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Abstract

Gasification-based technologies are at the core of many low emission technologies for
the utilisation of low-rank fuels including biomass. The overall conversion rate of
gasification depends on the heterogeneous biochar-gas reactions, which are the slowest
reactions in the gasification process. The biochar-O, and biochar-H.O reactions are
fundamental reactions during the gasification process. The active sites in the biochar
are formed and consumed continuously as gasification progresses in O2 and H>0 and

can give rise to the kinetic compensation effects.

This study aims to gain insights into the reaction mechanisms from the kinetic
compensation effects (Ind,,, = mEg,, + c) of the gasification of biochar using 0.4%
Oz, 15% H20, 2% H20, 0.4% O + 15% H20 and 0.4% O + 2% H-0 (others is Ar).
The biochar was produced in situ in a fluidised-bed reactor from the Australian mallee
wood in two particle size ranges of 0.80-1.0 mm and 2.0-3.3 mm. The overall biochar
gasification rate and the product formation rates of CO, CO., and Hz were calculated
by continuously monitoring the product gas stream with a quadrupole mass

spectrometer. The kinetic parameters i.e. the apparent activation energy (Eg,,) and the
apparent pre-exponential factors (Indg,,) of char gasification and the formation of

CO, CO2 and H2 were calculated by the Arrhenius plots. The char structural properties

were investigated using FT-Raman and X-ray photoelectron spectroscopies (XPS).

The phenomenon of the kinetic compensation effects was observed during the char
gasification and for the formation of the products. The kinetic compensation effects
together with structural properties of char provided further insights into the char
gasification mechanisms. The results from this study contribute to a better
understanding of the biochar gasification mechanisms and to the development of green

bioenergy technologies.

Keywords: Kinetic compensation effect; Biochar gasification; Carbon release

kinetics; Carbon active sites; Mallee wood.
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1.1 Bioenergy as an alternate resource of energy

Energy is an essential component that affects the living standard and economic
development of a country. The world population will reach around 9.2 billion people
in 2040 [1] and this will result in a significant increase in the global energy demand.
Oil supplies around 34% of the total world energy consumption followed by coal and
natural gas [2], which shows that oil is the leading fuel of the world.

Despite the share of coal in primary energy supply and power generation is declining,
it still supplies 28% of the total world energy consumption [2]. Whereas, the
consumption of natural gas is increasing and the increase in 2018 was about 4.6%,
which shows the switch from coal to natural gas [3]. Fossil fuels supply about 85% of
the global energy demand [2]. All the energy-related activities based on fossil fuels are
unsustainable environmentally and economically. The energy data for 2018 shows that
the energy demand and carbon emissions both have been increasing rapidly over the
past years [3]. This requires a paradigm shift from carbon-rich fossil fuels to renewable
sources of energy to address environmental concerns as well as to gain energy

independence for long-term sustainability.

Renewable energy is the fastest growing energy source with 4% growth only in 2018
and contributes over 25% of the global power output [4]. It is expected that renewables
will provide almost 30% of power demand in 2023 [3]. Bioenergy is the largest
renewable energy source, which accounts for around 9% of the global primary energy
supply [3]. According to the World Energy Council [5], “Bioenergy includes
traditional biomass (forestry and agricultural residues), modern biomass and biofuels.
It represents the transformation of organic matter into a source of energy, whether it is

collected from natural surroundings or specifically grown for the purpose”.

The energy supply in Australia heavily relies on fossil fuels and about 85% of
electricity production is from coal and natural gas [6]. The energy from renewable
sources (hydro, solar and wind) has a share of only 15% in electricity generation [6].
Western Australia (WA) can develop large mallee biomass resources and around 30
million trees have been grown in the WA wheat belt to control dryland salinity since
the early 1990s [7]. Mallee trees have small harvesting cycle with low production cost
and if adopted, this wheat belt in WA has the potential to provide around 10 million
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tonnes (on dry basis) of biomass annually [8]. The mallee tree belongs to
lingocellulosic biomass and its use for bioenergy does not threaten the food supply. In
fact, by helping to combat the dryland salinity, planting mallee trees help to improve
the overall food production. Therefore, a huge opportunity is available to produce
mallee-based bioenergy for long-term sustainability and economic development of
WA.

1.2 Significance of gasification

Gasification is the thermochemical conversion of carbonaceous materials (either in
liquid or solid form) at elevated temperature through their reactions with gasifying
agents (O2, H20 or CO») into valuable synthesis gas. The gasification process produces
a gas mixture with a higher hydrogen to carbon (H/C) ratio by adding hydrogen and
stripping away carbon from the feedstock [9]. Low-grade fuels for instance coal, peat,
lignite and biomass show huge potential for gasification due to their high reactivity
[10]. The gasification-based technology is versatile in terms of feedstock flexibility
and in terms of variety of the products formed [10,11]. The synthesis gas produced can
be used for the production of a wide range of products. Figure 1-1 illustrates the
overview of the gasification-based products [10].
Air
!
Biomass/Coal "| Gas power plant ]—’ Electricity
!

g
WGS &
[ Gasification H Synthesis gas } purification ]4 i
.

y

I ( Catalytic
—> | conversionand | —» FUel &
0O2/H20 L purification chemicals

Figure 1-1 Overview of the gasification-based products.
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The gasification consists of two major steps [10]. The first step is termed as pyrolysis
or devolatilisation, which produces volatiles and char through the thermal
decomposition of the solid fuel. The pyrolysis breaks down large molecules of the
solid fuel thermally into gaseous, vapour and solid components [9]. The second step
includes the reforming of volatiles and the gasification of solid residue (char). The
pyrolysis and reforming of volatiles are much faster [10] than the gasification of char
which is the slowest step and affects the gasification efficiency. The steps involved in

gasification can be represented by Figure 1-2.

H,0O/CO;

R

__—>| Volatiles |—>| Reforming ]\
\

A | \
B|0r1|1as_s Syn-gas
pyrolysis P, p o

Char T Gasification ]

02/H20/CO2

Figure 1-2 Steps involved in the gasification process.

Thermodynamically, low-rank fuels, e.g. brown coal and biomass, have the potential
to be gasified at a lower temperature than the high-rank fuels [10]. This also suggests
that low-rank fuels can better recuperate the thermal energy at low temperatures into
chemical energy than the high-rank fuels. Low-rank fuels have alkali and alkaline earth
metallic species (AAEM) dispersed even at the atomic scale [12]. Because of their
catalytic effects, the reactivity of low-rank fuels is much higher than that of high-rank
fuels. These AAEM species also have catalytic effects during the gasification of char
[13-16], which is a promising aspect of low-rank fuel gasification. Some of the

common reactions [12] involved during the char gasification are enlisted below:
Char-steam reactions:

C(s) + H20(g) «—> CO(g) + H2(9) (R 1-1)
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C(s) + 2H20(g) «——> CO2(g) + 2H2(9) (R1-2)

Oxidation:
C(s) +0.502(g) —— CO(9) (R 1-3)
C(s) + 02(g) ——» COA(g) (R 1-4)
CO(g) +0.502(g) ——» CO2(g) (R 1-5)

Boudouard reaction:

C(s) + COz(g) «—= 2CO(g) (R 1-6)
Hydrogasification:
C(s) + 2H2(g) «—= CHau(Q) (R 1-7)

Methanation reactions:

CO(g) + 3H2(g) ——> CHa(g) + H20(g) (R1-8)
CO2(g) + 4H2(g) —— CHa(g) + 2H20(g) (R1-9)
Water-gas shift reaction

CO(g) + H20(g) «——= CO2(g) + Hz(g) (R 1-10)
Steam-Reforming reaction

CHa(g) + H20(g) «<—= CO(g) + 3H2(g) (R 1-11)

1.3 Mass-transfer effects during char gasification

The char-gas reactions are heterogeneous reactions and their kinetics can be controlled

by one or more of the following steps [17,18]:

e Mass transfer of the gasifying agent from the bulk gas-phase through the

boundary layer to the external surface of the char particle
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In r. (char gasifiaction rate), s*

Diffusion of the gasifying agent from the particle external surface to the active
sites of the internal char surface

Adsorption of the gasifying agent on the char surface
Reaction on the char surface
Desorption of the products from the surface of char

Diffusion of the products from the internal char surface to the external surface

of the char particle

Mass transfer of the products from the external char surface to the bulk gas-

phase
I Transition zone
i :
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Figure 1-3 Temperature regimes during the biochar-gas reactions
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The overall rate of the char gasification is equivalent to the rate of the slowest step
during gasification. The dependency of the char-gas reactions on temperature can be
well understood by Figure 1-3. Figure 1-3 also shows how the concentration of a
gasifying agent A (Ca) changes with temperature and can be divided into three

regimes:

e Regime 1 (Kinetics-controlled regime)
e Regime 2 (Internal diffusion-controlled regime)

e Regime 3 (External diffusion-controlled regime)

In regime 1, the rate of char gasification is controlled by the intrinsic chemical kinetics
of the char-gas reactions and is, therefore, independent of the gas velocity inside the
reactor and the particle diameter. The observed kinetic parameters i.e. the apparent
activation energy and the apparent pre-exponential factor represent the intrinsic
properties of the char and the nature of the reaction. As the diameter of the particle
decreases, Thiele modulus (@) also decreases and the effectiveness factor () is
increased. The effectiveness factor is a measure of how far the gasifying agent is
diffusing into the char particle. The effectiveness factor is nearly unity i.e. n = 1 in
regime 1. The concentration of the gasifying medium (Ca) from the bulk gas-phase to
the interior pores of the char particle is uniform or the concentration gradient is so
small that a uniform concentration (Ca) can be assumed. The observed activation

energy (Eqpp) is equal to the true activation energy (Er) of the char-gas reaction.

In regime 2, the concentration of the gasifying agent from the char external surface
(Cas) to the interior pores of the char reduces so that Ca is less than Cas where Ca is
the concentration of the reactant gas in the interior pores. Under such circumstances,
the gasification takes place near the external surface of the char and the active sites
inside the deep char matrix become starved to reactant gas and stay unreacted. Weisz-
Prater (WP) criterion [18] is used to determine whether internal mass-transfer effects

are limiting the reaction or not. WP criterion can be represented as:

Actual reaction rate

Cwp = A diffusional rate

or
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Cwp = YIQ% (Eq.1-1)

For the larger char particles, it takes longer for the gas to diffuse into the interior pores
as compared to the reaction time and, consequently, the reaction is limited by the gas
diffusion. Alternatively, when the temperature is high enough, the reaction rates are
also high so that the reactant gas does not have enough time to diffuse inside the char
pores and reaction can still become diffusion-limited. Under both conditions Cyp >

1. The observed activation energy (E,,,) in this regime is related to the true activation

energy as:

1
Eapp = 5 Er (Eq.1—2)

In regime 3 (high-temperature regime), the transport of the gasifying agent from the
bulk gas-phase through the boundary layer of thickness i.e. § to the external surface of
the char particle becomes the slowest step (external diffusion). The rate in this regime

can be written as:
Rate = kC(CAb - CAS) (Eq 1- 3)

where k¢ represents the mass-transfer coefficient, C,;, is the concentration of any
gasifying agent in the bulk gas-phase and Cy4s is the concentration on the char external
surface. k¢ depends on the hydrodynamic conditions i.e. gas-phase velocity and the
particle diameter. In this regime, the concentration of the gasifying agent reduces on
the char surface such that Chg < Cap. The lower gas-phase velocities and bigger
particle sizes increase the boundary layer thickness surrounding the char particle and,
consequently, the external diffusion limitations. The activation energies are quite low

and the effectiveness factor i.e. n is « 1 in this regime.

