. 8 coal char was devolatilized in an entrained flow gasifier in
prior work.19 Coal chars with different conversions in the CO2 gasification and the oxy‐fuel
combustion were generated under the pore diffusion controlled regime in a horizontal tube
furnace at 900 °C. The variations of the porosity and surface area transformations were
characterized and compared in terms of micro‐, meso‐, and macropores via CO2 and N2
isotherm gas adsorptions. Char morphology and pore structure were revealed by a novel
focused‐ion beam (FIB/SEM) milling technique, to obtain 3D micrographs allowing examination
of the external to internal porosity. Particle size distributions and fragmentation extents were
quantified by an image processing technique to correlate with the progression of CO2

2

gasification and oxy‐fuel combustion through SEM micrographs. The degree of ordering, i.e.,
crystalline width and a relative amount of large aromatic rings, was characterized through
Raman spectroscopy. These comparative reactivity and behavior evaluations are expected to
contribute to an improved modeling capability for coal gasification and oxy‐fuel combustion
technologies.

3

Chapter 2
Literature Review
2.1 Factors Influencing Char Reactivity
Due to the increase in climate change concerns, gasification and oxy‐fuel combustion
technologies are being considered as they are better positioned to capture and sequester CO2.5
The fundamental gasification and combustion reactions are related to the solid‐gas reactions
that can be described by the Langmuir‐Hinshelwood kinetic model (L‐H model): (i) a reactant
diffuses to the region of the active site, (ii) adsorbs onto the active site, (iii) converts a reactant
to a product gas, (iv) the product gas desorbs from the active sites, and (v) the product gas
diffuses away from the active sites.13, 20 However, the char reactivity also depends on multiple
parameters; namely, reactant/product gases, temperature, catalytic activity, heating rate,
pressure, porosity, morphology, degree of ordering, and fragmentation.13,

21, 22

Walker et al.

proposed reaction mechanisms of carbon by steam, CO2, H2, and O2 shown in equations 2.1 to
2.4 which are heterogeneous solid‐gas reactions.21 Heterogeneous char reaction rates can be
limited by gas‐phase diffusion, a combination of pore diffusion and chemical reaction, or purely
chemical reaction depending on temperature, coal rank, particle size, char particle shape,
surface area, char structure, reactor type, and other reaction conditions.13, 21, 23, 24 Therefore,
the chemical and physical structures of the char have a significant influence on subsequent
reactions such as char gasification and char combustion.13, 21
Char‐steam reaction:

C(s) + H2O(g) ‐> CO(g) + H2(g)

ΔH=130.4 kJ/mole

(2.1)

Char‐ CO2 reaction:

C(s) + CO2(g) ‐> 2CO(g)

ΔH=170.8 kJ/mole

(2.2)

Char‐ H2 reaction:

C(s) + 2H2(g) ‐> CH4(g)

ΔH= ‐74.8 kJ/mole

(2.3)

Char‐ O2 reaction:

C(s) + O2(g) ‐> 2CO2(g)

ΔH=‐394.5 kJ/mole

(2.4)

There are two related reactions in oxy‐fuel combustion; namely, char‐CO2 and char‐O2 reactions
as shown in the equations 2.2 and 2.4.13, 25 The char‐CO2 and char‐O2 reactions are the slowest
step of char‐CO2 gasification and coal combustion respectively affecting conversion/burnout
4

time, heat transfer, and efficiency of the process in power generation.25 Theoretically, the
reaction rate of C‐O2 reaction is 105 times of C‐CO2 reaction under the regime I and 2 times
under the regime III for a graphite structure.21 The char‐CO2 reaction will be more pronounced
in oxy‐fuel combustion when temperature is above 1700 °C based on a mathematic prediction
associated with activation energy from both reactions.26 Moreover, it was suggested that the
influence of CO2 is approximately 20% slower diffusion of O2 through the CO2‐rich boundary
layer surrounding the reacting char particle.27, 28
The solid‐gas reactions, such as gasification and combustion, are categorized into three regimes
as illustrated in Figure 2.1.13, 23 Regime I, a chemical reaction controlled regime, occurs at low
temperatures where reaction rates are usually low.23 Chemical control of the reaction exists
over the entire surface.23 The concentration of gas inside the bulk of solid carbon is the same as
it is in the gas.23 The activation energy (Ea) represents the true activation energy (Et) and the
reaction order (n) is also the true order (m) as shown in Figure 2.1.8, 13, 23
Regime II, which is a pore diffusion controlled regime, is the intermediate region where
diffusion in the pores partly controls the overall reaction rate.23, 29 Limitations on diffusion of
the bulk gas in the pores of the char cause the concentration to drop as the gas penetrates the
char bulk until it goes to zero at certain point.29 Theoretically, the activation energy will be less
than the true activation energy owing to the influence of diffusion and the chemical reaction
rate.21 However, the kinetic parameters of the regimes I and II cannot be extrapolated from one
to the other.30

5

Figure 2.1: The three reaction regimes and gas concentration gradients within the porous solid
particle as they change with temperature: activation energy (Ea) and true activation energy
(Et)21

Under regime III, an external mass transfer controlled regime, diffusion of gaseous reactant to
the carbon surface controls the rate.23, 31 At high temperatures, the chemical reaction rate is so
fast that gaseous reactant is consumed only on the external surface resulting in a shrinking core
behavior.31, 32 A boundary layer exists in which the reactant gas concentration is lower than it
would be in the bulk gas phase.13, 31
The CO2 gasification reaction rate can be promoted by the alkali and alkaline earth metals
(AAEM) or oxides and their importance decreases with increasing rank due to less catalytic
dispersion.33‐35 Chars from low‐rank coal (C 80%) were influenced by the catalytic effect of
inorganics such as Ca, K, Mg , Na, and Fe while the CO2 gasification rates of chars from high‐
rank coal (C 80%) were controlled by the intrinsic reactivity of the coal.35‐37 Specifically, the
CaO and MgO contribute to the increase in CO2 gasification reactivity.36 Iron is also very active
for the CO2 gasification if coal chars contain high concentrations of O‐containing functional
groups; namely, carboxylic and phenolic groups and is iron well dispersion on char surface.38, 39

6

Char reactivity decreases with increasing severity of pyrolysis conditions and longer residence
time due to a decrease in active sites by a reduction in the catalytic activity caused by sintering
causing a decrease in catalytic dispersion.33 The Ca and Na could also increase the char
reactivity in oxy‐fuel combustion when the AAEM species was limited.40
Under the intense conditions of entrained flow gasification and pulverized coal combustion
(regimes II or III), there are many chemical and physical processes influence the reactivity.41
These include gas diffusion to the char particle, diffusion through the pores, reaction on the
surface, and diffusion of the products away from the reaction site.13,

20

These processes are

associated with changes in pore structure, morphology, particle size, fragmentation, and
chemical compositions.20,

24

Laurendeau found that during devolatilization at higher heating

rates, volatile yield was greater due to enhanced transportation out of the particle.13 Graphitic
reorientation, therefore, is less favored and char will be more porous.13,

42

Higher porosity

development mainly results from contributions from micro‐ and mesopores.13 The relationship
between char structure and coal properties have been explored in the CO2 gasification and
pulverized coal combustion.43‐47 Maceral components also have a significant influence on the
morphology and porosity of char during devolatilization.43, 44, 48 High‐rank coal up to low‐volatile
bituminous normally generate cenospheres through thermoplasticity transformation of the
dominant vitrinite maceral.43,

44, 47

Robert et al. explored that the chemical structure of

inertinite‐rich and vitrinite‐rich chars was similar in terms of proximate, ultimate, and
aromaticity values, but the physical structure of the chars was different in terms of surface
areas in CO2 and N2 gas adsorptions.48 The vitrinite‐rich chars were more reactive than the
inertrinie‐rich char and increasing gas temperatures would promote higher reactivity.49 For
bituminous coals, the vitrinite generally creates cenosphere chars while the inertinite generates
dense chars with a low porosity.43, 44, 50 Tsai and Scaroni also found that the development of
microporosity was related to the thermoplasticity and secondary devolatilization.47 The
thermoplasticity decreased the micropore development while the devolatilization increased
it.47 The inertinite significantly reduces the thermoplasticity of a coal during heating and
promotes the formation of thick wall chars, i.e., honeycomb and unfused morphologies.8, 44, 50
The maceral compositions also affect internal morphology and pore structure in terms of shape
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and size.44, 50, 51 However, Bend et al. found that cenosphere chars had no strong correlation
with the vitrinite content, but were associated with coal aromaticity and oxygen content.52 The
degree of thermoplasticity also depends on coal rank, heating rate, temperature, particle size,
maceral compositions, and the rate of volatile release.43,

53‐55

These factors affect the char

transformations during conversion in terms of char structures, morphologies, fragmentation,
porosity, and reactivity.30, 47, 56, 57
The char reactivity decreases with increasing severity of pyrolysis conditions and residence time
due to a decrease in active sites either by thermal annealing because the chars become
structurally ordered (700 ‐ 1100 °C), or a reduction in catalytic activity caused by species like
CaO sintering, or due to the loss of hydrogen and oxygen.26,

58‐60

Senneca et al. found that

bituminous char‐CO2 gasification and thermal annealing occurred simultaneously at

900 °C

while air combustion was generally much faster than the annealing.61 The thermal annealing of
char in air combustion would be more pronounced when the furnace temperature was

1600

°C.61 The influence of char surface oxidation on the thermal annealing and loss of air
combustion reactivity occurred when the heat treatment temperature was 1230 °C for 30 min
with a bituminous coal char.60 In addition, the char deactivation during gasification and air
combustion occurs at the late stage of char conversions.42 It is explained by two mechanisms: (i)
if the temperature is less than the ash fusion temperature, a graphitic‐like reorganization may
take place; (ii) if the temperature is above the ash fusion temperature, the melting of ash can
block the micropore structure and leads to a loss of active sites.42
It is well known that carbon in coal has a complex structure intermediate between that of
graphitic and amorphous carbon which can be detected by X‐ray diffraction (XRD) or Raman
spectroscopy.15, 62 An atomistic model of coal char has recently been established to investigate
the highly complex structure of coal char by HRTEM lattice fringe analyses.63, 64 Microstructural
transformation induced by the thermal annealing will reduce the char reactivity.62, 65 For many
carbonaceous materials at higher temperature and prolonged residence time in a heat
treatment process, char structure will become more ordered.65,

66

Feng et al. found the

crystalline size , La, Lc, d002 via X‐ray diffraction (XRD), in Australian semi‐anthracite char did not
change significantly during heat treatment in the temperature ranging 850 ‐ 1150 °C in an inert
8

atmosphere.65 With increasing temperatures, the crystalline sizes (La and Lc) did not obviously
change and was directly related to char oxidation reactivity.65 However, the increasing fraction
of ordered crystalline, which was inversely proportional to resistivity, decreased the reactivity.65
Thus, the annealing extent is temperature, maceral, and rank dependent. The crystalline
growth can also occur by breaking down cross‐linking when temperatures are above 2000 °C in
an inert atmosphere.67 The particle temperature of char in O2/N2 or O2/CO2 was higher if the O2
concentration increased.68 However, the CO2 and char‐CO2 reaction could mitigate the particle
temperature and flame propagation in the oxy‐fuel combustion.69 Based on the difference in
thermal properties of N2 and CO2, the particle temperature in the oxy‐fuel combustion was
lower than the air combustion ~127 °C and 527°C for wet and dry recycling oxy‐fuel combustion
with 21% O2 concentration while the furnace temperature was 727 °C.70
Char fragmentation which can promote the reactivity due to an increase in available active
surface area is categorized into three types: attrition, breakage, and percolation.71 The attrition
produces fine fragments, the breakage produces relatively large particles, and the percolation
produces fragments ranging from the diameters of the parent particles to small fragments.6 The
fragmentation is also associated with coal rank, initial porosity, porosity development, particle
size, combustion/gasification mode, char structure, heating rate, reactant gases, initial char
particle size, porosity, and ash content.6, 17, 71‐73 Lignite coals might fragment in the breakage
mode while bituminous coals will fragment in the percolative mode.71 The fragmentation
extents during devolatilization are estimated to be higher than during char oxidation.6 Although
this depends highly on the thermoplastic transformation, the extent is also associated with the
porous structure and an increase in mesopores and macropores.74 Bituminous chars form
fragments more extensively than solid chars during pulverized coal combustion under the pore
diffusion controlled regime.17 The bituminous coal can form over 100 fragments per char
particle at large initial char particle size ( 200 μm) and

10 fragments at small initial char

particle size ( 80 μm).17 The amount of fragments increases with 3 parameters, i.e., initial
particle size, temperatures, and conversion levels during gasification and pulverized
combustion.73, 75 Sheng et al. found that the lignite char fragmentation in air combustion and
oxy‐fuel combustion in a drop‐tube reactor at 1200 and 1400 °C was not different, but the
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increasing O2 concentrations significantly caused more fragmentation.76 The CaO and Fe2O3 in
lignite coals were observed in the fine fragmentation mode.76 Cenosphere and thin walled chars
are expected to fragment more easily than the dense char particles during the CO2 gasification
and oxidation.43 The estimated burnout at fragmentation threshold of a bituminous coal during
pulverized coal combustion was 0.5 and 0.75 for the cenosphere char and dense char,
respectively, at char burnouts between 30 and 50%.77 The shape of fragments could also
determine whether the fragmentation increased or decreased char burnouts in pulverized coal
combustion.6 If all particles and fragments are spherical, the fragmentation enhances the char
burnout.6 Under the pore diffusion controlled regime, more and finer fragments are formed
and perimeter fragmentation tends to occur.75
A mathematical model of char fragmentation for initial porous coal chars was established by Liu
et al. for the pulverized coal combustion and by Yamashita et al. for the CO2 gasification.77, 78 Liu
et al. implemented the percolative fragmentation approach for a bituminous coal during
pulverized combustion and found that the fragmentation would begin when char burnout level
was 30 vol%.77 The macroporosity were associated with the cenosphere char fragmentation.77
Yamashita et al. created a three‐dimensional cube to represent a char particle.78 They found
that the wall thickness defined by size, porosity, and shape was one of the most important
factors in the reactivity and the fragmentation behavior was dependent on the reaction rate
controlled regime.78 The fragmentation models of the air combustion and CO2 gasification in
CFD codes were developed with a particle population balance model.71 The fragmentation
would take place when the porosity 0.7 to 0.83 and every particle could fragment.71

10

2.2 Char Morphology
Char morphology and pore structure play a significant role in influencing gas diffusion during
the solid‐gas reactions and have an effect the char conversion rates.79 The development of
different char morphologies is related to the time‐temperature history such as heating rate,
particle size, maceral compositions, and thermoplasticity.21, 23, 47, 80 Morphology classification of
char mainly relies on an image‐processing technique to obtain the char morphology such as
macroporosity, wall thickness, and particle shape.43 Porous materials are classified by the size
of pores based on IUPAC standard.81 Pore size

2 nm is micropores, pore size between 2 and

50 nm is mesopores, and pore size 50 nm is macropores.81
Based on an optical microscopy investigation, there are 9 individual char types; tenuisphere,
tenuinetwork, crassisphere, crassinetwork, mixed porous, mixed dense, inertoid, solid/fusinoid,
and mineroid as shown in Figure 2.2. and Table 2.1.82, 83 This classification which is developed
by Commission III combustion working group of the international committee for coal and
organic petrology takes mineral matter, fused/unfused structures, porosity, and wall thickness
into consideration.82

Figure 2.2: The logic tree for coal morphology classification 82
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Table 2.1: Geometric features of char morphology 83

Classification of chars by Benfell and Bailey, and Tao Wu et al. demonstrates an assessment of
char morphology as shown in Figure 2.3 and Table 2.2.83, 84 The porosity and geometry have
been used to describe the char morphology.85 Generally, the optical microscopy is the standard
technique for the internal classification.82 Group I particles which are composed of tenuisphere
and tenuinetwork have a highly porous structure with large voids inside the thin wall of
particles.83 Group II particles which comprise crassinetwork, crassisphere, mixed porous, and
mixed dense have a medium porosity and thick wall.83 Group III particles which are composed
of inertoid and solid have low porosity and solid as described in Figure 2.3.82, 83
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Tenuisphere Tenuinetwork Crassinetwork Crassisphere Mixed‐Porous Mixed‐Dense

Thin‐Walled

Mixed‐Porous Mixed‐Dense

Thick‐Walled

Figure 2.3: Char morphology classification

Inertoid

Solid

Solid
83

Table 2.2: Char classification system84

The group I char particles fragment in the early and middle stages at 50% of estimated burnout
level.31, 77 The group I char particles produce small amounts of ash particles as can be seen in
Figure 2.4.83 The group II char particles have less fragmentation compared to the group I.84 The
group III char particles show low or no fragmentation due to less pore development and less
porosity.77,

86

Therefore, the group I and II char particles will mainly contribute to the

fragmentation in the early stage and the group III will impact in the later stage.84 Bituminous
chars tend to fragment more than lignites.17 The fragmentation of char group I during the early
stage of combustion also has a significant influence on ash formation and char reactivity (Figure
2.4).77
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Figure 2.4: Morphological changes and ash formation from different groups of char particles84
Liu et al. showed that most bituminous char particles were formed with strongly non‐uniformly
distributed macropores after pyrolysis under high pressure and rapid heating rate for both CO2
gasification and air combustion.7 Most of the char particles had a high porosity and high surface
area with a large central void surrounded by thin wall.7 The evolution of the morphology and
pore structure was associated with the initial structure, maceral compositions, and thermal
history of the char.7, 65 Yu et al. investigated the char morphology of Australian subbituminous
and bituminous coals in a drop‐tube reactor in N2 stream at high temperatures.80 They classified
the char morphology related to maceral components as shown in Table 2.3 from SEM
observations of the external morphology.80 The vitrinite‐rich coal formed cenosphere chars;
namely, porous chars with blowholes, porous chars with closed surface, and porous chars with
pore opening on the surface.80
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Table 2.3: Char morphology classified by maceral components and prepared in a drop‐tube reactor80

The external to internal void structure can be explored by a focused‐ion beam (FIB/SEM) milling
technique to obtain 3D images. Lu et al. examined the morphology of Australian coal chars,
ranging from semi‐anthracite to high‐volatile bituminous, generated at 900 ‐ 1600 °C in a drop‐
tube reactor with a slightly oxidizing atmosphere. By FIB insight into the internal pore structure
was possible (Figure 2.5).87 The FIB technique can also help to investigate pore morphology in
terms of pore shape and pore length in meso‐ and macropores.51 Giffin et al. found that the
pore morphology of coals was also related to the maceral components.51

Figure 2.5: Interior surface of thin wall, thick wall, and dense chars87
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The pore structure in coal char is a complex system and highly heterogeneous in terms of
dimension and spatial configuration.43 Coal chars are well known to possess a complex pore
structure with pores ranging from the order of angstroms to tens of microns and larger.88 Pore
models have been proposed such as the isolated pore model developed by Thiele, the random
pore model proposed by Gavalas, Bhatia and Perlmutter, and the pore tree model developed by
Simons and Finson as illustrated in Figure 2.6.88‐91 Simons proposed a pore evolution theory
with the pore tree model.92 Postulated mechanisms of pore evolution are (i) bulk growth:
growth of existing pores due to breaking of organic bonds in bulk along the walls of the pores,
(ii) combination: apparent destruction of pores due to the growth of large pores into the
material containing the small pores, (iii) exposure: formation of small pores due to the
exposure of closed pores to the open pore structure, (iv) generation: small pore generation due
to the breaking individual organic bonds.92

Figure 2.6: Pore structure models

88

Pore formation and pore growth were dominant at low char conversions, resulting in an
increase in the active surface area and the observed reaction rates for char gasification and
char burnout.7 As the reactions proceeded, pore walls would collapse and pore coalesce leading
to a decrease in the surface area and the reaction rates as well.7 Pore enlargement and pore
coalescence, obtained through scanning electron microscopy, increased with respect to the
char burnout in air combustion of bituminous coal.93 The pore coalescence and particle
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breakage were observed when burnout levels were higher ( 49 wt.%).93 Macropores on the
particle surface connecting the external environment to the internal void played a role in the
char fragmentation.77 Pore size 1 μm could also cause the char fragmentation.74, 77

2.3 Reactivities of CO2 Gasification and Oxy‐Fuel Combustion under Pore Diffusion
Regime
In general, industrial coal gasification and coal combustion operate under the pore diffusion
regime or/and the mass transfer controlled regime (regime III).8‐10 Under the regime II, the
activation energy of the reaction of the char‐CO2 gasification and the char in oxy‐fuel
combustion (O2/CO2) is approximately half that measured under the regime I conditions.94
Table 2.4 shows the activation energy of char‐CO2 gasification under the pore diffusion regime
of subbituminous and bituminous coal chars in different types of reactors. Figure 2.7 shows the
comparative Arrhenius plots of subbituminous and bituminous chars in the oxidation and CO2
gasification.
Table 2.4: Activation energy of the char‐CO2 gasification under the regime II
Reference

Coal Rank

Apparatus

Particle
size (μm)

Pressure

Temperature

(MPa)

(K)

Activation
Energy
(kJ/mol)