It is very important to understand the role of these mass-transfer limitations and their
effects on char-gas reactions. Understanding of these mass-transfer effects not only
aids to determine the true kinetics-controlled regime but also provides a basis for
predicting a true mechanism of the char gasification.
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1.4 Kinetic compensation effects (KCES)

KCE is the linear relationship between the kinetic parameters of the Arrhenius
equation i.e. the apparent activation energy (E,,,) and the apparent pre-exponential
factors (Agpp). For the KCE, the change in one Arrhenius parameter is offset by a
simultaneous (compensatory) change in the other parameter. The linear relationships
between enthalpy changes (AH;) and entropy changes (AS;) or between enthalpy of
activation (AH; ) and entropy of activation (AS;) in their standard states are also named
as the compensation effects or enthalpy-entropy compensation. These can be

expressed [19-23] as:

nAgpp = MEgp, + ¢ (Eq.1-4)
AH; = mAS; + ¢ (Eq-1-5)
AH; = mAS; + c (Eq.1—6)

where ‘m’ and ‘¢’ are constants.

The linear relationship between InA,,, and E,,, was initially reported [24] by
Constable in 1925 during the hydrogenation of ethanol using copper films at 500-673
K. Cremer also investigated [25] the hydrogenation of ethanol using different
compositions of catalyst at constant temperature and confirmed Eq. 1-4. Later in 1949,
this was known as Constable-Cremer relation [26] first and then as the “Compensation

effect” [27] which is now commonly used.

Different relationships [23] are possible between Ejyy, and Agpy,. Eqpp and Agyp,, Can
increase or decrease linearly in the same direction and this type of behavior is the

normal compensation effect. E,,,, and A, can also vary in the opposite direction and

is regarded as an anti or negative compensation effect. There is also a possibility that

either E,,,,, is constant with increasing Ay, Or Agyyp is constant with changing Eg,p,.

Under both conditions, no compensation effect is observed.

The observation of the KCE has been quite common during the heterogeneous catalytic

reactions when either the catalyst is modified or the reactants are changed [28-30].
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There are many other instances reported which follow Eq. 1-4. For example, the KCE
was reported for the reactions (homogeneous), which take place in solutions [31].
Similarly, food chemistry [32], the decomposition of CaCOs3 [33], ionic hydration [34],
reactions on electrodes [35], liquid or gas chromatography [36,37], hydrogenolysis of
alkanes [38], Langmuir adsorption [39], the oxidation of metals [40,41] and crystal
melting [42] etc. all follow Eq. 1-4. This shows that the compensation behaviour is not
limited to heterogeneous reactions only and it has been observed in many other
processes. This also suggests that the KCE does not depend only on the catalyst and
the reactant but there is some other factor, which affects the activation energy and the

pre-exponential factor.

The wvarious theories of compensation behaviour have been proposed for
heterogeneous catalytic reactions. One group of authors [24,43,44] suggested that the
catalyst surface consists of groups of energetically different sites requiring different

activation energy on each group of sites. The overall rate constant can be written as:

k :ZAi exp(—%) (Eq.1-7)

This composite reaction, which does not strictly follow the Arrhenius equation could

cause the KCE.

The first explanation [24] of the KCE came from Constable, who explained the
decrease in Egy, and Ay, With increasing temperature by assuming Gaussian
distribution of active sites and the proportionality constant in the [nAgy, — Ecxp plot
was named as the distribution constant. Cremer and Sosnowsky [45,21,22] also

discussed the concept of active-site distribution for the KCE.

Other authors suggested [46,21,22] that compensation during heterogeneous catalytic
reactions could be due to the enthalpy-entropy compensation during chemisorption.
The enthalpy (AH;) and entropy (AS;) change during chemisorption of a molecule to a
free site on a solid surface, can be expressed [46] in the form of a linear correlation
as:

AS;

AHiZT-I_b (Eq1—8)

10|Page



In these reactions, AH; and AS; terms increase the activation energy and the frequency

factor of the reaction respectively and the compensation behaviour can be expected.

The simulation studies [47,48] have also given some evidence about the interaction of
adsorbate molecules and suggested that such interactions can change the surface
potential-energy of adsorbate-substrate and, therefore, alter the activation energy and
pre-exponential factors in the rate constant. The simulation results also confirmed that
the surface coverage could cause the KCE. Ertl [21]correlated the distribution of the
active site with the surface coverage during the decomposition of N>O and reported

that E,,,, increased with increasing O coverage.

Various other explanations [19,21-23] of the kinetic compensation behaviour include
the dependency of the active-sites concentration on temperature, catalyst doping,
surface diploes, lateral interactions of the adsorbed species and the changes in the state
of the transition complex from an immobile state to mobile state as a function of

temperature, etc.

1.5 Thesis objectives

The char gasification reactions are critical to understand the gasification process.
During the gasification process, the rate of char gasification is much slower than the
rate of pyrolysis of biomass and plays a vital role in the design of a gasifier. The char-
02, char-CO; and char-HO reactions are considered fundamental reactions during the

gasification process.

Many mechanistic studies indicate that the char properties change [49-58] as the
gasification is progressed in Oz and H20. The char conversion can significantly affect
the kinetics of char gasification. Similarly, the temperature and particle size are also
important variables, which can significantly affect the extent of diffusion limitations,
and, consequently, the gasification behaviour. The intrinsic kinetics is required in
terms of the products (CO, CO2, CH4, and Hz) formed to understand the gasification

reaction mechanisms and for the designing of a gasifier.
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The KCEs can be quite important to determine the reaction mechanisms, particularly
those of the heterogeneous reactions. As mentioned in section 1.3, there are several
steps either separately or in combination, which can affect the activation energy and
pre-exponential factors and can lead to false kinetics and misinterpretation. Therefore,
it is very important to establish the true kinetics-controlled regime before predicting
the reaction mechanism. Once the true kinetics-controlled regime is established then
the phenomenon of the KCEs can provide useful insights into the reaction mechanism.
The activation energy in the kinetics-controlled regime shows the intrinsic properties
of the reactants. Whereas, the pre-exponential factor indicates the active sites
population. The rate constant, in turn, is the product of the intrinsic properties of the

reactants and the active sites population.

In the true kinetics-controlled regime, the ‘m’ and ‘c’ can be the characteristic and
distinct values which indicate the reaction pathways of the given char-gas
heterogeneous reaction or alternatively changing values of ‘m’ and ‘¢’ indicate the
change in the controlling mechanism of the reaction. Therefore, variations in the ‘m’
and ‘c’ values or in other words the factors affecting the ‘m” and ‘¢’ values can be very

helpful in understanding the mechanism of any char-gas reaction.

Our previous studies [59,60] reported and explained the KCE for the char-O reaction
at low temperature, wherein, the char was produced from the brown coal. It is
important to understand how the presence of the mass-transfer effects would affect the
kinetics of the char-O2 reaction and the nature/extent of the KCEs. The extents of the
KCEs are indicated by the kinetic parameters including the activation energy and the
pre-exponential factor as well as the ‘m’ and ‘¢’ values. The mass-transfer effects
become prominent when the reaction temperature is increased for any given particle
size or when the particle size is increased in any given temperature range. Therefore,
there is a need for a comprehensive study for the char-O» reaction over a broad range
of temperature conditions as well as including different particle sizes to investigate the

extent of the KCEs.

There is still no agreement in the literature on the formation of CO during the char-
H20 reaction. Some studies [61-63] consider that water-gas-shift reaction mainly
dominates in the formation of CO2 while other studies believe [64-66] that CO and
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COz both are primary products of the char-H>O reaction. The temperature also affects
the equilibrium of the water-gas-shift reaction as well as the extent of diffusion
limitations. It is fundamentally important to understand the formation kinetics of CO,
CO2and Hz as well as the char consumption kinetics to gain insights into the formation
mechanisms of CO, COz and H; during the char-H>O reaction. It is still unclear how
the KCEs of char consumption as well as the formation of CO, CO,and H» will change

during the char-H>O reaction, which needs to be explored.

In addition to this, the partial pressure of gasifying agent particularly H2O is very
important because steam gasification produces synthesis gas (CO + H2) mixture. The
quality of synthesis gas is also an important consideration during the char-H>O
reaction. The change in the partial pressure of H>O would also change the local gas
concentration around the char particle and can affect the rates of active site formation
and consumption as well as the formation rates of CO, CO2 and Hz, which is a
significant aspect to investigate during the char-H2O reaction. Further, it is still
unknown how the KCEs of char gasification as well as the formation of CO, CO2 and

H2 change when the partial pressure of H20O is changed.

The higher gasification rates are desired for the higher overall efficiency during the
gasification. The char-O reaction is a necessary reaction during gasification, which
oxidises carbon through exothermic reactions and supplies energy to drive the
endothermic char-H>O reaction, which produces valuable synthesis gas. It is very
important to understand how the gasification proceeds in the mixture of O2 and HO.
It is possible that O, and H2O compete for the same active sites and can inhibit each
other or char-O2 and char-H.O reactions take place in parallel. There is also a
likelihood that char gasification has synergistic effects in the mixture of O, and HO.
It would also be important to know how the KCEs of char gasification and the
formation of CO, CO and Hz change during steam gasification in the presence of
oxidising agent i.e. O. The partial pressure of H20O can also play a significant role
during the biochar gasification in O2 and H>O mixture. Therefore, the specific

objectives of the thesis can be outlined as follows:
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e The thesis will focus on the char-O; reaction and investigate the behaviour of
the kinetic compensation effects in the different temperature regimes using

different particle sizes i.e. 0.80-1.0 mm and 2.0-3.3 mm.

e The mechanism of the char-H2O reaction will be investigated by considering
the kinetics of CO, CO», H, formation and char consumption as well as the

kinetic compensation effects for 0.80-1.0 mm and 2.0-3.3 mm particle sizes.

e The mechanism of the char-H>O reaction will be examined under different

partial pressures of H2O with the aid of kinetic compensation effects.

e The thesis will also explore the char-O2 and char-H20O reaction mechanisms in
the mixture of Oz and H20.

1.6 Thesis outline

The thesis consists of seven chapters. The overview of each chapter is mentioned as

below:

Chapter 1 is the introduction of the thesis. The significance of gasification and the role
of mass-transport during heterogeneous reactions has been discussed. The important
phenomenon of the kinetic compensation effect and its various proposed explanations

are briefly mentioned followed by the thesis objectives.

Chapter 2 begins with the sample preparation procedure, feed analysis, design of
experiment and the description of the experimental setup. This is followed by the
calculation methods used to determine the rates. The different characterisation
methods/techniques including the FT-Raman and XPS spectroscopies, which have
been employed to characterise the char structures and surface properties are also

outlined.

Chapter 3 evaluates the kinetic compensation effects during the char-O reaction in
0.4% Oo-Ar in the kinetics-controlled, mixed and the diffusion-controlled regimes.
The effects of particle size and char conversion on the kinetic compensation effects

are also discussed in these regimes.
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Chapter 4 explores the mechanism of char gasification in 15% H>O-Ar and discusses
the kinetic compensation effects of the product components (CO, CO., and Hy) as well
as char gasification in the kinetics-controlled and mixed regimes for 0.80-1.0 mm and

2.0-3.3 mm particle sizes.

After the char gasification in 15% H>O-Ar, the mechanism of char-H>O reaction in
15% H>O-Ar and 2% H2>O-Ar has been investigated in Chapter 5. This chapter also
discusses the formation of CO, CO., and Hz in 15% H20-Ar and 2% HO-Ar.

Chapter 6 is devoted to biochar gasification in 0.4% O2-Ar, 15% H>O-Ar, 0.4% O3
+15% H>0O-Ar and 0.4% Oz + 2% H>O-Ar and presents how the reaction pathways and
the kinetic compensation effects vary in these gasification atmospheres.

Lastly, chapter 7 summarises/concludes the thesis and outlines recommendations for

future research work.
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2.1 Biomass Sample Preparation

The Australian mallee wood was used in this study. The feedstock was prepared by
following the procedures outlined elsewhere [1]. The freshly harvested wood was
debarked and air-dried. It was then milled using a Fritsch laboratory cutting mill
(Model Pulverizette 15) and sieved to get 4.0-5.6 mm particle size range. The samples

of two different particle size ranges of 0.80-1.0 mm and 2.0-3.3 mm were prepared

2.0-3.3 mm
N
Collection of .
fresh mallee Debarking Preparation 4.0-5.6 mm
. : of wood
tree sample and air drying e
from field
/
0.8-1.0 mm

2.0-3.3 mm

VA

Figure 2-1 Steps in the preparation of mallee wood samples from mallee tree

after further crushing the 4.0-5.60 mm fraction and sieving it. The 4.0-5.60 mm

fraction was used to prepare the other two size fractions in order to avoid the property
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differences due to particle sizes. The wood sample was dried overnight at 105 °C in

an oven prior to use in an experiment.