Kasaoka et al.95

Bituminous

TGA

1000

0.1

1373

80

Roberts et al.29

Bituminous

WMR

149‐210

0.1

1373

157

Subbituminous

PDTF

45‐64

1

1373

72

Bituminous

PDTF

40

0.2‐2.0

1473

163

Ahn et al.96
Kakitani et al.97

The char‐CO2 gasification is heterogeneous and is often examined in the temperature range 700
‐ 1400 °C under atmospheric pressure.13 For char particle sizes ( 300 μm) and lower
temperatures (below 1000 °C), the char‐CO2 reaction was normally controlled by the chemical
regime and occurs uniformly throughout the interior surfaces of the char particles.13 However,
the CO2 gasification under the pore diffusion regime
when the char particles were

1100 °C) was significantly pronounced

100 μm.29 Liu et al. found that the char‐CO2 reactivity of the
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Kentucky bituminous coal increased with increasing temperature and pressure.98 However, the
char reactivity with increasing char conversion at 1050 °C and 2.0 MPa was not influenced by
the thermal annealing through an increase in Raman intensity ratio (ID/IG) ranging from 1.17 to

Rate constant ( )

1.42.98

Figure 2.7: Comparison of char‐O2 and char‐CO2 reactions in different coals99
In the oxy‐fuel combustion (O2/CO2), it was suggested that the influence of CO2 was
approximately 20% slower diffusion of O2 through the CO2‐rich boundary layer surrounding the
reacting char particle, Figure 2.8.18, 27, 28 Dhaneswar and Pisupati also found that the char‐O2
reaction could approach the pore diffusion controlled regime much faster than the char‐CO2
reaction with increasing furnace temperature.68 The oxy‐fuel combustion under the regime I
could be affected by the CO2 in terms of char burnout and flame propagation due to larger
specific molar heat than the N2.69 At high temperatures, the reaction rate of oxy‐fuel
combustion was not equivalent to the sum of the rate with char‐O2 and char‐CO2 because they
were competitive due to limited active sites and low AAEM species.22, 40 Moreover, Naredi and
Pisupati found that the char burnout in oxy‐fuel atmosphere was associated with the char‐O2
and the char‐CO2 activation energies, influenced by temperature and intrinsic reactivity of the
coal, and when the temperature was 1700°C, the char reactivity in oxy‐fuel combustion would
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be higher than the air combustion.26 The char‐CO2 reaction was increasingly significant at
higher temperatures or under higher CO2 partial pressures.26, 68

Figure 2.8: Char combustion model18

Cloke et al. enhanced the coal burnout model, proposed by Hurt and colleagues by accounting
for morphological parameters affecting oxygen transport and char reactivity, gas‐film
resistance, and ash‐film resistance.18 Wall et al. compared char combustion in air and oxy‐fuel
atmospheres.9 In the low temperature region (regime I), the combustion rates were similar in
both the air and oxy‐fuel environments, but when the combustions were under the regime II,
the reactivity increased in the oxy‐fuel combustion as the char‐CO2 reaction became more
influencial.9 Brix et al., however, found that the burnout rates of the air combustion and the
oxy‐fuel combustion of bituminous char were not markedly different at 900 °C.100 Varhegyi et
al. also found that the kinetics of high‐volatile bituminous chars in the oxy‐fuel combustion
were proportional to the O2 concentration and were not influenced by high CO2 concentration
up to 950 °C.101 Hecht et al. explored the boundary layer in the oxy‐fuel combustion with the
different O2 concentration in CO2 atmosphere at 1450 °C.27 The presence of CO2 could increase
the char conversion at lower O2 concentration, but it could decrease the char conversion at
higher O2 concentration ( 24%).27
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2.4 Porosity Transformations during CO2 Gasification and Oxy‐Fuel Combustion
Under the regime I, Rodriguez et al. proposed three mechanisms of the porosity development
will occur in the gasification and combustion under the regime I; (i) the widening of existing
pores, (ii) the creation of new pores, and (iii) the opening of previous inaccessible pores.102 The
porosity development of the same coal char under the regime I was examined by Aarna and
Suuberg with subbituminous coal char in the char‐CO2 and the char‐O2 reactions in terms of N2‐
BET and CO2‐DR surface areas as shown in Figure 2.9.14 The char‐O2 reaction developed higher
N2‐BET and CO2‐DR surface areas compared to the char‐CO2 reaction.14 The BET (N2) surface
area had a linear correlation with the char‐CO2 reaction rate under the regime I of lignite and
subbituminous coals.103

(a)

(b)

Figure 2.9: Surface area development of the char‐O2 and char‐CO2 reactions under the regime I:
(a) N2 adsorption isotherm (BET (N2) surface area) and (b) CO2 adsorption isotherm (DR surface
area)14
Külaots et al. also explored the porosity development of Illinois no. 6 and Wyodak coal chars in
CO2 gasification and air combustion under the regime I.104 At the early stage of the reactions,
microporosity dominated in the char‐CO2 gasification and mesopores were developed in the air
combustion.104 Kim et al. found the correlation between the BET (N2) surface area and the char‐
CO2 reactivity at 1050 °C for bituminous coals.105 Hurt et al. found that the reactivity of a
subbituminous coal char in CO2 gasification at 800 °C was also related to mesopore surface area
and not to micropore surface area.106 Foster and Jensen explored the evolution of the internal
20

structure of char in the CO2 gasification at 900 °C through the small angle X‐ray scattering
(SAXS) for micropores, the N2 gas adsorption for mesopores, and the mercury porosimetry for
macropores.107 With increasing char‐CO2 conversions, the micropore width increased, but the
pore width in macropores was variable.107 Coetzee et al. investigated the micro‐, meso‐, and
macropore development through the SAXS in the CO2 gasification conversions at 900 °C of
South African inertinite‐rich chars.108 The pore development increased with increasing char
conversion and the critical pore size for the CO2 gasification was 1 nm.108 Feng and Bhatia also
found that reaction rates of the CO2 gasification and the air combustion could be normalized by
surface face area of the pores

1 nm of subbituminous and bituminous coal chars under the

regime I through CO2 and Ar gas adsorptions.12

Calo and Hall explored the porosity

development through small angle scattering techniques to find pore development
mechanism.109 A decrease in smallest pores coincided with the point that the larger pores
began to increase, which was relevant to pore wall collapse in the smallest pores,
approximately at 68% burnout at 400 °C in air combustion.109, 110
Külaots et al. examined the porosity development of Pittsburgh no. 8 coal char in air
combustion under the regimes I and II was examined and found that the combustion under the
regime II conditions had significantly less microporosity and mesoporosity compared to the
regime I as shown in Figure 2.10.11 As the temperature increased, the surface reactions were so
rapid that the reaction takes place on the external surface of the particle and the surface area
(N2‐BET) would markedly decrease compared to char combustion under the regime I.11 The
inability of O2 to fully penetrated char pore structure under the regime II that prevented full
opening of the microporosity.11 However, a significant amount of inaccessible porosity (closed
pores), especially micropore size range, could develop closed porosity quantified by the SAXS
and small angle neutron scattering (SANS).107, 109 The porosity development of the chars in air
combustion and oxy‐fuel combustion was similar to the micropore surface area via the CO2 gas
adsorption and the mesopore surface area via the N2 gas adsorption tends to develop with
increasing O2 concentration.111
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Figure 2.10: BET (N2) surface area with respect to char burnout for lignite and bituminous coals
under the regimes I and II11
At higher temperatures, the pore diffusion limitation will be more pronounced and the surface
area development will decrease.79 Under the pore diffusion controlled regime, reactant gases
have a limited ability from penetrating the micropores, but the mesopore surface area may
increase by partial widening of pores or by removing materials from constricted or blocked
mesopore channels.112 Char structure also tends to lose its micropore surface area through
high‐temperature heat treatment due to the structural rearrangement.23 Ash melting can cause
pore blockage.113
For chars in both gasification and combustion, the development of porosity under the regime II
conditions was examined that less microporosity was developed due to crystalline
rearrangement.23,

113

In addition, the effects of incomplete diffusion, ash melting, and ash‐

carbon reaction were observed by Lin et al.113 The char structure is known to lose its
microporosity through the high‐temperature heat treatment and ash melting would induce
pore blockage and ash‐carbon reactions particularly at the high temperatures.23 In addition,
based on a kinetic model developed by Ma, specific surface area development with increasing
char conversion will increase less than 50% for the “moderate” pore diffusion controlled regime
and will slightly be constant for the “high” pore diffusion controlled regime.114
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Ma and Mitchell proposed the morphology model for char group I, II, and III for char oxidation
under the regime II for bituminous coals.115 They found that the char conversion rate depended
on the accessibility of the internal surfaces determining the burnout time.115 Hodge et al. found
that the char morphology was a key parameter of the CO2 gasification reactivity of bituminous
and anthracite coals under the pore diffusion limitation at the high temperatures and the high
pressures.94 Particularly, the group I and II chars with low density and large amounts of voidage
were well modeled by a flat‐plate model rather than a solid spherical model as shown in Table
2.5.94
Table 2.5: Comparison of shape factor for spherical and flat plate geometry94

Summary, there is limited knowledge of oxy‐fuel combustion and a wealth of CO2 gasification
information under regime II conditions. If the impact of multiple properties on char reactivity
and behavior can be assessed it would allow a more rapid acquisition/prediction for oxy‐fuel
combustion. Thus, char‐CO2 gasification and the char burnout in oxy‐fuel combustion on the
same char under the pore diffusion limitation were comparatively explored in terms of kinetics,
porosity, surface area, morphology, fragmentation extents, and degree of ordering to
synthesize and extend the available knowledge of the CO2 gasification and pulverized coal
combustion into the oxy‐fuel combustion technologies.
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Chapter 3
Methods
This thesis provides physical and chemical evaluations in the CO2 gasification and the oxy‐fuel
combustion under the pore diffusion controlled regime on the same coal char, which is
relatively associated with the industrial conditions of IGCC and oxy‐fuel combustion. The CO2
gasification and the oxy‐fuel combustion were performed in a horizontal tube furnace with the
same char to comparatively investigate and rationalize the CO2 gasification conversion and the
char burnout in oxy‐fuel combustion in terms of kinetics, porosity ranging from micro‐ to
macropores, pore size distribution, morphology change, and degree of ordering at the same
temperature under the pore diffusion regime.