2.2 Feed Analysis

The mallee wood contains organic compounds comprising of four main elements:
carbon (C), oxygen (O), hydrogen (H) and nitrogen (N) along with moisture (M) and
minor amounts of inorganic constituents known as ash (ASH). The proximate analysis
gives the yields of fixed carbon (FC), volatile matter (VM), moisture (M) and ash
(ASH) in the sample. The following ASTM standards can be used for the
determination of individual components in the proximate analysis of wood [2]:

* Moisture (M): ASTM E-871

* Volatile matter (VM): ASTM E-872
«  Ash (ASH): ASTM D-1102

» Fixed carbon (FC): By difference

The ultimate analysis, which refers to the weight percentages of C, O, H, N and S, can
be determined by the elemental analyser. The following ASTM standard are also
available, which can be used for the determination of ultimate analysis of biomass
fuels with reasonable accuracy [2]:

» Carbon, hydrogen: ASTM E-777
* Nitrogen: ASTM E-778

» Sulfur: ASTM E-775

* Oxygen: By difference

The mallee wood samples used in this study were from the same batch as those in
reference [3]. The proximate and ultimate analysis of mallee wood are given in Table
2-1.
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Table 2-1 Proximate and ultimate analyses of mallee wood [3]

Proximate Analysis (wt.%)

Mallee wood a b b
ASH FC VM

0.9 18.4 81.6

Ultimate Analysis (%, daf)

b b b b b,
C H N S o
48.2 6.1 0.2 0.0 45.5
Dry basis.

b
Dry and ash-free basis.
By difference.

2.3 Experimental Procedure

The gasification experiments were carried out in a quartz fluidised-bed gasifier.
Fluidised-bed gasifiers are particularly good for biomass gasification [4]. In a typical
fluidised-bed gasifier, fuel and the gasifying medium undergo intense mixing in a bed
of hot granular solids such as sand and the fuel particles are heated rapidly to the bed
temperature. The temperature inside the fluidised-bed gasifier is uniform and provides
uniform heat transfer characteristics in comparison to fixed-bed gasifier [4].

Fluidised-bed gasifiers are also flexible in terms of feedstocks unlike fixed-bed
gasifiers, which require specific fuel [4]. This feature makes fluidised-bed gasifiers an
attractive choice for the gasification of agricultural residues and wood, which are
available at the different times of the year. The fluidised-bed gasifier also offers easier
removal of ash in comparison to fixed-bed/entrained flow gasifiers as it operates at
much lower temperatures [4]. The details of the fluidised-bed gasifier used in this study

can be found elsewhere [1]. The reactor can be divided into two main sections:
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1. Thetop section, which is used for the feeding of mallee wood inside the feeding
tube through an electric vibrator.

2. The bottom section, which is the main reaction zone where mallee wood is

pyrolysed and the biochar produced in situ is gasified subsequently.

Feeder with

electric vibrator

Cooling jacket inlet

N
Fluidising gas _L = =

P

<«—Thermocouple 2

—

T

Product outlet

Feeding tube

Thermocouple 1

Figure 2-2 Schematic diagram of the fluidised-bed reactor for biomass gasification.
Modified and reprinted with permission from Reference [1]. Copyright (2009) American
Chemical Society.

The reactor has two frits: one at the bottom to distribute gas to fluidise the sand in the
reaction zone and the other just before the outlet of the reactor to retain fine particles

of the char entrained by the carrier gas. The reactor was heated to the target
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temperature by an external electric furnace before feeding. The temperature of the bed
was monitored using a type-K thermocouple. The biomass feeding tube of internal
diameter of 14 mm was cooled by the compressed air flowing in a jacket outside the

feeding tube to avoid any reaction inside the feeding tube.

A bed of zircon sand (100-300 pum) with unfluidised depth of 50 mm was fluidised by
ultra-high purity argon (UHP, i.e. 99.999%). Based on fluidisation behaviour, solids
are classified into four groups namely as A, B, C and D known as Geldart particle’s
classification [4]. The selected zircon bed material belongs to group B. The group B
particles lie in the range of 100 to 500 um ( p, = 2500 kg/m?®). There is a minor chance
of channeling in group B particles. The majority of the fluidised bed boilers utilise
group B particles as they fluidise well, and bubbles appear as soon as the superficial

velocity surpasses the velocity of minimum fluidisation.

The velocity of minimum fluidisation was calculated by the correlation of Wen and Yu

[5] and the sequence of calculations is as follows:

First, Reynold was calculated at the velocity of minimum fluidisation by the

correlation:

(Ngedms = +/(33.7)% + 0.408Ng, — 33.7 (Eq.2 — 1)

where N;, stands for the Galileo number and is a function of density and viscosity of
the fluidising gas as well as the density and average diameter of the bed particle. The
Galileo number can be determined as:

d3ps(ps — pr)g

Ngg = 5 (Eq.2 — 2)
Ky

where pr and i represent the density and viscosity of the fluidising gas.
ps and d,, represent the density and average diameter of the bed particles.
Finally, the velocity of minimum fluidisation was determined by the Eq. (3) as follows:

_ (NRe)mf .uf

(Eq.2 - 3)
Prdyp

Uns
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The gas mixture was metered through a mass flow controller to give a superficial
velocity of U =~ 10 Umt, where Uy is the minimum fluidisation velocity. The U/Ums =
10 was used to avoid the resistance between the bubble phase and the particulate phase.
The velocity of the gas phase also affects the thickness of the boundary layer around
the char particle and, consequently, limits the rate of gasification. The U/Umn¢ = 10 was
high enough to make the rate of gasification independent of the gas velocity. This
ensured the isothermal bed and vigorous mixing of the particulate phase and the bubble
phase. This is also in agreement with the literature [6,7]. Further, this was verified
experimentally by conducting experiments at U/Ums = 10 and at U/Ums = 14, during
the char-H20 reaction in 15% H,O-Ar at 800 °C and the rates of char gasification were
found to be in a close agreement under both flow conditions. This shows that when the
ratio i.e. U/Uns = 10, the rate of char gasification becomes independent of the gas

phase velocity under the conditions studied.

During an experiment, around 2.0 g (accurately weighed) of the mallee wood sample
was fed into the fluidised bed at an average feeding rate of 0.20 g/min with an electric
vibrator. The UHP argon was used as a carrier gas for feeding the wood particle inside
the reactor. After the feeding was finished, the reactor was held further for 5 min under
UHP argon to ensure that all the volatiles were released [8-10]. After 5 min of holding,
the UHP argon was switched to 0.4% oxygen balanced with argon (0.4% O>-Ar)
during the gasification in O». For steam gasification, the feeding of the steam was
commenced by means of an HPLC pump. The HPLC pump fed accurately metered
demineralised water into the reaction zone, which was converted into 15% H20 or 2%
H20 of the argon flow. The outlet of the reactor was connected to a quadrupole mass
spectrometer (QMS Prisma™ 200). The product gases were cooled to remove any
water vapour/excess steam present in the product gas mixture before being introduced
into the QMS 200. The product sampling line was continuously purged using UHP

argon before a run to avoid any contamination from the atmospheric air.

The key reaction products including CO, CO2, CHs4, and Hz were monitored by the
QMS 200 until the signal of CO, CO2, CH4 and Hz on the mass spectrometer returned
to initial baselines. The QMS 200 was calibrated using a certified calibration standard

(ISO Guide 34 accredited) gas mixtures. The mass fragment of CO, at m/z = 28
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overlaps with CO signal. Therefore, the CO signal was deconvoluted by subtracting
the contribution of CO> at m/z = 28 before determining the specific rate of reaction.

After the char was gasified completely, the reactor was lifted up from the furnace and
cooled down with argon flowing through the reactor. The volume of the sampling line
was kept as small as possible. Care was taken to make sure that there was no
adventitious entrance of atmospheric air into the sampling line during a run. The

detailed schematic of the process rig. is shown in Figure 2-3.
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Figure 2-3 Schematic of the experimental set up

Mass spectrometer
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2.4 Rate of biochar consumption and formation rates of CO, CO2, and H:

The specific rate of reaction was calculated as the total number of moles of CO, CO,
and CHg4 passing through the analyser per second per unit moles of carbon remaining
inside the reactor. This is also equivalent to the differential mole release of carbon in
the form of carbon species (moles of CO, CO2 and CHas) per unit moles of carbon

remaining inside the reactor and can be expressed as:

1 dw,

Tc=—t0——— = (yCO + Yco, T yCH4) (

P
W de < ) (Eq.2 —4)

WC R Tamb

where ry is in s, y = mole fraction, Q = volumetric flow rate of the fluidising gas
(L/min), Tamp = ambient temperature (K), P = atmospheric pressure (bar) and R =
0.0831 gas constant (bar L mol™*K™) and Wc = moles of biochar carbon remaining at

any instant and are calculated as:

WC = WTotaI char carbon — W char carbon released (Eq. 2 — 5)

Wrotal char carbon Was determined based on the total yield of all carbon species (moles of
CO, CO2 and CHya) produced during the gasification until there was no char left inside
the reactor. For this purpose, preliminary experiments were conducted to verify the
complete conversion of char. W char carbon released COrresponds to the yield of the carbon
species, which have been released up to any given conversion level. For instance,
Wrotal char carbon Was 0.0156 moles of carbon determined when the char was completely
converted to carbon species during the gasification in 15% H>O-Ar at 850 °C. For any
given conversion e.g. 10% conversion of char carbon, W char carbon released Was
determined by summing up yields of CO, CO2 and CHs until the conversion reached
to 10% (0.00156 moles). The difference of Wrotal char carbon @8N0 W char carbon released gave

the number of moles of the char carbon i.e. 0.01404 moles remaining inside the reactor.

These calculation results were also verified with the experimental results using the
carbon balance in the solid (char) and in the gas-phase. As mentioned above, for the
gasification in 15% H>O at 850 °C for particle size 2.0-3.3 mm, the total number of
moles of carbon in the gas-phase (CO, CO2, and CHa) were 0.0156 moles whereas, the

number of carbon moles in the char were 0.0150. The total number of carbon moles in
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the char were determined from the char yield after the pyrolysis of mallee wood. The
elemental analyser was used to determine the wt.% of carbon in the char.

At a given biochar conversion, the formation rates of CO (r¢p), CO2 (r¢p,), and Hz

(ry, ) were calculated by the following equations respectively:

1 dWgo ( QP >
= —_— = — E . 2 -
Tco Weo dt (Vco) WeoRTamp (Eq 6)
1 dWeo ( QP )
T = — Y2 S Eq.2 -7
o2 Weo, dt (Ycoz ) Weo RTams (Eq )
1 dWy QP
[ — 2 = — E . 2 -
TH2 Wy, dt (sz) <WH2RTamb> (Eq 8)

where W = moles of a chemical species potentially remaining at any instant and are

calculated as:

Weco = Wrotal co formed — Wco released (Eq.2-9)
Weco, = Wrotal co, formed — Wco, released (Eq.2 —10)
Wh, = Wrotal H, formed — WH, released (Eq.2 —11)

When the partial pressure (p) of the gasification medium (H2O) is constant, the biochar
consumption rate and formation rates of CO, CO3, and H>, at any biochar conversion

‘x’, can be expressed [11] by the following equations respectively:

1 dw,

E,
T f(x)g(p)Aexp (‘ R—;p)

Echar consumption)

= Achar consumption €XD (_ RT (Eq.2 —12)

Tco =y T dr

E
= F)g()aexp (~—22)
ECO formation)

Eq.2 — 13
RT (Eq )

= Aco formation €XP (_
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1 dWe, E
roo, = g = FDg @A exp ()
Eco, s ti
= Aco, formation €XD (_ %) (Eq.2 —14)
1 dWwy, E
= g = F@a@A e (=)
EHZ ti
= AHZ formation €XP <_ %) (Eq. 2 — 15)

f(x) in Eq. 2-12 to Eq. 2-15 is a function representing the changes in biochar
properties and would be a constant at any given char conversion level x.
Achar consumptions Aco formations Aco, formation aNd Ay, formation represent the
apparent pre-exponential factors of biochar consumption and formation of CO, CO>
and Ho> respectively and are the functions of partial pressure g(p) of H2O and f(x).
These terms also include many conversion-dependant factors that influence biochar
gasification rate during biochar conversion e.g. the composition of biochar and number
of active sites. E,,, is the apparent activation energy. Ecnar consumption:
Eco formation: Eco, formation @0 Ep, formation T€Present the apparent activation
energies of biochar consumption, CO formation, CO. formation, and H. formation

respectively in kJ mol™.

The apparent activation energy (E,,,,) and the apparent pre-exponential factors ( A,,)
of biochar consumption and formation of CO, CO; and H; were acquired by
constructing the Arrhenius plots between In (rc), In (rco), In (rco,) or In (ry,) vs. UT
at the given biochar conversions. The slopes and y-intercepts of the Arrhenius plots
gave the apparent activation energies (E,,,) and the apparent pre-exponential factors
(InA,pp) respectively at different conversion levels. For instance, for the gasification
in 15% H-O in the kinetic-controlled regime (700-850 °C), the Arrhenius plots of char
consumption, CO, CO2 and H. formation were drawn using the rate data of char
consumption, CO formation, CO. formation and H> formation respectively vs. 1/T
from 973.15 to 1123.15 in the Kelvin scale.
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2.5 Char characterisation

The biochar samples were characterised using Raman spectroscopy and X-ray
photoelectron spectroscopies (XPS). A well-grounded 0.5 wt.% [1,3,12] char-KBr
(KBr

Table 2-2 Raman bands/peaks and their descriptions. Adapted with permission
from Reference [13]. Copyright (2006), Elsevier.

Band Band Description Bond
Name | ,osition em” Type
G, 1700 Carbonyl group C=0 sz
G 1590 Graphite E22g; aromatic ring quadrant sz

breathing; alkene C=C

Gy 1540 Aromatics with 3-5 rings; amorphous carbon sz
structures

\85 1465 Methylene or methyl; semi-circle breathing of sz
aromatic rings; amorphous carbon structures sp3

Vg 1380 Methyl group; semi-circle breathing of sz
aromatic rings; amorphous carbon structures sp3

D 1300 D band on highly ordered carbonaceous sz
materials; C-C between aromatic rings and
aromatics with not less than 6 rings

S, 1230 Aryl-alkyl ether; para-aromatics sz

sp3

S 1185 Caromatic-Calkyl; aromatic (aliphatic) ethers; sz
C-C on hydroaromatic rings; hexagonal sp3
diamond carbon sp3; C-H on aromatic rings

Sk 1060 C-H on aromatic rings; benzene (ortho-di- sz
substituted) ring

R 960-800 C-C on alkanes and cyclic alkanes; C-H on sz
aromatic rings sp3
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of IR grade) mixture was used to acquire the Raman spectra using a Perkin-Elmer
Spectrum GX FTIR/Raman spectrometer. For each sample, the Raman spectra were
acquired with a resolution of 4 cm™. A baseline correction was applied to each Raman
spectrum. These corrected Raman spectra were further deconvoluted into 10 Gaussian
bands in the range of 800 cm™ to 1800 cm™ by following the procedure outlined before
[13]. The band names with their corresponding peaks and description are mentioned
in Table 2-2.

The total Raman area and the ratio of the area of D band and the sum of areas of Gr +
V) + V: bands were used as indicators to trace the structural changes in the biochar.
The area of D band (1300 cm™), Ip, reflects the relative concentration of aromatic
rings with at least 6 or more fused benzene rings while the sum of the band areas I +
vi+ vp IS an indicator of the relative concentration of aromatic rings with 3-5 fused
benzene rings present in the biochar sample. The Gy, V| and V, bands correspond to
the bands centred around 1540 cm™, 1465 cm™ and 1380 cm™ respectively. Thus,

In/(Ier + i+ vry reflects the evolution of aromatic ring condensation during gasification.

1.0 |

Fitted
spectrum

Raw spectrum

06

04

Intensity, arb. unit

02

1800 1600 1400 1200 1000 800

Raman shift, cm™

Figure 2-4 Spectral deconvolution of a Raman spectrum of a typical char sample.

Adapted with permission from Reference [13]. Copyright (2006), Elsevier.
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XPS was used to investigate the elemental composition of the biochar surface. For this
purpose, the char samples were stored in sealed glass vials in the argon atmosphere at
low temperatures to avoid oxidation by air. A Kratos Ultra DLD XPS instrument with
Al monochromated X-rays source (photon energy 1486 eV) was used. Operating
power of 225 Watt was used for the X-ray gun. The survey spectra were acquired in
the range of 1200 to 0 eV with a pass energy of 160 eV. These XPS spectra were
processed using the Shirley background on the CasaXPS software. The atomic percent
of an element in the CasaXPS was calculated by the peak area of the element above

the background divided by its relative sensitivity factor (R.S.F).
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3.0 Chapter

Kinetic compensation effects in the chemical reaction-
controlled regime and mass transfer-controlled regime

during the gasification of biochar in O>
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3.1 Abstract

This study aims to investigate the kinetic compensation effects during the char-O-
reaction in a fluidised-bed reactor for two particle sizes of 0.80-1.0 mm and 2.0-3.3
mm. The rate of char-O- reaction was determined by analysing the gasification product
gas composition in a quadrupole mass spectrometer. The char-O> reaction exhibited
different kinetic compensation effects between apparent activation energy and
apparent pre-exponential factor in the kinetics-controlled, diffusion-controlled and
mixed regimes for both particle sizes. The same reaction mechanism is followed
during the char-O» reaction in the kinetic regime at same or at different pyrolysis
temperatures as revealed by the kinetic compensation effects. In the mixed regime,
higher diffusion limitations increased the ‘m’ and ‘c’ values in the Kkinetic
compensation effect i.e. InA,,, = mEgy, + ¢ for any given particle size. Due to
higher rates of reaction at higher char conversions, the char-O. reaction switched from
Kinetics-controlled to mixed regimes, resulting in higher slopes ‘m’ and y-intercepts
‘c’ in the kinetic compensation effects. The absence of isokinetic temperature at higher
conversions indicates that char properties changed significantly at higher conversions

compared with those at lower conversions.

Keywords: Gasification; Kinetic compensation effect; Biomass; Mallee wood

biochar.
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3.2 Introduction

Biomass gasification is an effective way to utilise biomass as a renewable energy
source. Understanding the fundamental gasification mechanism is very important for
the development of advanced gasification technologies. The gasification of char is
normally the rate-limiting step in the whole gasification process and affects the
efficiency of the process [1-3]. The char-O> reaction is a fundamental reaction in the
gasification process and is a major source of energy to drive the endothermic
gasification reactions. Many Kinetic studies have been conducted on the char-O;
reaction. However, past studies frequently utilise a single set of kinetic parameters
based on the initial properties of char to examine the reaction mechanism. These
studies do not incorporate the effects of change in char properties on kinetics, which

become significant with the progress of char conversion [4-13].

There is a kinetic compensation effect (KCE) reported during the heterogeneous char-
gas reactions and various explanations have been proposed to explain the reaction

mechanisms [14-16]. For the KCE, apparent activation energy (Eq,,) and apparent
pre-exponential factor (In4,,,) in the Arrhenius equation vary in proportion to each

other for a series of related reactions at different conversion levels [17-19]. This can
be represented by a linear equation of the form:

InAgpp = MEgp, + ¢ (Eq.3-1)

and E

where m is the slope on the plot between [nA app

app and c is the y-intercept. The

relation is referred to as the KCE. According to this, the reaction rate is varied by less
than the change in the exp (— %) term as there is a compensating variation in [n4,,.

Our previous work [20] reported the KCE during the oxidation of brown coal char and
a plausible explanation was given on the compensation effect. According to this, char
has sites of a wide range of energy levels that are not uniformly distributed in char.
New sites are generated and consumed continuously with char conversion levels,
giving rise to the KCE. Our previous study [21] also reported the KCE during the low-
temperature oxidation of different carbon materials. However, these studies were
limited to the Kinetics-controlled regime and did not provide information in the

diffusion-controlled regime where the mass transport of O to the char surface and/or
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to the active sites inside the char particles becomes significant and starts to affect the
observed reaction rate.

Most commercial gasification processes, at least partially, operate in the diffusion-
controlled regime to achieve higher reactions rates. Therefore, it is imperative to
understand the char-O; reaction in the diffusion-controlled regime in order to have a
better understanding on the char-O kinetics. Moreover, in the diffusion-controlled
regime, it is still unclear how the kinetic parameters vary with char conversion levels
and particle size. Therefore, to understand the difference between diffusion-controlled
and kinetics-controlled regimes in terms of KCE is an important topic, which has not
received sufficient attention in the past studies.

The focus of this study is on the KCE for the char-O> reaction and will investigate how
the KCE differs in the kinetics- and diffusion-controlled regimes. The study also
focuses on the changes in KCE with char conversion level for two biomass particle
sizes of 0.80-1.0 mm and 2.0-3.3 mm. This study will provide mechanistic insight into
the char-Oz reaction in the kinetics-controlled, diffusion-controlled and mixed (kinetic

plus diffusion) regimes.

3.3 Experimental

The gasification experiments were carried out in a quartz fluidised-bed reactor. The
details of the sample preparation and the experimental procedure have been described
in Chapter 2. Briefly, around 2.0 g (accurately weighed) of the mallee wood sample
was fed into the fluidised bed at a feeding rate of 0.20 g/min with an electric vibrator
during an experiment. After the feeding was finished, the reactor was held further for
5 min under UHP argon to ensure that all the volatiles were removed. After 5 min of
holding, the UHP argon was switched to 0.4% oxygen balanced with argon. The outlet
of the reactor was connected to a quadrupole mass spectrometer (QMS Prisma™ 200)
to monitor the gas composition during the char-O- reaction. The product gases were
cooled to remove any water vapour present in the product gas mixture before being
introduced into the QMS 200. After the char was gasified completely, the reactor was

lifted up from the furnace and cooled down with argon flowing through the reactor.
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For a fixed partial pressure (p) of the gasifying agent (O>), at a given conversion level

x, the reaction rate can be expressed by the following equation as:

1dw

Eapp Eapp
=W AL f(x)g(p)Aexp (— W) = Agpp €xp (— —> (Eq.3-2)

RT

f(x) in Eq. 3-2 represents the changes in char properties and would be a constant at
any given char conversion level x. A, is the apparent pre-exponential factor and is
a function of the partial pressure of Oz and f(x). It also includes the sum of
conversion-dependent factors, e.g. char composition, number of active sites that
influence the rate of char gasification during char conversion. E,,, is the apparent

activation energy in kJ/mol.