3.1 Coal Devolatilization
The coal chars were prepared by devolatilizing Pittsburgh no. 8 high‐volatile bituminous coal in
an electrically heated entrained flow reactor in 89.8% CO2, 6.7% H2O, and 3.5% O2 (v/v).19 The
entrained flow reactor characteristics are available.116 Properties of the test coal were
described in Table 3.1. The coal sample was pulverized and sieved (wet) to obtain coal particles
with size cut of 140 X 200 mesh (74 ‐ 106 μm). The devolatilization experiment was performed
at a reactor temperature of 1500 °C under atmospheric pressure. Residence time was 0.7 s with
0.7 m of length in the gasification chamber and the char conversion during the devolatilization
was 65% ( 5%).19 The char was sieved by sonic sifter no. 70 (210 μm) and no. 450 (32 μm) to
obtain isolated char particles.
Table 3.1: Ultimate and proximate analyses of Pittsburgh no. 8 bituminous coal19
Ultimate analysis wt.% (db)

Proximate analysis wt.% (db)

C

H

Oa

N

S

VM

FC

A

82.9

5.07

1.57

1.52

1.64

38.23

54.53

8.23

HHV (Btu/lb) (daf)

13,116

Oa: Oxygen determined by difference. VM, volatile matter; FC, fixed carbon; A, ash.
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3.2 CO2 Gasification‐Induced Conversions and Oxy‐Fuel Combustion‐Induced
Burnouts
The initial char was placed in the horizontal tube furnace to generate char samples with
different conversions in CO2 gasification and different burnouts in oxy‐fuel combustion for
characterizations and comparative evaluations. Table 3.2 shows details of experimental setup
of the horizontal tube furnace. The char sample was heated from room temperature to 900 °C
under N2 atmosphere. The N2 gas was replaced with 100% CO2 for the CO2 gasification or 21%
O2/79% CO2 (v/v) for the oxy‐fuel combustion. The furnace temperature was 900 °C to be under
the regime II. The experiments (0.01 to 0.07 g of sample mass) confirmed these reactions under
the regime II. Under these conditions, the reaction rates were independent of sample mass and
sample thickness, indicating there was no mass and heat transfer limitation in both these
reactions.
Table 3.2: Experimental conditions
Pressure
atmospheric pressure
Temperature
900 °C
Flow rate of gas
1 l/min
Sample mass
0.03‐0.07 g. (no mass transfer limitation)
Heating rate
17‐18 °C/min (from room temperature to 900 °C)
Cooling rate
6‐7 °C/min (by opening the furnace at 600 °C)
Mass loss
2‐3%
(Comparison under N2 atmosphere)

The char samples with various conversions from the CO2 gasification at 900 °C were generated
with respect to time‐conversion relationship measured by a gas analyzer. The amount of
measured CO concentration was associated with time duration. Therefore, the exposure time
of 10, 30, 60 and 90 min contributed to CO2 gasification‐induced conversions; namely, 13, 26,
36, and 61% respectively in the CO2 gasification based on mass loss calculation.
The oxy‐fuel combustion at 900 °C, which is much more reactive than the CO2 gasification, was
difficult to monitor the excess CO2 from the reaction. Thus, trial and error for char burnouts
with respect to time were necessary. The exposure time of 0.5, 1, and 1.5 min attributed to the
oxy‐fuel combustion‐induced burnouts based on mass loss calculation; namely, 15, 35, and 63%
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respectively in the oxy‐fuel combustion. As shown in Table 3.3, the reproducibility test was
performed. Greater variability was found with the oxy‐fuel combustion at longer exposure time.
However, the variability was deemed acceptable. The chars were well mixed from multiple runs
to generate the desired mass for analytical needs.
Table 3.3: Reproducibility of the CO2 gasification and the oxy‐fuel combustion
Atmosphere
CO2 gasification

Oxy‐fuel
combustion

Oxy‐fuel
combustion

Reaction time (min)

Mass conversion (%)

30

30.7

30

31.5

30

30.5

0.5

12.4

0.5

12.4

0.5

11.9

1

29.2

1

26.1

1

34.2

1

30.0

1

31.5

1

31.4

3.3 Conversion and Burnout Measurement
The CO2 gasification‐induced char conversions and oxy‐fuel combustion‐induced char burnouts
were calculated based on mass loss as shown in equation 3.1. The char conversion and char
burnout levels indicated the reactions compared to the initial char in the horizontal tube
furnace. The char conversion during devolatilization in the entrained‐flow gasification was 65%
conversion (db).
(3.1)
Where W is the char conversion, mo is the initial mass of char (daf) and m is the char mass at
time t (daf)
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To obtain ash content in the initial char, it was placed in the horizontal tube furnace, heated
from room temperature to 950 °C in N2 atmosphere, switched from the N2 gas to air
(21%O2/79% N2), sustained for 8 min, switched back to the N2 gas, and cooled down to room
temperature. The ash content for the initial char ranges from 15 to 18.3% (db) from 5 samples.
The mean was 16.9% (db) with standard deviation of 1.65%. For the char conversions in CO2
gasification and the char burnouts in oxy‐fuel combustion, assumptions were made that char
particles consist of only ash and char fractions, and there is no ash decomposition.

3.4 Porosity and Surface Area
Porosity and surface area of porous materials were determined through a gas adsorption
technique; namely, the CO2 gas adsorption for micropore size at 0 °C and the N2 gas adsorption
for mesopore size at ‐196 °C. The surface area in micropores was obtained through Dubini‐
Raduhkevich (D‐R) method in CO2 at 0 °C.117 For the surface area, Brunauer, Emmett, and Teller
(BET) method in N2 at ‐196 °C can determine micropores and mesopores.118 Pore volume and
pore size distribution were obtained by Dubinin‐Astakhov (D‐A) equation for micropores and
Barrett, Joyner, and Halenda (BJH) method for mesopores.119 A cross‐sectional area of 0.253
nm2 for CO2 and 0.162 nm2 for N2 was used.
The CO2 gas adsorption and the N2 gas adsorption were performed with a Micromeritics
analyzer (ASAP2020). The char samples were pretreated by heating to 200 °C in a vacuum
degassing unit for 12 hours. Specific surface area, mesopore volume, and mesopore size
distribution were determined using an ASAP2020 porosimeter with low‐pressure ( 10.13 kPa)
as the adsorptive at the boiling point temperature of liquid nitrogen.
A higher adsorption temperature of CO2 gas adsorption results in a higher kinetic energy and
can enter into the narrow pores.117 The Dubinin‐Radushkevich (D‐R) equation was used to
obtain micropore surface areas from CO2 adsorption at 0 °C isotherm data.120 The shown
equation 3.2 may be written in the following form for plotting purposes. The relative pressure
(P/Po) ranges from 0 ‐ 0.03.121
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log

log

(3.2)

Where V is the volume adsorbed at equilibrium pressure, Vo is the micropore capacity, B is
structural constant, T is the analysis temperature, Po is the saturation vapor pressure of the
adsorbate at the temperature, and P is the equilibrium pressure. Based on a least‐square
analysis, micropore surface area can be obtained as shown in equation 3.3
(m2/g)

D‐R surface area
Where

(3.3)

is the molecular cross‐sectional area of the adsorbate molecule which is 0.253 nm2 for

CO2, L is the Avogadro number (6.022 x 1023 mol‐1)
The Dubinin‐Astakhov (D‐A) equation was utilized to obtain the pore size distribution and pore
volume.120 The equation 3.4 is in the form for plotting purposes
log

log

(3.4)

Where R is the molar gas constant, Eo is the characteristic energy, and n is the Astakhov
exponent ranging from 1 ‐ 3.121
The Brunauer, Emmett and Teller (BET) equation shown in equation 3.5 is physisorption with
multimolecular layers with at least three data points in relative pressure range 0.05 to 0.30.118
(3.5)
Where

is the volume of gas adsorbed at pressure P,

monolayer, C is the BET constant, and

is the volume of gas required to form

is the relative pressure of adsorbate.118

Based on the N2 adsorption, mesopore size (width) distribution are also generated using the
Kelvin equation that assumes emptying of condensed adsorptive in the pores in a stepwise
manner as the pressure decreases and Barrett‐Joyner‐Halenda (BJH) theory are used to
determine the pore volume and pore size distribution of char particle from 0.05 to 0.997 of the
relative pressure (P/Po).119
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3.5 Char Morphology, Particle Size Distributions, and Fragmentation Extents
Char morphology was examined for 2 methods, i.e., 3 dimension images from external to
internal structure by a focused ion beam (FIB/SEM) milling technique and micrographs of
external morphology by scanning electron microscopy (SEM). The SEM micrographs were also
analyzed by ImageJ software to obtain particle size and shape by a manual‐particle counting
approach.
Char particles were also examined by morphology from external surface to internal void
structure by the focused‐ion beam (FIB/SEM), with a FEI Quanta 3D. The char particle was
selected by external morphology related to maceral compositions to represent the char particle
of each sample on the same stub in the scanning electron microscopy investigation based on
work of Yu et al.80 The selected particle was tilted to 52° to align a FIB needle and SEM column.
The particle was deposited with a rectangular Platinum frame to prevent thermal damage and
shape change. The selected particle was, then, milled by ion beam at 20 nA with 30 kV and 3
μm. The particle shape was not appreciably affected by such conditions. Bassim et al. also
investigated that the effect of ion beam on chemical changes and there were minor chemical
changes on lignite coal.122 Char morphology was classified at the middle of each particle which
the optical microscopy technique cannot achieve. Pore system can be investigated in meso‐ and
macropores. However, the examined particles and selected areas cannot be representative for
the whole and, thus, cannot be easily interpreted from the reactions of the CO2 gasification and
the oxy‐fuel combustion standpoints.
For the external morphology investigation, char classification was undertaken by counting 500
char particles in each sample at an overall magnification of 400X in FEI Quanta 200. Char
particles were dispersed evenly by ultrasonic treatment in isopropanol solvent on glass on
conductive carbon tape, mounted on an aluminium sample stub, and coated with sputtered
gold. Each SEM micrograph was processed by ImageJ software to obtain particle size
distributions and particle shape. Radius of each particle is determined by the cross sectional
area of some irregular shape in equation 3.6. Trimming of the data below 25 μm was carried
out to remove false data from the image processing. Particle size distributions were
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represented in DA[0.1], DA[0.5], and DA[0.9] for an S‐curve of cumulative distribution of
equivalent circle diameter.
2

(3.6)

Where D is particle size (diameter) and A is the cross‐sectioned area of particles
Fragments and whole particles were classified by eyes and quantified by ImageJ software to
obtain particle size and particle shape. The shape was defined by aspect ratio in equation 3.7.
The particle size and aspect ratio were represented in 95% confidence interval as shown in
equation 3.8.
(3.7)
Where L is the maximum length of particles and D is the calculated diameter of the same area
of the particles.
√

Where

(3.8)

is mean, Z= 1.96 for 95% confidence interval, S is standard deviation, and n is number

of sample.