3.4 Results and Discussion
3.4.1 Char reactivity

The specific rate of reaction (ry) of the char-O reaction was determined using Eg. 3-2
and char conversion (X) was calculated by taking the ratios of moles of char carbon
reacted/released (N char carbon released) in the form of CO, CO2, and CHgs to the total
number of moles of char carbon (N total char carbon) . This can be expressed as:

Nchar carbon released

NTotal char carbon

Our results indicate (Figure 3-1 a-d) that the rate of reaction increased with increasing
temperature from 400 to 900 °C consistently for both particle sizes due to enhanced
gasification reactions. Moreover, at any temperature in the range from 400 to 900 °C,
the rate of reaction increased with increasing char conversion for all samples. There
are several factors, which affect the reactivity of chars particularly those from low-
rank fuels [3]. These factors include char structure, concentration of alkali and alkaline
earth metallic (AAEM) species, distribution/dispersion of AAEM species, and the
physico-chemical forms of AAEM species [3]. However, the data in Figure 3-1 suggest
that the increasing char reactivity with conversion seems to be affected predominantly
by the catalytic effects of alkali and alkaline earth metallic (AAEM) species
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[13,23,24]. To understand this from the perspective of kinetic parameters, the kinetic

analysis is carried out and will be discussed later.
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Figure 3-1 Char conversion as a function of time at different temperatures for particle
sizes, (a) 0.80-1.0 mm, (b) 2.0-3.3 mm, and rate of reaction as a function of char
conversion at different temperatures for particle sizes, (c) 0.80-1.0 mm and (d) 2.0-

3.3 mm.
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3.4.2 Differentiation between Kkinetics-controlled and diffusion-controlled

regimes

Figure 3-2 shows the dependence of the char gasification rate on temperature during
the char-O; reaction. The straight Arrhenius lines indicate that Eq. (3-2) is a good
approximation of the char-O. reaction rate. The Arrhenius plots for the char-O>
reaction demonstrate that in the lower temperature range from 400 to 500 °C, the
slopes of the Arrhenius plots were much higher than those in the higher temperature
range from 700 to 900 °C. This behaviour was found to be consistent for both particle
sizes i.e., 0.8-1.0 mm and 2.0-3.3 mm (Figure 3-2). This shows that the apparent
reaction rate in the lower temperature range is much more sensitive to temperature
than that in the higher temperature range. It is also obvious that, in the higher
temperature range, the rate of the char-O reaction increased (despite sharp decrease
in slopes relative to kinetic-controlled regime) at all conversions for both particle sizes
(Figure 3-2 a-b). Based on the variation in the rate of the char-O; reaction with

temperature, the Arrhenius plots can be divided into three regimes i.e. low-temperature
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Figure 3-2 Arrhenius plots of the char-O reaction at different char conversions for

particle size ranges (a) 0.8- 1.0 mm and (b) 2.0-3.3 mm.

regime from 400 to 500 °C (Regime 1), high-temperature regime from 700 to 900 °C
(Regime 2) and transition regime (between low temperature and high-temperature
regimes). To gain insight from the perspective of Kinetics, the kinetic analysis was

carried out in a subsequent section.

3.4.3 Kinetic Analysis
3.4.3.1 Effect of pyrolysis temperature on kinetic parameters

In this study, char samples were prepared by the pyrolysis of mallee wood. The study
investigated the effects of pyrolysis temperature on the char structure and on the
kinetic parameters during the char-O> reaction. The char samples were prepared at the
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same pyrolysis temperature i.e. 500 °C or at different pyrolysis temperatures i.e. 400,
450 and 500 °C and were subsequently gasified at 400, 450 and 500 °C.

To carry out pyrolysis at different temperatures, char samples were prepared under
UHP argon at 400, 450 and 500 °C followed by in situ gasification in the presence of
0.4% O3 balanced with argon at 400, 450 and 500 °C respectively. Our results (Figure
3-3) reveal that apparent activation energy and apparent pre-exponential factor both
increased with conversion under both conditions. For any char conversion level, there
was an insignificant effect of pyrolysis temperature on apparent activation energies
and apparent pre-exponential factors. It is obvious that the char produced under both
pyrolysis conditions have, essentially, the same structural features as revealed by the
kinetic parameters [25]. In other words, the above temperature range is too narrow to
result in a considerable difference in the char structure and, consequently, in the Kinetic

parameters of the char-O> reaction.
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Figure 3-3 Effect of pyrolysis temperature on apparent activation energy and apparent

pre-exponential factor for 0.8-1.0 mm particle size.
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3.4.3.2 Effect of conversion on kinetic parameters

The effect of conversion on kinetic parameters was analysed in regime 1 and regime 2
for both particle sizes (Figure 3-4). Our results show that, for any given particle size,
the apparent activation energy and apparent pre-exponential factor increased with
conversion consistently in regime 1 (from 400 to 500 °C). This shows that, in regime
1, the rate of the char-O> reaction is controlled by the char-O> heterogeneous reactions
or by the chemical reactivity of char. This implies that temperature has a very
significant influence on the rate of the char-Oz reaction in regime 1. This regime can
be called as the kinetics-controlled regime. Moreover, in the kinetics-controlled
regime at lower char conversions (up to 0.5 conversion; Figure 3-4 a), apparent
activation energy values were very close for both particle sizes. For instance, at
conversion 0.5, E,;,, was 64 kJ/mol for 0.8-1.0 mm particle size, and 61 kJ/mol for 2-
3.35 mm particle size. However, at higher char conversion levels, bigger particles (2.0-
3.35 mm) showed lower apparent activation energy than smaller particles (0.80-1.0
mm). For instance, at conversion 0.8, E,,;,, was 90 kJ/mol for 0.8-1.0 mm particle size,
and 71 kJ/mol for 2-3.35 mm particle size. This difference in activation energies could
be attributed to intraparticle diffusion limitations in bigger particles [22,26-28], which
become significant towards higher char conversion levels when the reaction rates were
high (Figure 3-1).

However, in regime 2 (from 700 to 900 °C), a decrease in the apparent activation
energy was observed while apparent pre-exponential factor increased slightly with
increasing char conversion. Further, activation energy values were slightly lower for
bigger particles than smaller ones showing higher intraparticle diffusion in regime 2.
Moreover, the activation energy values in this regime are found to be in the range of
12-24 kJ/mol at various char conversion levels for both particle sizes. These apparent

activation energy values are reduced to nearly half or less than half of the activation
energy values in the kinetic-controlled regime i.e. Egiffysion < % Er where E7 is the

activation energy in the kinetic-controlled regime. This is primarily the indication that
the char-O; reaction becomes less temperature sensitive due to the presence of mass

transfer limitations. This suggests that in regime 2, the char-O- reaction is controlled
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Figure 3-4 The (a) apparent activation energy (E,,,,) as a function of char conversion
over different temperature ranges for 0.80-1.0 mm and 2.0-3.3 mm particles sizes and
(b) The apparent pre-exponential factor (In4,,,) as a function of char conversion over
different temperature ranges for 0.8-1.0 mm and 2.0-3.3 mm particle sizes. Symbols
A m e ctc. show the temperatures used to determine the kinetic parameters e.g. A
400, 450 and 500 °C (0.80-1.0 mm) shows the Eg,, and [nAg,,, determined at
temperatures 400, 450 and 500 °C for 0.80-1.0 mm particle size in Figure 3-4 aand b
respectively. The data of Ej,, and In4,,, at 700, 800 and 900 °C for both particle
sizes has been shown on the secondary vertical axis.
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by internal and/or external diffusion and is strongly limited by the mass transport of
the O through the pore structure in the char matrix and/or to the char surface. This
regime can be named as the diffusion-controlled regime. The data were further

analysed in terms of the KCEs in a section later.

3.4.4 Kinetic compensation effects (KCEs)
3.4.4.1 Effects of char making conditions on the kinetic compensation effects

The data of E,,, and InA,,, were plotted to get further insight into the char-O
reaction under different pyrolysis temperatures. Our results indicate that E,,,,, varied
in linear proportion with InA,,, showing the so-called KCEs (Figure 3-5). It can be

seen clearly that KCEs are almost the same under both char-making conditions. It
implies that all the char samples prepared under different pyrolysis temperatures in the

range indicated follow the same reaction mechanism during the char-O> reaction.
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Figure 3-5 The insignificant effects of pyrolysis temperature on the apparent kinetic
compensation effect at 400, 450 and 500 °C for 0.80-1.0 mm particle size.
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3.4.4.2 Kinetic compensation effects in different regimes

The data of Indgy,Vs. Egyy, Were further plotted to get mechanistic insight into the

char-O; reaction in terms of KCEs in different temperature regimes. For this purpose,

the temperature ranges in the kinetic, mixed and diffusion-controlled regimes were

used to calculate slopes ‘m’ and y-intercepts ‘c’ in the KCESs. Further, the effect of

increasing temperature on slopes ‘m’ and y-intercepts ‘c’ was investigated in the KCES

of the mixed regime (Table 3-1). For the given particle sizes, the data in plots of

InAgppversus E,y,,, demonstrate the following distinct trends (Figure 3-6):

a.

In the kinetics-controlled regime, InAg,,, and Eg,, increased simultaneously
with char conversion level (Figure 3-4) in a strong linear functionality,
exhibiting the so-called KCE that can be represented by Equation (3-1). The
values of m and c in the kinetic-controlled regime are the functions of the char
chemical structure and the reaction pathways followed during the char-O;
reaction. The data in Figure 3-6 illustrate that the chemical nature and
activation energy level of carbon atoms keep changing during char gasification.
At any given conversion level, the KCE defines the activation energy level of
the reactive sites present in the char structure during the char-O; reaction. It is
considered that, at lower char conversion levels, reactive sites on small
aromatic rings are preferentially consumed, resulting in a lower apparent
activation energy and apparent pre-exponential factor [20]. As the char
conversion increases, reactive sites on larger aromatic ring clusters become the
more dominant sites of reaction, which result in a higher apparent activation
energy and apparent pre-exponential factor. There was no considerable
difference observed in the KCEs in the temperature range of 400 to 500 °C for
0.80-1.0 mm particle size (Figure 3-6). For instance, at temperatures of 400,
425 and 450 °C, the kinetic compensation relation is in close agreement with

Kinetic compensation relation at 400, 450 and 500 °C.

The KCE for particle size 2.0-3.3 mm at temperatures 400, 450 and 500 °C is
considerably different from that of 0.80-1.0 mm particle size. This is obviously
due to mass transfer limitations which start appearing in bigger particles at

higher char conversions. Due to these mass transfer limitations, m and ¢ values
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Figure 3-6 Kinetic compensation effects in the kinetic, mixed and diffusion-controlled

regimes for 0.8-1.0 mm and 2.0-3.3 mm particle sizes. The data of In4,,, in the

kinetics and mixed regimes have been shown on the primary vertical axis and the data

of InA in the diffusion-controlled regime have been shown on the secondary

app
vertical axis. Symbols A and m show the temperature range of char gasification used

to determine the kinetic parameters.

in the KCE of 2.0-3.3 mm particles become higher than that of 0.80-1.0 mm
particles (Table 3-1). This follows that m and ¢ values are subject to change as
a result of mass transfer limitations as being observed in the case of the bigger

particles.
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Table 3-1 Slopes ‘m’ and y-intercepts ‘C’ from the kinetic compensation effects in

the kinetic, mixed and diffusion-controlled regimes.

Slopes y-intercepts
Regime Temperature ‘m’ ‘c’
Range Particle size, mm Particle size, mm

(Char gasification) | 0.80-1.0 | 2.0-3.3 | 0.80-1.0 | 2.0-3.3

°C

Kinetic 400, 425, 450 0.1845 -9.5581

400, 450, 500 0.1873 | 0.2095 | -9.7913 | -11.244

Mixed 400, 450, 500, 600 | 0.1945 | 0.2381 | -9.5743 | -11.463

450, 500, 600, 700 | 0.2431 | 0.2625 | -9.2476 | -9.8009

500, 600, 700,800 | 0.2693 | 0.3387 | -8.5745 | -9.0162

Diffusion 700, 800, 900 -0.1778 | -0.0795 | -2.3489 | -5.1449

c. The KCEs observed in the mixed regime are pushed more towards the left of
Figure 3-6 as the temperature range is increased in the mixed regime. Under
such conditions, the char-O reaction is jointly controlled by the mass transport
of O2 from the external char surface to active sites in the char and by the
chemical reactivity of char. As a result, the m and c values in KCEs start
increasing. For instance, at temperature range 450, 500, 600 and 700 °C, m and
c values increase to m = 0.2431 and ¢ = —9.2476 from m = 0.1873
and c = —9.7913 at temperature range 400, 450 and 500 °C for 0.8-1.0 mm
particle size. Similar observations can be made on the KCEs of both particle
sizes in the mixed regime where m and c values increase more for bigger
particles than for smaller ones in any temperature range selected (Table 3-1).
This is clearly due to higher internal-diffusion limitations in bigger particles

that result in lower apparent activation energy and higher m values. This
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indicates that m and c values in the mixed regime are higher than in the kinetics-
controlled regime. The degrees of increase in m and ¢ values within the mixed
regime depends on the temperature range. Higher temperatures lead to more
increase in m and c values and higher diffusion limitations in the mixed regime

during the char-O- reaction.

d. There was a decrease in E,,,,, with char conversions in the diffusion-controlled
regime, although apparent pre-exponential factor increased with conversion.
This shows the weak KCE. Moreover, due to decreasing activation energy with
conversion, a negative slope ‘m’ is observed on the kinetic compensation
relation for both particle sizes. This shows that, in the diffusion-controlled

regime, the KCE turns into a weak and/or negative KCE.