3.6 Degree of Ordering
Crystalline structure characterization of carbonaceous materials provides important
information of thermal annealing and the degree of crystalline transformations. There are
various techniques for the quantitative analyses such as fringe images from high resolution
transparent electron microscopy (HRTEM), stacking height and interlayer spacing through X‐ray
diffraction (XRD), and crystalline width (La) by Raman spectroscopy.
Raman spectroscopy, which is a resonant process, is a non‐destructive technique for structural
characterization of carbon skeleton in char.123 For disordered and amorphous carbonaceous
materials, the Raman spectra can be band‐fit to separate the graphitic carbon (G band) from
the disordered carbon (D band).124 The graphitic band is at 1585 cm‐1 and the D band is at 1350
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cm‐1.125‐127 Moreover, it is generally implemented in the range of wavelength in blue‐green
spectral region. Ferrari found that the Raman spectra at each wavelength depend on clustering
of the sp2 phase, bond length, bond angle disorder, and the sp2/sp3 ratio.124 To increase the
spectral separation of the D and G bands, the excitation wavelength in the green region (514
nm) is commonly used.
Li et al., Liu et al. and Guo et al. used the Raman spectroscopy to investigate the structure
transformation with different conditions of heat treatment for coals and coal chars in a range of
800 ‐ 1800 cm‐1.125, 126, 128 The interpretation of the Raman spectra for highly ordered chars is
different from the highly disordered chars by using the intensity ratio (ID/IG).125 Raman
spectroscopy can examine the char structures even if they have an amorphous nature.129
Cuesta et al. found a relationship between the crystalline width (La) and the intensity ratio, La =
4.4 (IG/ID) for the 514.5 nm of laser wavelength.129
Tuinstra et al. found the correlation shown in equation 3.9. between the peak intensity of the D
and G bands and the reciprocal of the size of the crystalline width by comparing with X‐ray
diffraction (XRD) measurement.123 However, the error of estimation is as high as

100 % for

highly disordered carbonaceous materials.129
(3.9)
Where C is 4.4 quantified by Tuinstra et al. and Cuesta et al at 514 nm of wavelength.123, 129 and
La is the crystalline width. Matthews et al. proposed a wavelength dependency of C in the
following relation in equation 3.10 valid for 400 ‐ 700 nm of wavelength (λ).130
C

‐12.6 + λ(0.033)

(3.10)

However, Ferrari et al. and Zickler et al. revealed that the ID/IG ratio can be proportional to the
crystalline width (La) if the La is lower than 2 nm as shown in Figure 3.1.124, 131
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Figure 3.1: The relationship between the crystalline width (La) and the intensity ratio (ID/IG)124

The Raman spectra were obtained in Horiba LabRam HR Evolution with ultralow frequency
spectroscopy ( 10 cm‐1) at 488 nm as excitation source. The obtained spectra through 488 nm
and 514 nm gave the same results for the analysis, but the 514 nm has a weaker spectrum.132
For each bituminous coal char sample, the 5 particles were randomly chosen and analyzed. The
spectra were recorded in the range of 800 ‐ 1800 cm‐1 and the acquisition time for each
spectrum was 10 s at a laser power of 0.4 mW. The Raman spectra were also obtained with a
density filter to avoid thermal decomposition of samples. No effect of the inorganic matter on
the Raman spectra was observed, consistent with the observations of Green et al. and Bar‐ziv et
al.62, 132 Moreover, the band deconvolution was quantified in 5 bands by Lapspec program with
the Lorentzian function; namely, D1 (1350 cm‐1), D2 (1620 cm‐1), D3 (1530 cm‐1), D4 (1150 cm‐1),
and G (1580 cm‐1) according to the investigation of Sadezky et al. and Sheng C.59,
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The

disordered band D1 is commonly called the defect band related to a graphitic lattice vibration
mode with A1g symmetry.123, 124 The D2 band is quite similar to the G while the graphene layers
are not directly sandwiched between two other graphene layers.132 The D3 parameter
originates from the amorphous sp2‐bonded forms of carbon such as organic molecules,
fragments or functional groups.129 The D4 band is very poorly organized materials such as soot
or coal chars. It represents the combination of sp2‐sp3 mixed sites and the reactive site for the
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air combustion.62, 134 Finally, the graphitic band G band is the symmetry of aromatic layers of
the graphite crystalline in the stretching vibration mode.123,

124

The goodness‐of‐fit was

determined by the reduced c2, which would be from 1 to 3 between the calculated fit curve
and the observed spectrum.133 To handle this heterogeneity problem, multiple spectra for each
char sample and multiple sets of Raman structural parameters need to be obtained in terms of
mean values and 95% confidence interval.
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Chapter 4
Results and Discussion
4.1 Char Reactivity in CO2 Gasification and Oxy‐Fuel Combustion
Reactivity of char‐CO2 gasification was undertaken isothermally in a horizontal tube furnace at
875, 900, and 945 °C to obtain the activation energy using the Arrhenius’s equation. The char‐
CO2 gasification at 900 °C was under the pore diffusion controlled regime (Figure 4.1). The slope
of the Arrhenius plot was expected to decrease as the rate controlling approaches to the pore
diffusion regime. The activation energy was 74 kJ/mol which is less than a half of the intrinsic
activation energy.21 The low activation energy due to the pore diffusion controlled regime is
correlated with the work of Kasaoka et al.95 and Kovacik et al.135 Dhaneswar and Pisupati found
that the char‐CO2 and char‐O2 reactions approached the pore diffusion limitation for Pittsburgh
no. 8 coal based on the effectiveness factor at 900 °C.68 Külaots et al. examined the Pittsburgh
no. 8 coal char in air combustion under the regimes I and II and found that char combustion at
500 °C was under the regime II.11 Thus, oxy‐fuel combustion at 900 °C was under the pore
diffusion regime.

Figure 4.1: Arrhenius plot of Pittsburgh no. 8 coal char in the CO2 gasification
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The time‐conversion history of the CO2 gasification and the oxy‐fuel combustion (21% O2/79%
CO2) is in Figure 4.2. The exposure time in the CO2 gasification from 10 to 90 minutes was much
less reactive than the oxy‐fuel combustion from 30 to 90 seconds. The char conversions and
char burnouts were described in the progression of CO2 gasification and oxy‐fuel combustion at
900 °C in the horizontal tube furnace. The char conversion during the devolatilization stage in
an entrained‐flow gasifier was 65% conversion (db). The conversions/burnouts here are related
to the reactant‐induced changes and so the reactant‐induced conversion extend for the initial
char is 0%. Relative reactivities (oxy‐fuel combustion/CO2 gasification) were 23 times at the
early stages (~10% gasification‐, burnout‐induced conversion (daf)) and 62 times at the later
stages (~60% gasification‐, burnout‐induced char conversion (daf)). The relative reactivities of
air combustion/CO2 gasification was compared in different temperatures (Table 4.1) and it
decreases markedly with increasing the temperature influencing the reaction regime. Thus,
both the CO2 gasification and the oxy‐fuel combustion were likely under the pore diffusion
regime. The difference in the relative reactivities can result from the loss of the char‐CO2
reactivity, thermal annealing, catalytic deactivation, and ash influences.
Despite the initial high temperature of char generation, thermal annealing was a possibility,
particularly in the CO2 gasification due to prolonged temperature exposure (owing to the lower
reactivity). The overall change is thought to be related to the combination of thermal annealing
and gasification reactions as proposed by Senneca et al.61 and Feng et al.65 Senneca et al. found
that

1200 °C in air combustion of a South African bituminous coal, the thermal annealing was

more pronounced.136 Furthermore, the loss of catalytic activity in the CO2 gasification may
occur at higher temperatures ( 800 °C) for K and Ca as observed within amorphous carbon by
Freund.137 Bituminous coal has less alkali contribution and dispersion in comparison to low‐rank
coal. The FexOy is also a good catalyst for char‐CO2 gasification, but the Fe catalyst could be less
pronounced with increasing carbon conversion as observed in various carbonaceous materials
due to a change in species.39 In addition, the presence of SiO2 and Al2O3 ( 60% wt) in coal chars
will likely reduce the CO2 gasification reactivity due to blocking/hindering access to the reactive
sites.36, 138, 139
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Time (second)

Figure 4.2: Time‐conversion history of the CO2 gasification and oxy‐fuel combustion‐induced
conversions
Table 4.1: Relative reactivities of air combustion to CO2 gasification of carbonaceous materials
under different regimes
Relative
Regime
Materials
Temperature
(°C)

(CO2 gasification /

reactivities

air combustion)
Walker et al.21

Graphite

Salatino et al.140

South African coal

Kyotani et al.141

Walker et al.21

800

I/I

1 x 105

850 (CO2) / 450

I/I

3.2 – 7.5(a)

(68 wt.% C)

(air)

Liddell (80.5 wt.% C)

900

I / II

257(b)

Moura (83.7 wt.% C)

900

I / II

290(b)

Liddell (80.5 wt.% C)

1500

II / II or III

5.36(b)

Moura (83.7 wt.% C)

1500

II / II or III

3.46(b)

n/a

III

2

Graphite

a: relative reactivities based on time‐conversion histories at 10 and 60% conversion, b: reaction rates obtained by first‐order rate plot
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4.2 Degree of Ordering
The microstructure of coal chars at different reactant‐induced conversions/burnouts was
characterized by Raman spectroscopy to obtain crystalline width (La) via an intensity ratio
(ID1/IG) and a relative amount of large aromatic rings ( 6 rings) via an area ratio (AG/Aoverall). The
Raman spectra were typical for poorly organized carbonaceous material as crystallinity level 1
according to Lunsdorf et al.127, indicated by the occurrence of the D3 and D4 bands, and
overlapping D2 and G bands. Thermal annealing could reduce the reactivity.
Crystallinity of char structure, the crystalline width (La) can be indicated by the intensity ratio of
ID1/IG.123,

129

The ID1/IG is inversely proportional to the crystalline width based on Tuinstra’s

correlation when the crystalline width

2 nm.123,

124

Louw et al. explored structural

transformation of vitrinite‐ and inertinite‐rich South African coals at 1400 °C in a drop‐tube
reactor.50 The vitrinite‐rich coal changed from 1.78 to 2.68 nm and the inertinite‐rich coal
changed from 1.38 to 2.45 nm.50 As a result, the crystalline width of the initial char can be

2

nm. The Tuinstra’s correlation can be applicable for the induced chars from these conversions.
The thermal annealing if occurring is expected to increase with the increasing conversion
(Figure 4.3). The crystalline width increased from 2.56 to 2.94 nm for the char conversion in CO2
gasification while it decreased from 2.56 to 2.41 nm for the char burnout in oxy‐fuel
combustion. In oxy‐fuel combustion, the degree of ordering transformation was small with
increasing combustion‐induced burnout (Figure 4.4). The increasing crystalline size might not
influence the reactivity of char‐CO2 gasification as observed by Liu et al.98 Feng et al.65 found
that crystalline sizes in terms of La, Lc, and d002 did not significantly change with increasing
residence time of an semi‐anthracite under heat treatment conditions at 950 to 1150 °C for
various times (from 10 min to 15 h). In addition, the formation of O‐containing functional
groups can occur in the CO2 gasification, which is Raman active.142 This could alter the Raman
spectral information and the obtained crystalline width.
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Figure 4.3: ID1/IG intensity ratio and the crystalline width (La) with increasing CO2 gasification‐
induced conversions