3.4.5 Isokinetic Temperature

Isokinetic temperature is the temperature at which the rates of the char-O2 reaction
become the same at various char conversion levels or a temperature at which the rates
of the char-O; reaction at various char conversions undergo an inversion. The data in
Figure 3-7 (a) demonstrate the possible existence of an isokinetic temperature at lower
char conversion levels as Arrhenius plots seem to converge at one point. But at higher
char conversions, it is difficult to determine the true isokinetic temperature. It is clear
from Figure 3-7 (a) that Arrhenius plots at higher char conversions do not show an
isokinetic temperature [20]. This implies that the compensation effect and isokinetic
effect does not necessarily coexist [29]. It is evident from Figure 3-1 (c-d) that the
reaction rate increases almost abruptly at higher char conversions in comparison with
lower conversion levels. This is also revealed by the kinetic parameters that, at higher
char conversion levels, apparent pre-exponential factor jumps higher suddenly to

compensate the increase in apparent activation energy (Figure 3-4 a-b).

This effect can further be observed by the KCE at higher char conversions. The slope
‘m’ in the KCE increases to m = 0.2106 for x = 0.70-0.90 from m = 0.1826 for x =
0.10-0.60. This infers that, at higher char conversion levels, the reaction switches from

the kinetics-controlled regime to the mixed regime. Due to the presence of mass
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Figure 3-7 Arrhenius plots in the kinetic-controlled regime (400, 450 and 500 °C) at
different char conversions for particle size ranges (a) 0.8-1.0 mm and (b) 2.0-3.3 mm.
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transfer effects at higher char conversion levels, the isokinetic effect is also absent.
Furthermore, the apparent pre-exponential factor includes the change in char
properties as a result of the conversion. The absence of isokinetic temperature at higher
char conversion also indicates that the change in char properties at higher conversions
becomes significant as compared to those at lower conversions. Similarly, there seems
to be a lesser tendency to converge in Arrhenius plots for bigger particles than the
smaller ones (Figure 3-7 b). The bigger particles exhibit a strong KCE (Figure 3-6).
However, the less tendency of bigger particles to show the isokinetic temperature in
comparison with smaller particles is again due to intraparticle diffusion limitations and
change in char properties that become significant at higher char conversions [20]
(Figure 3-4).

3.5 Conclusions

The char-O> reaction demonstrates the kinetic compensation effect between apparent
activation energy and apparent pre-exponential factors in the kinetics-controlled
regime and in the mixed regime for both particle sizes i.e. 0.80-1.0 mm and 2.0-3.3
mm. However, in the diffusion-controlled regime, a weak and/or negative Kinetic
compensation effect is observed. The pyrolysis temperature has no effect on the kinetic
compensation effects during the char-O; reaction in the kinetic regime, which indicates
that the same reaction mechanism is followed at the same or at different pyrolysis
temperatures over a narrow temperature range investigated. The char-O2 reaction
switches from the kinetics-controlled regime to the mixed regime at higher char
conversions. Due to the appearance of these mass transfer limitations, the slopes ‘m’
and y-intercepts ‘C’ in the kinetic compensation effects are increased at higher
conversion. The diffusion limitations in the mixed regime also increase the m and c
values in the kinetic compensation effects for given particle size. The absence of
tendency in Arrhenius plots to converge at higher char conversions shows that char

properties change drastically at higher conversions.
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4.0 Chapter

Mechanistic insights into the kinetic compensation

effects during the gasification of biochar in H20
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4.1 Abstract

This study aims to gain insight into the mechanism and kinetics during the gasification
of biochar in steam, which was formed in situ in a fluidised-bed reactor using mallee
wood in two particle size ranges of 0.80-1.0 mm and 2.0-3.3 mm. The overall biochar
gasification rate and the formation rates of key product components were calculated
by continuously monitoring the product gas stream with a quadrupole mass
spectrometer. The kinetic compensation effects reveal that CO and CO: are both
formed from the heterogeneous reactions between the biochar surface and H.O. CO>
is formed either by the surface (biochar)-catalysed water-gas-shift reaction or directly
from the carbon active sites involving the same intermediate for the formation of CO,
as revealed by the apparent activation energies and apparent pre-exponential factors
for CO and CO- formation. The changes in the particle size of biomass substrate do
not affect the extent of the kinetic compensation effects of biochar consumption and
formation of CO, CO., and H> in the Kkinetics-controlled and mixed regimes. The
similar extent of the kinetic compensation effects of H» formation and biochar
consumption for both particle sizes indicates that the formation of H> also mainly
involves the carbon active sites on the biochar surface instead of the gas-phase water-

gas-shift reaction.

Keywords: Kinetic compensation effect; biochar gasification; carbon active sites;

mallee wood.

63|Page



4.2 Introduction

Gasification is an important route for the clean utilisation of biomass [1-3]. The
kinetics and mechanism of biochar gasification are important to understand the
gasification process [1-3]. The biochar-H20 reaction is the most important reaction
during gasification, playing a vital role in the production of synthesis gas. Numerous
kinetic studies have examined the mechanism of the char-H,O reaction [4—13]. There
is still a debate whether CO and CO: are the primary products of the char-H.O
gasification or CO> is formed mainly from the subsequent gas-phase water-gas-shift
reaction [14-19]. Further work is required to understand the mechanisms of CO and
CO. formations during the char-H.O gasification.

The kinetic compensation effects (KCESs) are a key feature for understanding the char-
gas reaction mechanisms [20-22]. The KCE relates the apparent activation energy
(Eqpp) and apparent pre-exponential factor (Indg,,) during the char gasification at

various conversion levels [23-25]. This can be represented by the following equation:
InAgpp = MEgp, + ¢ (Eq.4—-1)

Eqg. 4-1 is named as the KCE. Our previous study [26] on the oxidation of brown coal
char has reported the KCE and given a probable explanation for it. This study
explained that there were sites of various energy levels dispersed inside the char non-
homogeneously. The KCE was observed because of the continuous formation and
consumption of active sites during char conversion. The KCE was also observed
during the oxidation of various carbon materials [27]. Our recent work [28] has
investigated the KCEs during the gasification of biochar in Oz in a fluidised-bed
reactor. This study has revealed that the extent of KCE is different in the kinetics-
controlled, mixed and diffusion-controlled regimes during the biochar-O; reaction.
However, all these studies have been limited to the O, atmosphere only. Therefore, it
is significant to understand the biochar-H»O gasification from the perspective of the
KCE to have more understanding of the char-H.O reaction. Moreover, it is still unclear
how the KCEs of the char gasification and formation of key product components i.e.
CO, CO2 and H: change during the char-H20 reaction. During steam gasification of

char, CO, CO- and Hz can be formed by the following overall reactions:
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C(s) +H20(g) ___, CO(9) + H2(9) (R 4-1)
C(s) + 2H20(g) — CO2(g) + 2H2(q) (R 4-2)
CO(g) + H20(g) — CO2(g) + H2(g) (R4-3)

It is commonly believed that CO is formed from the char surface during the char-H.0
reaction [29, 30]. However, there is a debate in the literature on CO> formation. Some
past studies [14,16,19] on the char-H>O reaction considered the overall carbon
reactivity to examine the char-H»O reaction and considered that the water-gas-shift
reaction was mainly responsible for the formation of CO,. On the contrary, other
studies [15,17,18] believed that CO and CO> were the primary products of the char-
H-O surface reaction. Fundamental knowledge is required in terms of the kinetics of
CO, CO2 and H> formation. Moreover, it is fundamentally important to study the
kinetics of CO, CO; and H formation at higher temperatures. At higher temperatures,
gasification reaction rates are affected or even controlled by the diffusion of the H.O
to the interior pores inside the char in addition to the intrinsic Kinetics of the char
surface. The water-gas-shift reaction rate also increases and acquires equilibrium
rapidly at higher temperatures in comparison to that at lower temperatures. Therefore,
the steam gasification of char requires an investigation in terms of KCEs over a broad
range of temperature, which has not gained significant attention previously.

This study focuses on investigating the mechanism of biochar-H.O reaction from the
perspective of the KCEs. The study investigates the kinetics and the KCEs of biochar
consumption and formation of CO, CO», and H: in the kinetics-controlled and mixed
regimes and provides an insight into the reaction pathways during the gasification of

biochar in steam.

4.3 Experimental

The gasification experiments were performed using a quartz fluidised-bed reactor. The
experimental procedures have been outlined in Chapter 2. Around 2.0 g of the mallee
wood sample was used in each experiment with the feeding rate of 0.20 g/min. The

reactor was held in UHP argon for 5 minutes after feeding. This ensures the complete
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removal of volatiles. After 5 min of holding, the feeding of the steam was commenced
by means of an HPLC pump. The HPLC pump fed accurately metered demineralised
water into the reaction zone, which was converted into 15% steam of the argon flow.
The key reaction products including CO, CO2, CH4 and H> were monitored by a
quadrupole mass spectrometer (QMS Prisma™ 200) until the signal of CO, CO, CH4
and H» on mass spectrometer returned to initial baselines. The product gas mixture was

cooled to remove excess steam before being introduced into the QMS 200.

At a given biochar conversion, the rate of char consumption (r¢) and the formation

rates of CO (r¢p), CO2 (r¢p,), and Hz (ry, ) were calculated using the Eq. below:

14w,
W dt

r = Fg@exp (-2 = 4, exp(~ ) (Eq.4-2)
Where i in Eq. 4-2 stands for the char gasification, CO, CO2 or H, formation. The
details of Eq. 4-2 are described in Chapter 2. The apparent activation energy (Eqp,)
and the apparent pre-exponential factors ( A,,,,) of biochar consumption and formation
of CO, CO- and H. were acquired by constructing the Arrhenius plots between In (rc)
In (rco), In (rco2) or In (ru2) vs. 1/T at the given biochar conversions where T is in the

Kelvin scale.

4.4 Results and Discussion
4.4.1 Biochar Reactivity

Figure 4-1 (a-d) represent the rate of biochar consumption (r¢) and the rate of hydrogen
formation (rw,) during the in situ gasification of biochar in H2O using mallee wood in
two particle size ranges of 0.80-1.0 mm and 2.0-3.3 mm. The gasification of mallee
biochar in H2O is insignificant below 700 °C [5,6] and the maximum temperature,
which can be achieved in the furnace available is 950 °C. Because of these
considerations, a temperature range of 700 to 950 °C has been selected in this study.
The data in Figure 4-1 (a-d) indicate that the rates of biochar consumption and

hydrogen formation both increased as the temperature is increased from 700 to 950 °C
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Figure 4-1 Rate of char gasification vs. char conversion from 700 to 950 °C for
particle sizes of (a) 0.80-1.0 mm and (b) 2.0-3.3 mm; and rate of hydrogen formation
vs. char conversion from 700 to 950 °C for particle sizes of (c) 0.80-1.0 mm and (d)
2.0-3.3 mm.

for both particle sizes. However, the smaller size particles i.e. 0.80-1.0 mm exhibited
slightly higher rates of biochar consumption and H> formation in the given temperature
range. Moreover, both rates varied with conversion in a similar way in the given

temperature range for both particle sizes.
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4.4.2 Differentiation between Kinetics-controlled and mixed regimes

It is evident from Figure 4-2 that Arrhenius plots had significantly high slopes in the
temperature range from 700 to 850 °C and started decreasing as the temperature range

is increased from 850 to 950 °C. Based on this variation, the Arrhenius plots are
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Figure 4-2 Arrhenius plots of the biochar-H20 reaction at different char conversions

for the particle size ranges of (a) 0.8- 1.0 mm and (b) 2.0-3.3 mm.
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categorised into two sections i.e. 700 to 850 °C (kinetics-controlled regime) and 850
to 950 °C (mixed regime).

4.4.3 Effects of conversion on the kinetic parameters

The data in Figure 4-3 (a-d) display the kinetic parameters of biochar consumption and
formation of the key products i.e. CO, CO2 and H> during the biochar-H.O reaction in
the kinetics-controlled and mixed regimes for 0.80-1.0 mm and 2.0-3.3 mm particle
sizes. Figure 4-3 illustrates that, for both particle sizes, the apparent activation energy
and apparent pre-exponential factor of biochar consumption and formation of CO,
CO., and H> varied with biochar conversion level both in the kinetics-controlled and

mixed regimes.

In the Kinetics-controlled regime, the apparent activation energy and apparent pre-
exponential factors of biochar consumption and formation of CO, CO., and H>
appeared to decrease with conversion for both particle sizes. Further, for both particle
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Figure 4-3 The apparent activation energy (Eg,,) and the apparent pre-exponential
factor (Indgy,,) of biochar consumption and formation of CO, CO2 and H; as a

function of biochar conversion in the kinetics-controlled regime for particle sizes of
(@) 0.80-1.0 mm and (b) 2.0-3.3 mm. The apparent activation energy and apparent
pre-exponential factor of biochar consumption and formation of CO, CO, and H> as a
function of biochar conversion in the mixed regime for particle sizes of (c) 0.80-1.0
mm and (d) 2.0-3.3 mm particles sizes, A and e are used to indicate E,,,,, and [nAg,,

respectively in Figure 4-3 (a-d). The data of [nA,,, are shown on the secondary
vertical axis in Figure 4-3 (a-d).

sizes, there is an insignificant difference in the apparent activation energy and the
apparent pre-exponential factors for biochar consumption and formation of CO, CO»,
and Hz implying a true kinetics-controlled regime in the temperature range from 700
to 850 °C.

The decrease in the apparent activation energy and apparent pre-exponential factor of
biochar gasification and formation of CO, CO, and H> with conversion indicates that
active sites on the biochar surface, which essentially form CO, CO_, and H», change

with biochar conversion. Further, if CO2 were formed mainly because of gas-phase

71|Page



water-gas-shift reaction, the formation of CO2 would follow kinetics represented by a
single set of activation energy and pre-exponential factor and should not change with
biochar conversion level. However, the apparent activation energy and apparent pre-
exponential factor of CO and CO; formation have changed with biochar conversion,
indicating that large proportions of CO and CO: are formed because of a
heterogeneous biochar-H20O reaction. In addition to this, the activation energy levels
of CO and CO> formation are found to be quite close to each other (compared at the
same conversion levels). This suggests that CO> can be formed either by the surface-
catalysed water-gas-shift reaction or it can be formed directly from the biochar surface
through the same intermediate as that for CO formation. For example, this can be

represented as:

C(0) — CO(g) (R 4-4)
C(O) +C(O) —» CO2(g) + C (R 4-5)
C(CO) + H20(g) — CO2(g) + Hx(g) + C (R 4-6)

In the mixed regime, the kinetic parameters of biochar consumption and formation of
CO, COg, and H: followed a quite different trend from that in the kinetics-controlled
regime for the given particle sizes. The apparent activation energy and pre-exponential
factor of biochar consumption and formation of CO, CO2 and H> increased with
conversion up to x = 0.5 or 0.6 and then decreased at higher conversions. The same
trends were observed for both particle sizes. However, nearly at all conversion levels,
the larger particles demonstrated slightly lower apparent activation energy and lower
apparent pre-exponential factor of biochar consumption and formation of CO, COg,

and H: due to higher diffusion limitations.

Moreover, the apparent activation energy and the apparent pre-exponential factors of
CO and CO; formation also changed with biochar conversion level in the mixed
regime. On the contrary, the gas phase water-gas-shift reaction would have given a
single activation energy and single pre-exponential factor independent of biochar
conversion level. These results in the mixed regime also indicate that both CO and
CO; are mainly formed because of the heterogeneous reaction between the biochar

surface and H-O.
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4.4.4 Kinetic compensation effects (KCES)
4.4.4.1 Effect of biochar making conditions on the observed KCEs

The effect of pyrolysis temperature on the Kinetic parameters was investigated during
the steam gasification of biochar in the kinetics-controlled regime. For this purpose,
samples of biochar were made at single pyrolysis temperature i.e. 850 °C or at different
pyrolysis temperatures (700, 750, 800 and 850 °C). The biochar samples prepared at
single or at different pyrolysis temperatures were further gasified in situ at 700, 750,
800 and 850 °C with 15% H>O-Ar.

Our results indicate that the apparent activation energy and the apparent pre-
exponential factor both decreased with biochar conversion when pyrolysis temperature
was the same or when pyrolysis temperatures were different (Appendix-I1, Figure S1).
Further, E,,,decreased in linear proportion with InA,,, demonstrating the KCEs at
both biochar preparation conditions (Figure 4-4). It is found that pyrolysis at single
temperature i.e. 850 °C with subsequent in situ gasification resulted in slightly lower
apparent activation energy and lower apparent pre-exponential factor than pyrolysis at
different temperatures followed by in situ gasification. This change is more likely
because of the ageing effects in the biochar, which appear when the pyrolysis and the
biochar gasification temperatures were different. For instance, at a biochar-making
temperature of 850 °C and biochar gasification temperature of 700 °C, the temperature
of the biochar (850 °C) was to be decreased to 700 °C, which resulted in a higher
holding time (ageing effect) in comparison to when the pyrolysis and biochar
gasification temperatures were same [30]. However, the similar KCEs for both biochar
preparing conditions suggest that the single or different pyrolysis temperatures do not

affect the reaction pathways during the biochar gasification in 15% H>O-Ar [28].
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Figure 4-4 The insignificant effect of pyrolysis temperature on the Kkinetic
compensation effects during the biochar-H20O gasification at 700, 750, 800 and 850 °C
for 2.0-3.3 mm particle size

4.4.4.2 Kinetic compensation effects (KCEs) in the kinetics-controlled and

mixed regimes

The kinetic parameters of biochar consumption and formation of CO, CO2, and H>

were utilised to calculate the KCEs in the kinetics-controlled and mixed regimes. For

this purpose, the temperature ranges of kinetics-controlled and mixed regimes were

utilised to determine ‘m’ and ‘c’ in the KCESs. Figure 4-5 (a-b), revealed the following

features of the KCEs during the biochar-H20O gasification:

a.

In the kinetics-controlled regime, InAg,, and E,,, of biochar consumption
and formation of CO, CO: and H: demonstrated an obvious KCE as
represented by Equation (4-1). Figure 4-3 (a-b) shows that the apparent
activation energy and pre-exponential factors are different at different biochar
conversion levels. This indicates that the chemical nature of the reactive
sites/intermediate formed on the biochar surface (pore) changes with the

progress of biochar conversion during the biochar-H2O reaction. It is also clear
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19

16

(Figure 4-3 a-b) that at lower biochar conversion, it requires higher activation
energy to activate the biochar substrate resulting in a higher pre-exponential
factor. With the progress of biochar conversion, the concentration of the
oxygen-containing active sites e.g. C(O) increases in the biochar matrix. This
has been demonstrated by the increase in the observed Raman intensity with
increasing conversion for low-rank fuels [9,11]. Moreover, the concentrations
of alkali and alkaline earth metallic (AAEM) species in the residual biochar
also increase as the biochar conversion is progressed [28,31-33]. Therefore,
toward increasing biochar conversion levels, oxygen-containing active sites
e.g. C(O) and AAEM species become increasingly available in the biochar
matrix. This results in lowering the activation energy towards higher biochar

conversion.

The similar activation energy levels and similar ‘m’ and ‘c’ suggest that the

extent of the KCEs of biochar consumption and formation of CO, CO., and H>
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Figure 4-5 The kinetic compensation effects of biochar gasification, CO, CO,, and
H> formation in the kinetics-controlled and mixed regimes for (a) 0.80-1.0 mm and (b)
2.0-3.3 mm particle sizes. The data of InA,, in the mixed regime have been shown
on secondary vertical axis respectively.

is similar for both particle sizes in the kinetics-controlled regimes. This
suggests that the formation of CO, CO2, and Hz involves the carbon active
sites on the biochar surface during the gasification in 15% H>O-Avr.

c. Inthe mixed regime, InAg,, and Eg,,, of char consumption and formation of
CO, CO2, and Ha also exhibited a significant KCE. Further, the activation
energy levels significantly reduced in the mixed regime in comparison with
the kinetics-controlled regime. This reflects that the biochar-H2O reaction has
been affected by the presence of the mass transfer effects. The values of slope
‘m’ in this regime remained similar to those in the kinetics-controlled regime
but the intercepts ‘C’ values increased slightly. This implies that, in the mixed

regime, the extent of the KCEs has not changed significantly. Another reason
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of slight variations in the extent of the KCEs could be the temperature range
in the mixed regime, which is not too broad to observe significant differences
in the extent of the KCEs.

d. The similar activation energy levels and similar extent of KCEs (similar ‘m’
and ‘c’ values) of CO and CO> formation reveal that CO and CO> both are
formed from the biochar surface through a common intermediate. Therefore,
it can be inferred that oxygen-containing active species i.e. C(O) leading to
the formation of CO and CO; are essentially the same. During the biochar-
H20O reaction, certain active sites in the biochar matrix dissociate the H20
molecule, and oxygen from H,O molecule is exchanged to the biochar surface
[34,35].

2C + H20(g) — C(O) + C(H2) (R 4-7)
or

2C + H20(g) — C(OH) + C(H) (R 4-8)
C(OH) + C(H)—> C(0O) + C(H2) (R 4-9)

The oxygen-containing active sites i.e. C(O) remove carbon from the biochar
surface in the form of CO(g) and CO2(g) as mentioned in the earlier section as:

C(O) — CO(g) (R 4-4)
C(0) + C(O) —>» CO(g) + C (R 4-5)

It is believed that the reactions which lead to the formation of oxygen
containing surface species [C(O)] i.e. R 4-6, R 4-7, and R 4-8 are fast in
comparison to R 4-4. Therefore, R 4-4 is the rate-limiting step during the

biochar-H2O reaction.

e. The formation of H> also observed the KCE. The extent of the KCEs i.e. ‘m’
and ‘c’ values of biochar consumption and H formation are quite similar,

indicating that the formation of H2 mainly involves the carbon active sites on
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the biochar surface. The H> formed on the carbon active sites is released
leaving behind free active sites, which can be represented, e.g. as:

C(H2) =——= Hz(g) + C (R 4-10)

45 Conclusions

The observation of the kinetic compensation effects of CO and CO. formation
confirms that CO and CO. are formed from the biochar surface during the biochar-
H-O reaction. The apparent activation energy and apparent pre-exponential factor of
CO and CO- formation suggest that CO> can be formed either by the surface-catalysed
water-gas-shift reaction or directly from the biochar surface through the same
intermediates as those for CO formation. Both particle sizes i.e. 0.80-1.0 mm and 2.0-
3.3 mm exhibit the similar extent of the kinetic compensation effects of biochar
consumption and formation of CO, CO2, and H: in the kinetics-controlled and mixed
regimes. The extent of the kinetic compensation effects of H> formation and biochar
gasification reveals that the H> formation involves the carbon active sites on the

biochar surface.
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5.0 Chapter

Mechanistic insights into the kinetic compensation effects
during the gasification of biochar: Effects of the partial

pressure of H20
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5.1 Abstract

This study has focused on the kinetic compensation effects (KCE) during the
gasification of biochar in 15% H,O-Ar and 2% H>O-Ar. The biochar samples were
characterised by FT-Raman and X-ray photoelectron spectroscopies. Our results
showed that the extent of the KCE of char gasification and formation of CO, CO3, and
H> was higher during the gasification in 15% H>O-Ar than that in 2% H>O-Ar. The
relative ratio of Ip/(lr + vi+ vy Was higher in 15% H>O-Ar than that in 2% H.O-Ar,
which reflects that the relative concentration of large aromatic rings is higher during
the gasification in 15% H>O-Ar than that in 2% H>O-Ar. The partial pressure of H.O
affected the relative concentration of O-containing surface species [C(O)] on the
biochar external surface and inside the pores of the char matrix. The concentration of
these O-containing species [C(O)] on the char surface led to different relative rates of
CO and CO; release, resulting in lower CO/CO; ratios (at lower char conversions)
during the gasification in 15% H>O-Ar than those in 2% H>O-Ar. The lower relative
ratio of Ip/(Ir + vi+ vi) and lower extent of the kinetic compensation effects revealed
that the relative concentration of active sites (with similar properties), which were
created on the activation of aromatic rings, was lower for the gasification in 2% H>O-
Ar than that in 15% H>O-Ar.