Figure 4.4: ID1/IG intensity ratio and the crystalline width (La) with increasing oxy‐fuel
combustion‐induced burnouts

The relative amount of large aromatic rings ( 6 rings) to small aromatic rings ( 6 rings) was
quantified via the area ratio of Raman spectra. The increasing relative amount of large aromatic
rings increased with increasing the gasification‐induced conversions and the combustion‐
induced burnouts (Figures 4.5 and 4.6). The increasing area ratio (G band area/whole areas) in
the CO2 gasification of 35% increase was higher than in the oxy‐fuel combustion of 14%.
Therefore, the small aromatic rings ( 6 rings) were preferentially reacted and/or converted
into the larger aromatic rings ( 6 rings) in the CO2 gasification compared to the oxy‐fuel
combustion. The increasing relative amount of large aromatic rings will reduce the reactivity
due to the loss of reactive sites. To quantify the impact of this annealing, comparisons were
made from literature data. Feng et al.65 found that with an increasing fraction of ordered
carbon (via XRD) from 0.3 to 0.4 (33% increase) the relative reactivity of semi‐anthracite char
38

during oxidation decreased from 0.85 to 0.6 (29% decrease, measured at 1% conversion) with
heat treatment ranging 950 to 1150 °C. Xu et al.143 determined an increasing area ratio from
0.137 to 0.191 was equivalent to the increasing heat treatment temperature (bituminous coal)
of 250 °C (1150 – 1400 °C) in the CO2 gasification‐induced conversions. The increasing ratio
from 0.137 to 0.161 was equal to an increase in temperature of 100 °C (1150 – 1250 °C) in the
oxy‐fuel combustion‐induced burnouts. Thus, the annealing is likely to have a significant impact
on reactivity during CO2 gasification here due to the reduction of reactive sites.

0.213

Area ratio (G area/overall)

0.22

0.20

0.171

35%

0.18

0.16

0.159

0.191
0.187

0.162
0.157

0.14

0.137
0.133

0.12

initial char

13 % conv. CO2 gasification

61 % conv. CO2 gasification

Figure 4.5: Area ratio (G area/overall) with increasing CO2 gasification‐induced conversions

Area ratio (G area/overall)

0.22

0.20

0.184
0.18

0.166
0.16

0.14

0.159

0.137

0.163

14%

0.161
0.159

0.144

0.133
0.12

initial char

15 % conv. oxy-fuel combustion

63 % conv. oxy-fuel combustion

Figure 4.6: Area ratio (G area/overall) with increasing oxy‐fuel combustion‐induced burnouts
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4.3 Porosity and Surface Area Transformations
The porosity transformation of induced chars with CO2 gasification and oxy‐fuel combustion
was influenced by the pore diffusion controlled regime and the reactant gases (Table 4.2). Pore
volume in micro‐ and mesopores was greater and the pore size also increased in the CO2
gasification. However, the pore volume and pore size decreased in micropores and slightly
developed in mesopores in the oxy‐fuel combustion. Thus, porosity ranging from micropores to
macropores developed in the CO2 gasification while mesoporosity slightly increased and
macroporosity developed in the oxy‐fuel combustion as shown in Table 4.2. The loss of
materials containing pore width

130 nm could occur in the oxy‐fuel combustion via N2 gas

adsorption. In addition, porosity development with increasing conversion levels influenced
particle fragmentation.
Table 4.2: Surface area and pore volume of induced chars in micropores (CO2 gas adsorption)
and mesopores (N2 gas adsorption)
Char induced
conversion %
(daf)

Atmosphere

0 (initial char)
13
26
36
61
15
35
63

CO2
CO2
CO2
CO2
O2/CO2
O2/CO2
O2/CO2

Micropore in CO2
adsorption
D‐R
D‐A pore
surface
volume
area
(cm³/g*)
(m²/g*)
210
0.38
253

0.46

176

0.32

Mesopore in N2 adsorption
BET
(m²/g*)

BJH
(cm³/g*)

Average
pore width
(Å)

105

0.25

121

172
183
211
225
112
103
134

0.34

116

0.28

115

* as received basis

The BET (N2) surface area consequently increased 114% in the CO2 gasification and 27% in the
oxy‐fuel combustion compared to the initial char (Figure 4.7). Unsurprisingly, the increasing BET
(N2) surface area in these reactions under regime II was relatively less than under the regime I
in work of Külaots et al.11 and Salatino et al.140 The specific surface area development would
also be less pronounced when temperature increases as modelled by Ma.114 Based on Ma’s
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work, the char‐CO2 gasification was under the “moderate” pore diffusion regime while the char
in oxy‐fuel combustion was under the “high” pore diffusion regime.

114%

27%

Figure 4.7: BET (N2) surface area of induced chars in the CO2 gasification and the oxy‐fuel
combustion

Micropore size (width) distribution and cumulative pore volume of the induced chars from the
CO2 gasification and the oxy‐fuel combustion showed in Figures 4.8 and 4.9 via the CO2
isothermal gas adsorption for 1.2 to 1.6 nm micropore size. According to the isotherm plot in
Figure 4.8, the microporosity development of the initial char was likely due to the
thermoplasticity during devolatilization as observed by Tsai and Scaroni.47 The microporosity
preferentially developed in the CO2 gasification while it did not/slightly developed in the oxy‐
fuel combustion compared to the initial char. The chars in CO2 gasification developed such
microporosity because of longer exposure time as observed by Foster et al.107 However, Hurt et
al.106 and Feng et al.12 found that the development of microporosity did not contribute to the
reactivity in CO2 gasification and air combustion.
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Figure 4.8: CO2 isotherm adsorption of induced chars from the CO2 gasification and the oxy‐fuel
combustion compared to the initial char

Figure 4.9: Micropore volume distribution of induced chars in the CO2 gasification and the oxy‐
fuel combustion compared to the initial char
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The low‐pressure N2 isotherm adsorption of char samples (Figure 4.10) corresponded to Type IV
isotherm of the classification of Brunauer et al.118 This type of isotherm adsorption is associated
with mesoporous solids. This showed a distinct hysteresis loop between 0.4 and 0.997 relative
pressure, with the hysteresis becoming less pronounced with increasing depth, and the shape
of the hysteresis loop is considered to be a de Boer loop type B indicating the presence of
micropores.144 The N2 gas adsorption showed that the micro‐, meso‐, and macropores of the
induced chars from CO2 gasification developed higher than the chars from oxy‐fuel combustion.

Figure 4.10: Low‐pressure nitrogen adsorption isotherms of induced chars in the CO2
gasification and the oxy‐fuel combustion compared to the initial char
Pore size (width) distribution (1.8 to 280 nm) and cumulative pore volume in meso‐ and
macropores also showed that the porosity development was more pronounced in the CO2
gasification than in the oxy‐fuel combustion under the same temperature (Figures 4.11 and
4.12). The pore size distribution represented that the induced char in CO2 gasification
developed from micropores to macropores associated with the results from the gas adsorption
by Feng and Bhatia12 and the SAXS work of Coetzee et al.108 , but the induced char in oxy‐fuel
combustion preferentially developed macroporosity (48.5 to 130 nm). The loss of materials
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containing pore width

130 nm in the oxy‐fuel combustion could happen. Thus, the reactant

gases, temperature, and exposure time affected the micro‐, meso‐, and macropore
development. Therefore, with a shorter period of time and higher particle temperature in the
oxy‐fuel combustion, the micropores and mesopores did not markedly develop. In addition,
Meso‐ and macrorosity development can influence the fragmentation in these conversions as
observed in previous work.74, 77

Figure 4.11: Pore volume distribution of induced chars in the CO2 gasification and the oxy‐fuel
combustion compared to the initial char

Figure 4.12: Cumulative pore volume analysis of induced chars in the CO2 gasification and the
oxy‐fuel combustion compared to the initial char
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4.4 Particle Size Distributions
Changes in the particle size distributions and particle shape were obtained by ImageJ software
of 500 particles for each sample with multiple SEM micrographs containing whole particles and
fragments as shown in Table 4.3. The image analysis is useful to quantify size and shape. It can
distinguish (manually) whole particles and fragments while laser diffraction or sieve analysis
techniques cannot provide. The distributions in CO2 gasification shifted toward lower DA[0.5]
more than the chars in oxy‐fuel combustion at same levels of gasification‐, burnout‐induced
conversions. The distributions from CO2 gasification became smaller markedly with increasing
char conversion from 9.5 to 18% (Figure 4.13). With increasing char conversion, the amount of
particle size

75 μm decreased, but the amount of particle size

75 μm increased (Figure

4.14). In particular, the amount of particle size ranging from 30 to 45 μm increased at 61% char
conversion which could result from char fragmentation. However, the distributions in oxy‐fuel
combustion did not/slightly shifted with increasing char burnout from 4.9 to 5.4% as shown in
Figure 4.15. With increasing char burnout, the amount of particle size
decreased, but the amount of particle size

85 μm slightly

85 μm would increase as shown in Figure 4.16.

Therefore, the reactant gases and exposure time have significance on the transformation of
particle size distributions and fragmentation extents for thick‐walled cenospheres.
Table 4.3: Particle size distributions of the induced chars through the CO2 gasification and the
oxy‐fuel combustion
Particle size
Initial
CO2 gasification‐induced
Oxy‐fuel combustion‐
(μm)
char
conversions
induced burnouts
13%
26%
36%
61%
15%
35%
63%
DA[0.1]
56
45
40
40
30
56
50
48
DA[0.5]
81
65
65
60
60
78
76
76
DA[0.9]
106
95
95
90
90
109
103
101
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Cumulative passing (%)

Figure 4.13: Cumulative percentage of particle size distributions of the CO2 gasification‐induced
chars

Figure 4.14: Particle size distributions at different degrees of CO2 gasification‐induced
conversions
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Cumulative passing (%)

Figure 4.15: Cumulative percentage of particle size distributions of the oxy‐fuel combustion‐
induced chars

Figure 4.16: Particle size distribution at different degrees of oxy‐fuel combustion‐induced
burnouts
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4.5 Char Fragmentation Extents
Char fragmentation extents in the CO2 gasification and the oxy‐fuel combustion were markedly
different in terms of number of fragments and fragment shape. Because the porosity
development of char from CO2 gasification was higher, the fragmentation preferentially
occurred more than in the oxy‐fuel combustion. Porosity is the key parameter of the
fragmentation extents and macropores on the surface can indicate the fragmentation.6, 77 The
porosity threshold was 0.5 and 0.75 for cenospheres at burnouts between 30 and 50%.77
However, a fragmentation model with the particle population balance model uses only the
initial porosity to predict the particle size distributions and fragmentation for solid char
particles, not for thin/thick walled chars. The thin/thick walled cenosphere affecting reactivity
was modelled by a flat‐plate model instead of a solid sphere model.94
The fragmentation extents were 6.4, 6.9, 12.3, and 6.8% (of particles) for 13, 26, 36, and 61%
CO2 gasification‐induced conversions (Figure 4.17). In the oxy‐fuel combustion, the extents
were 2.5, 2.1, and 1.9% (of particles) for 15, 35, and 63% combustion‐induced burnouts (Figure
4.18) which was comparatively lower than the fragmentation in CO2 gasification. The difference
in porosity development could influence the fragmentation extents. Based on a fragmentation
model developed by Liu et al.77 for porous chars, the fragmentation extents were related to the
development of macroporosity. Kantorovich et al.74 also found that the fragmentation of
porous char particles happened due to changes in meso‐ and macroporosity. Particle sizes and
variation of fragments in the oxy‐fuel combustion were larger than in the CO2 gasification. A
series of fragmentation would take place in the CO2 gasification, but not happen in the oxy‐fuel
combustion. However, under industrial conditions, the effects of forced particle transportation,
particle collision, and high system pressure can cause more extensive fragmentation and can
change the mode of fragmentation.145, 146
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Fragmentation (%)
Fragmentation (%)

Figure 4.17: A comparison of char fragmentation and reactivity through different CO2
gasification‐induced conversions

Figure 4.18: A comparison of char fragmentation and reactivity through different oxy‐fuel
combustion‐induced burnouts
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The char fragmentation with increasing conversions/burnouts in CO2 gasification and oxy‐fuel
combustion was quantified and compared with whole particles as shown in Tables 4.4 and 4.5
in terms of particle size distributions and particle shape (aspect ratios). The particle sizes of
whole particles and fragments overlapped each other in both conversions in a range of DA[0.1]
and DA[0.9] (Figures 4.19 and 4.20). The particle size of fragments in the CO2 gasification shifted
and was smaller than in the oxy‐fuel combustion at the same levels of conversions. Large
fragments could fragment more and smaller fragments reasonably became smaller and extinct
afterwards as observed by Dacombe et al.73 The particle size of fragments in CO2 gasification
decreased with increasing char conversion (Figure 4.19). However, in the oxy‐fuel combustion,
the particle size of fragments did not shift with increasing burnouts as shown in Figure 4.20.
Therefore, the mode of fragmentation in CO2 gasification‐induced conversions would be
different from oxy‐fuel combustion‐induced burnouts as observed by the variation of fragment
size.
Table 4.4: Particle size of whole particles and fragments in CO2 gasification and oxy‐fuel
combustion
Particle size
(μm)

CO2 gasification‐induced
conversions
13%

Whole particles
DA[0.1]
DA[0.5]
DA[0.9]
Fragments
DA[0.1]
DA[0.5]
DA[0.9]

26%

Oxy‐fuel combustion‐induced
burnouts

36%

61%

15%

35%

63%

55.5
73.5
105.3

52.8
73.9
105

51.2
69.0
102.4

45.0
65.2
105.2

65.5
79.9
110.3

55.7
76.6
105.3

55.0
77.1
110.0

32.3
60.1
107.0

32.0
47.8
115.0

27.2
49.6
85.7

25.5
36.7
55.3

40.4
50.3
75.5

30.2
43.3
70.0

27.5
45.6
70.5
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 Whole particles
 Fragments

Figure 4.19: Particle size in 95% confidence interval of whole particles and fragments through
different CO2 gasification‐induced conversions

 Whole particles

 Fragments

Figure 4.20: Particle size in 95% confidence interval of whole particles and fragments through
different oxy‐fuel combustion‐induced burnouts
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The fragment shape was irregular as defined by an aspect ratio. Unsurprisingly, the aspect ratio
of fragments was higher and the variation of them was broader than whole particles based on
95% confidence interval for the CO2 gasification and the oxy‐fuel combustion (Figures 4.21 and
4.22). The aspect ratio of whole particles ranged from 1.38 to 1.41 for the CO2 gasification and
ranged from 1.34 to 1.35 for the oxy‐fuel combustion. The aspect ratios of bituminous vitrinite
coal particles are 1.64 – 1.66 by Mathews et al. 24 and Pittsburgh coal particles are 1.39 – 1.55
by Dumm.147 Interestingly, the averaged aspect ratio of fragments was from 1.56 to 1.76 for the
CO2 gasification and from 1.55 to 1.77 for the oxy‐fuel combustion. As a simple informative cut,
the aspect ratio can distinguish between particles ( 1.43) and fragments ( 1.43) for this coal
under these conversions.
Table 4.5: Aspect ratio of whole particles and fragments in CO2 gasification and oxy‐fuel
combustion
Aspect ratio

CO2 gasification‐induced
conversions
13%

Whole particles
Mean
S.D.
DA[0.5]
Fragments
Mean
S.D.
DA[0.5]

26%

36%

Oxy‐fuel combustion‐induced
burnouts

61%

15%

35%

63%

1.38
0.22
1.32

1.38
0.20
1.34

1.38
0.23
1.32

1.41
0.25
1.33

1.35
0.19
1.31

1.35
0.20
1.30

1.34
0.19
1.29

1.56
0.31
1.47

1.76
0.40
1.75

1.65
0.35
1.56

1.62
0.35
1.50

1.55
0.24
1.59

1.75
0.28
1.80

1.77
0.39
1.64
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Examples of aspect ratio

 Fragments
 Whole particles

1

1.35

1.45

Figure 4.21: Aspect ratio in 95% confidence interval of whole particle and fragments obtained
through different CO2 gasification‐induced conversions

 Fragments

 Whole particles

Figure 4.22: Aspect ratio in 95% confidence interval of whole particles and fragments obtained
through different oxy‐fuel combustion‐induced burnouts

53

4.6 Char Morphology Transformations
Most of char particles, initial char, CO2 gasification‐induced chars, and oxy‐fuel combustion‐
induced chars, are a non‐uniform porous structure with a large central void surrounded by
thin/thick wall. Char morphology was examined on external surface by scanning electron
microscopy (SEM) and from external surface to internal void structure by a focused‐ion beam
(FIB/SEM) milling technique. The SEM micrographs showed the typical swollen particle shape,
thin‐ and thick‐walled cenospheres. The initial char experienced thermoplasticity during the
devolatilization at 1500 °C in the electrically entrained‐flow gasification. The highly porous
initial char was characterized as shown in Figure 4.23 for multiple particles. It is widely
recognized that bituminous coal chars produced under high temperatures and high heating
rates are more likely to form swollen particles with low density, thin/thick walls, and large
amount of voidage.7,

94, 148

The chars obtained from the entrained flow gasification were

markedly mostly thick‐walled cenospheres (group II).

Figure 4.23: Initial char morphology generated in the entrained flow gasification at 1500 °C
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The scanning electron microscopy (SEM) characterization was performed on the initial char, the
CO2 gasification‐induced chars, and the oxy‐fuel combustion‐induced chars (Figure 4.24). The
external morphology of chars in both reactions with increasing char conversions will be more
porous on the external surface. The reactions of the CO2 gasification and the oxy‐fuel
combustion for the cenospheres were on the external surface and the internal surface within
char particles via feeding pores. The char morphology of oxy‐fuel combustion exhibited fewer
open pores with increasing char burnout levels compared to the chars in CO2 gasification at the
same conversions. Pore enlargement on the external surface developed with increasing char
conversions and char burnouts. The pore enlargement on surface can represent crystallite edge
groups or catalyst influences.106
13% conv. in CO2

36% conv. in CO2

61% conv. in CO2

15% conv. in oxy

35% conv. in oxy

63% conv. in oxy

Figure 4.24: Morphological transformation of induced chars in the CO2 gasification and the oxy‐
fuel combustion
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The char morphology from external surface to internal void structure and the pore structure in
meso‐ and macropores were investigated via the FIB/SEM milling technique. The three types of
char morphology were explored based on the external morphology associated with maceral
compositions via density separation for subbituminous and bituminous coals by the work of Yu
et al.80 The morphology terminology and description were listed in Table 2.3. A (obvious
blowhole), B (infrequent pores on smooth surface), and C (highly frequent pores on porous
surface) morphologies accounted for

80% of char particles, by a particle‐counting method, of

initial char, 36% CO2 gasification‐induced conversion, and 35% oxy‐fuel combustion‐induced
burnout as illustrated in Figure 4.25.
The char morphology was evaluated in 3 morphological types; namely, A (obvious blowhole), B
(infrequent pores on smooth surface), and C (highly frequent pore on porous surface). Based on
the FIB/SEM milling characterization, the three morphologies were cenosphere chars with thick
and porous wall. The sectioned layers can influence the morphology classification and
interpretation due to heterogeneously distributed compositions. Pore shape and pore size were
mostly elongated and varied, respectively. The examined particles and selected areas cannot be
representative for the whole and, thus, cannot be easily interpreted from the reactions of the
CO2 gasification and the oxy‐fuel combustion standpoints. However, these micrographs did
provide insight into the meso‐ and macropore variation of char in each morphology type of
cenosphere chars to develop transformations of cenospheres.
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Figure 4.25: Char morphology classification based on the external morphology of initial char,
CO2 gasification‐induced char, and oxy‐fuel combustion‐induced char

Pore system of resultant char particles induced by the CO2 gasification and the oxy‐fuel
combustion shared similarity with the initial char particles. The pore shape, which was mostly
elongated and formed channels in the outer shell, potentially developed during severe
devolatilization and did not significantly change in the CO2 gasification and the oxy‐fuel
combustion. The pore system also is associated with catalytic reactivity and crystallinity
orientation.64 Small pore size ( 1 μm) could develop on surface in the CO2 gasification while
pore enlargement exhibited in both the CO2 gasification and the oxy‐fuel combustion. The
development and enlargement of pores on the surface can bring about the fragmentation
based on a fragmentation model.77 Based on this investigation, pore system was similar to the
pore tree system model proposed by Simons and Finson and the porosity varies by char
morphologies.88
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A (obvious blowhole morphology): As shown in Table 4.6, all char particles were classified as a
mixed porous type due to high porosity and thick wall. There was direct hole(s) connecting to
internal void structure because of the explosive ejection of gas during devolatilization.54 The
structure was potentially influenced by high heating rate and/or low fluidity on the outer
layer.54 The appearance of external and internal surfaces was similar. Thus, the CO2 gasification
and the oxy‐fuel combustion reactions took place entirely both internal and external surfaces,
but these reactions did not significantly change the morphology. The pore shape in three
particles was elongated and pore coalescence was observed in the resultant chars from CO2
gasification and the oxy‐fuel combustion.
B (infrequent pores on smooth surface morphology): As exhibited in Table 4.7, all char
particles were mixed porous or crassisphere due to high porosity and thick wall. External
smooth surface was possibly hardened by resolidification and bubble formed in the shell during
the intense devolatilization.54 The explosive gas ejection could happen if the internal pressure is
high enough and the fluidity is lower during the CO2 gasification and the oxy‐fuel combustion.54
The wall thickness was less than the blowhole char particles. The reactions of CO2 gasification
and oxy‐fuel combustion took place on the external surface and the surface connecting to
feeding pores and internal pore structure.
C (highly frequent pores on porous surface morphology): This morphology has higher porosity
compared to the previous two morphologies. The pores on external surface, indirectly
connecting to internal structure, occurred because of fast heating rate and/or low fluidity of the
shell under the intense devolatilization.54 With increasing char conversion and char burnout,
more open pores on external surface compared to the initial char were observed as illustrated
in Table 4.8. The char particle from CO2 gasification was more porous than from the oxy‐fuel
combustion. Connectivity of multiple pores and mesopore generation were observed in CO2
gasification char. Pore coalescence and pore collapse were found in both atmospheres.
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Table 4.6: Morphology A (obvious blowhole) transformation via FIB
Initial char
CO2 gasification
Oxy‐fuel combustion
(36% char conversion)

(35% char burnout)
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Table 4.7: Morphology B (infrequent pores on smooth surface) transformation via FIB
Initial char
CO2 gasification
Oxy‐fuel combustion
(36% char conversion)

(35% char burnout)
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Table 4.8: Morphology C (highly frequent pores on porous surface) transformation via FIB
Initial char
CO2 gasification
Oxy‐fuel combustion
(36% char conversion)

(35% char burnout)
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There is a clear difference in the char morphology affecting intrinsic reaction rates. Thin and
thick walled chars influencing char reactivity in CO2 gasification and air combustion were
investigated and modelled by Hodge et al., and Ma and Mitchell, respectively.94, 115 Morphology
of thin and thick walled chars was modelled with a flat‐plate model, but the morphology
transformation influencing reactivity has not been evaluated or predicted. For prediction,
transformation of char morphologies with increasing reactant‐induced conversion differently
affects char reactivity, porosity, and fragmentation as observed via the SEM micrographs and
the FIB/SEM micrographs.
A (obvious blowhole morphology): The reaction rate is determined by external and internal
surface areas as shown in Figure 4.26. With increasing char conversion, porosity, for prediction,
will be higher and wall thickness will be thinner. When the porosity reaches a threshold, char
fragmentation will take place extensively. Liu et al. proposed the porosity threshold was 0.5 and
0.75 for the cenospheres at burnouts between 30 and 50%.77 Due to higher specific surface
area with increasing reactant‐induced conversions, the blowhole char morphology can
contribute to char reactivity at the early stage.

Figure 4.26: Morphology A transformation with increasing char conversions
B (infrequent pores on smooth surface morphology): This morphology forms large internal
void structure which can be thin or thick walled chars as described in Figure 4.27. At the early
stage, the solid‐gas reactions can take place only external surface and porosity increases with
increasing char conversion. To a certain level, this morphology can contribute to the significant
increasing surface area in reaction rates owning to gas penetration, as modeled by Liu et al.77

62

and Ma et al.115, from external surface to internal void structure as shown in Figure 4.28 with an
assumption of constant density as shown in equation 4.1. The gas penetration can result from
low fluidity of the surface or higher internal pressure.54 The increasing surface area is
associated with particle size and shell thickness. After the gas penetration, this char
morphology would similarly behave as the blowhole morphology in terms of porosity and
fragmentation developments. Therefore, this char morphology can contribute to char reactivity
at the early stage. Char fragmentation can take place simultaneously with the gas penetration
or after the penetration due to porosity development and internal gas pressure.

Higher porosity

Penetration

Fragmentation

Figure 4.27: Morphology B transformation with increasing char conversions
Specific surface area after gas penetration:

(4.1)

When m is solid mass with r (radius) and mi is solid mass with ri (internal radius)

Figure 4.28: Surface area increase due to penetration from external surface to internal void
structure: internal radius (ri) and external radius (r)
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C (highly frequent pores on porous surface morphology): This morphology has thicker shell
with a large internal void in Figure 4.29. This char has relatively low specific surface area
compared to the 2 previous morphologies and the solid‐gas reactions occur on the external
surface. With increasing char conversion, porosity is predicted to increase to a certain level
which fine fragmentation and particle collapse happen. This char could govern the reactivity
from the beginning stage to the middle stage.

Higher porosity

Fine fragmentation

Figure 4.29: Morphology C transformation with increasing char conversions
Char morphology has an effect on reactivity both in CO2 gasification and air combustion.94, 114,
115

However, morphology transformation, which can cause change in the char reactivity, was

evaluated in this thesis. Based on the instantaneous reaction rate of the CO2 gasification‐
induced conversions (Figure 4.30), obtained by measured CO gas concentration with the
equation 2.2, it could predict behavioral difference of each char morphology as shown in Figure
4.31. The morphology A (obvious blowhole) could affect the reactivity due to higher specific
surface area and larger amounts compared to the other two morphologies in the early stage.
During 20 to 40% char conversion, the reaction rate significantly increases because the gas
penetration in the morphology B (infrequent pores on smooth surface) might occur and cause
higher specific surface area. The morphology C (highly frequent pores on porous surface)
affects reactivity proportional to increasing porosity. Therefore, with increasing reactant‐
induced conversion, char porosity tends to increase char reactivity and when it reaches the
threshold, the char fragmentation can be triggered.
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Instantaneous reaction rates

Figure 4.30: Instantaneous reaction rate of the char‐CO2 gasification at 900 °C

Morphology A
Morphology B

Morphology C

Char conversion
Figure 4.31: Predicted behavioral difference in char morphology influencing char reactivity
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Chapter 5
Conclusions
A comparison of CO2 gasification‐induced conversions and in oxy‐fuel (21% O2/79% CO2)
combustion‐induced burnouts under the pore diffusion controlled regime were evaluated to
obtain reactivity, porosity, degree of ordering, particle size distributions, fragmentation extents,
and morphology transformations for Pittsburgh no. 8 coal char. By examining the chemical and
physical transformations on the same char, diversity in char behavior induced by different time‐
temperature histories are mostly avoided. The comparison of the CO2 gasification and the oxy‐
fuel combustion can aid in the transference of fundamental knowledge between the well‐
studied coal gasification and less extensively evaluated oxy‐fuel combustion. This comparative
reactivity and behavior evaluations are expected to contribute to an improved modeling
capability for these technologies.
The initial char was generated at high temperature (1500 °C) in a rapid‐heating entrained flow
reactor. The resultant char was thick‐walled cenospheres (80% from SEM observation), the
physical and chemical transformations, with conversion, were significantly influenced by the
reactant gases at 900 °C. Reactivity of porous cenospheres in the CO2 gasification‐induced
conversion was less reactive than the oxy‐fuel combustion at 900 °C. The exposure time of the
CO2 gasification was 10 to 90 min for 13 to 61% gasification‐induced conversion (daf) while the
oxy‐fuel combustion took only 30 to 90 s for 15 to 63% combustion‐induced burnout (daf). The
CO2 gasification and the oxy‐fuel combustion were under the pore diffusion controlled regime.
The relative reactivities of (oxy‐fuel combustion/CO2 gasification) were 23 times at the early
stages (~10% gasification‐, burnout‐induced conversion) and 62 times at the later stages (~60%
gasification‐, burnout‐induced conversion). The loss of reactivity in CO2 gasification can be at
least partially associated with structural annealing due to longer exposure time compared to
the oxy‐fuel combustion.
The degree of ordering was quantified by Raman spectroscopy in terms of crystalline width (La)
and a relative amount of large aromatic rings. The crystalline width increased from 2.56 to 2.94
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nm for the char‐CO2 gasification while it decreased from 2.56 to 2.41 nm for the char in oxy‐fuel
combustion. Moreover, the relative amount of large aromatic rings increased 35% for the CO2
gasification and 14% for the oxy‐fuel combustion with increasing char conversion. Therefore,
the small aromatic rings ( 6 rings) was preferentially gasified and/or converted to larger
aromatic rings ( 6 rings) in the CO2 gasification than in the oxy‐fuel combustion.
Porosity and surface area transformations in micropores (CO2 isotherm adsorption) and meso‐
and macropores (N2 isotherm adsorption) were evaluated. The chars in CO2 gasification widely
develop porosity ranging from micropores to macropores while the chars in oxy‐fuel
combustion significantly developed macroporosity. The BET (N2) surface area consequently
increased 114% in the CO2 gasification and 27% in the oxy‐fuel combustion compared to the
initial char. The porosity development from meso‐ to macroporosity can also influence the
fragmentation extents.
The particle size distributions and fragmentation extents were quantified by the SEM
micrographs through an image processing analysis in terms of particle size and shape. The
distributions shifted to smaller DA[0.5] values with increasing the CO2 gasification‐induced
conversions 9.5 to 18% while the values did not or slightly shifted from 4.9 to 5.4% for the oxy‐
fuel combustion. The distribution shift in CO2 gasification was significantly impacted by char
fragmentation. As the porosity development extent differed, the fragmentation extents were 6
to 12% in the CO2 gasification whereas they were 1.9 to 2.5% in the oxy‐fuel combustion. The
fragment size was various and the fragment shape was irregular. However, an aspect ratio
could be used to separate fragments ( 1.43) from whole particles ( 1.43).

Char morphology was evaluated by SEM to obtain external morphology. Mostly initial char
particles generated in the intense devolatilization were thick‐walled cenospheres with internal
large void structure ( 80% of particles). For these chars, it was possible to distinguish those
containing obvious blowhole, infrequent pores on smooth surface, and highly frequent pores
on porous surface. The char morphology from the external surface to the internal void
structure were characterized by the FIB/SEM milling with 3D micrographs to evaluate pore
connectivity and pore shape. The pore shape was elongated and formed channels in the outer
67

shell (FIB/SEM observation). Each of these char morphologies were related to reactivity
differences due to in each of access to char interior.
These comparative results imply that the conversion mode of thick‐walled cenopheres in the
CO2 gasification‐induced conversions was significantly different from the oxy‐fuel combustion‐
induced burnouts in terms of reactivity, porosity, particle size distributions, fragmentation
extents, morphology transformations, and degree of ordering on the same coal char and under
isothermal regime II.
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Chapter 6
Recommendations and Future Work
‐ The contribution of thermal annealing influenced by high temperature and soaking time

should be evaluated in an inert atmosphere to obtain the impact on reactivity and porosity
development.
‐ Closed pore development ranging from micropores to macropores should be evaluated by
SANS or SAXS to investigate degrees of pore enlargement and pore coalescence which can
impact the porosity and reactivity.
‐ Particle fragmentation should be considered in more industrial relevant conditions of high
flow, stress, attrition, etc. to capture the expected increase in fragmentation.
‐ Atomistic simulation also holds potential to explore the relationship between structure and
char reactivity under different scenarios.
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