Keywords: Carbon release kinetics; Gasification; H2O partial pressure; Kinetic

compensation effects; Mallee wood.
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5.2 Introduction

The kinetic compensation effects (KCEs) refer to the phenomena whereby the effects
of the changes in apparent activation energy Eapp On reaction rate are at least partially
offset by those of the changes in apparent pre-exponential factor Aapp. The KCEs have
been observed in many gas-solid reactions and are the key feature of the biochar-gas
reactions, which can provide a better understanding of the biochar gasification
mechanisms [1-5]. Our previous work has demonstrated the significance of the KCEs
for the char-O. and char-H-O reactions [1,2]. During gasification, the active sites on
the char surface are created and consumed continuously, giving rise to the KCEs. The
KCE can be represented as [6-8]:

nAgpp = MEgy, + ¢ (Eq. 5-1)

where ‘c’ is the y-intercept on the plot between InAg,, Vs. Egp,p, and ‘m’ is the slope.
Agpp and  E,p,, stand for the apparent pre-exponential factor and the apparent

activation energy respectively.

Our past study reported and explained the KCE for the gasification of brown coal char
[9]. The study was carried out at low temperatures i.e. 330 °C to 430 °C. A recent
study [2] in our group on the biochar-O> reaction has investigated and reported the
KCE over a wide range of temperatures covering the kinetics- and diffusion-controlled
regimes. The extent of the KCE varies significantly as the temperature regime changes
from the kinetics-controlled to the mixed regime or to the diffusion-controlled regime.
Our more recent work [1] has reported the KCE and its plausible explanation during
the gasification of biochar in 15% H>O-Ar. The concentration of O-containing carbon
surface species [C(O)] as well as the concentration of alkali and alkaline earth metallic
species (AAEM) in the char increase with biochar conversion during steam
gasification. These AAEM species are bonded with Raman-active oxygen species and,
consequently, enhance the catalytic activities with increasing conversion [10]. It is
believed that the increasing catalytic effects mainly contribute to decreasing the

apparent activation energy as the char gasification is progressed in H2O.
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There is a contradiction in literature [11-16] on CO formation during steam
gasification. Our recent study [1] has reported that CO> formation is from the char
surface either directly or by the surface-catalysed water-gas-shift (WGS) reaction

instead of homogeneous (gas phase) WGS reaction. This can be shown as:

C(0) — CO(9) (R5-1)
C(0) + C(0) ——» COx(g) + C (R 5-2)
C(0) + C(CO) —» CO, +2C (R 5-3)
C(CO) +H,0(g) —> COx(g) + Ha(g) + C (R 5-4)

It is believed [1] that the same O-containing carbon surface species i.e. [C(O)] is
involved in the formation of CO and CO>. However, the study was carried out during
the gasification in 15% H.O-Ar only. The partial pressure of H20 could change the
concentration of steam surrounding the char particle. The change in the concentration of
H20 can influence the relative rates of formation and consumption of active sites and even
possibly the distribution of active sites, which can also affect the relative rates of CO
and CO formation as well as the extent of the KCE. To the best of authors’ knowledge,
there are no data available in the literature about how the concentration of H>O would
change the extent of the KCE of char gasification and the extent of the KCE of the

formation of CO, CO», and H2 during the biochar gasification.

Therefore, this study has investigated the mechanism of biochar-H2O reaction in 15%
H>0 and 2% H>0 (balanced with argon) with the aid of the KCE. The study compares
the KCE of char gasification and formation of CO, CO2, and H; in the Kinetics-
controlled regime and gives a mechanistic insight into the biochar gasification in 15%
H20-Ar and 2% H2O-Avr.

5.3 Experimental
5.3.1 Experimental procedure

The wood samples were prepared from the freshly harvested Australian mallee tree.
The procedures were outlined in a previous study [17]. The moisture in the wood

samples was removed by drying in an oven overnight at 105 °C.
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The mallee wood comprising of around 2.0 g sample was pyrolysed in ultra-high purity
(UHP) argon in a fluidised-bed reactor. The superficial gas velocity was set at U ~ 10
Umt Where U denotes the minimum fluidisation velocity. After 5 min of holding in
argon, steam was fed by using an HPLC pump to commence gasification. Two partial
pressures of the steam i.e. 15% H20-Ar and 2% H2O-Ar, were employed. The steam
gasification was carried out in the temperature range of 700-850 °C. The product gas
mixture was monitored continuously by a quadrupole mass spectrometer (QMS
Prisma™ 200). The product gas monitoring was stopped when the signals of all the
product components practically reached the initial baselines, which indicated the
complete conversion of char. The CO and CO2signals overlapped. The CO; signal was
subtracted from CO signal at m/z = 28. The detailed experimental procedure was
outlined in a previous study [1]. The following Arrhenius equations [9] were used to
calculate the rate of char gasification (r¢) and the rates of product formation for CO
(rc), CO2 (rco,) and Hz (ry,) at any conversion.

1 dw,

= g = g exp (~22) = 4;exp (o5 (Eq.5~2)

Where i represents char gasification, CO, CO> or H> formation in Eq. 5-2. f(x) isa
function, which incorporates the changes in char properties with conversion in Eq. 5-
2 and is a constant when conversion ‘x’ is fixed. A; stands for the apparent pre-
exponential factors and depends on the partial pressure g(p) of H.O and f (x). E; stands

for the apparent activation energy. The details of Eq. 5-2 can be found in Chapter 2.

5.3.2 Char characterisation

The biochar samples were characterised using FT-Raman and X-ray photoelectron
spectroscopies (XPS). A well-grounded 0.5 wt.% [17-19] char-potassium bromide
(KBr of IR grade) mixture was used to acquire Raman spectra. A baseline correction
was applied to each Raman spectrum and then deconvoluted into 10 Gaussian bands
in the range of 800 cm™ to 1800 cm™* by following the procedure outlined before [20].
BaSO4 was used as reference/standard material for FT-Raman spectroscopy. Raman
spectrum of BaSO4 was acquired before and after each biochar sample to observe any
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changes in the laser intensity of Raman spectrometer during analysis. Additionally, the
char samples were repeated for FT-Raman analysis and there were no significant

differences observed in the results.

The total Raman area and the ratio of Io/(lGr + vi+ vry Were used as indicators to
investigate the biochar structural changes. The area of D band (1300 cm™), Ip, reflects
the relative concentration of aromatic rings with at least 6 or more fused benzene rings
while the sum of the band areas I+ vi+ vr) is an indicator of the relative concentration
of aromatic rings with 3-5 fused benzene rings present in the biochar sample.
Therefore, the ratio of Ip/(lr + vi+ v reflects the evolution of aromatic ring
condensation during gasification. XPS was used to investigate the elemental
composition on the biochar external surface. The details of these methods are

mentioned in Chapter 2.

5.4 Results and discussion
5.4.1 Char Reactivity

The data in Figure 5-1 (a-d) compare the rate of char gasification (r¢) and the formation
rates of CO (rco), CO2 (rco,) and Hz (rw,) during the gasification of char in 15% H>0O-
Ar and 2% H»>O-Ar in the temperature range from 700 to 850 °C for 2.0-3.3 mm
particle size. These rates i.e. rc, rco, rco, and ru, were calculated using Eq. 5-2. Our
results indicate that the rate of char gasification (r¢) and formation rates of CO (rco),
CO2 (rco,) and Ha (rw,) reduced with decreasing steam partial pressure from 15% H,O-
Ar to 2% H>O-Ar (Figure 5-1 a-d). In a lower temperature range, i.e. 700 °C and
750 °C, the decreases in the rates were relatively slow, however, at higher temperatures
i.e. 800 °C and 850 °C, the rates decreased drastically with decreasing steam partial
pressure. These rates (rc, rco, rco, and ru,) followed quite similar trends with biochar
conversion during the gasification in 2% H>O-Ar and 15% H2>O-Ar (despite the rates
were reduced in 2% H,O-Ar).
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Figure 5-1 (a) Char gasification rate, (b) rate of CO formation, (c) rate of CO>
formation and (d) rate of H> formation vs. biochar conversion during the gasification
of 2.0-3.3 mm particle sizes in 15% H>O-Ar and 2% H>O-Ar. The data of 15% H>O-

Ar have been published in reference [1].

5.4.2 Effects of conversion and H20 partial pressure on the Kinetic parameters

Figure 5-2 (a-d) display the kinetic parameters for char gasification and formation of
CO, CO2, and Ha during the biochar-H>0O reaction in 15% H>O-Ar and 2% H,O-Ar. It
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has been demonstrated previously [13] that the kinetics-controlled regime lies in the
temperature range of 700-850 °C during the gasification of biochar in 15% H.O-Ar.
The diffusion from the bulk gas phase to the external surface of the char particle
depends on the gas phase velocity inside the reactor and the particle diameter. The data
in Figure S2 (Appendix-1) show that rate of char gasification is independent of gas
mixture velocity during the gasification in 15% H2O-Ar. The velocity of gas mixture
remained same during the gasification in 2% H>O-Ar to that of 15% H»>O-Ar.

Therefore, we inferred that external diffusion does not limit the rate of gasification.

However, a decrease in the partial pressure of H.O from 15% H>O-Ar to 2% H>O-Ar
would reduce the H.O concentration at the char surface. This can result in
concentration gradients in the interior pores of the char and, consequently, can lead to
internal diffusion limitations. To calculate the internal diffusion limitations, we used
Weisz-Prater (WP) criterion. From the calculation results, we observed that
effectiveness factors (n) reduced during the gasification in 2% H>O-Ar relative to 15%
H>O-Ar, which indicates the possible presence of enhanced internal diffusion

limitations in 2% H>O-Ar. However, these calculations were based on the assumption

L] L] L] L] L] L] L] L] L] 40
240 F .- . A 15% H20-Ar (2.0-3.3 mm)
(a) Char gasification a2 1OA 2033 | o
210 F A A A 2% H>O-Ar (0.80-1.0 mm)
A H15% H.0-Ar (2.0-3.3mm) | 30
180 } A H2% H.0-Ar (2.0-3.3 mm)
R 02% H:0-Ar (0.80-1.0mm) | ¢
L 150 | 2 2 R N
S 4 12 £
i A <
- 120 F A £
§ = = 2 a 115
up = A
| [~ [ | [ A
60 | " ¢ 4 s
=] [ |
30 i E [ | /|—>' 0
I
0 1 1 1 1 1 1 1 1 1 _5

0 01 02 03 04 05 06 07 08 09 1

Conversion

0 |Page



Eco, kdmol?

T 40

240 I L] L] L] ] L] L] L] 00 ZI- L] ]
(b) CO formation A 15% H,0O-Ar (2.0-3.3 mm)
A2% H.0-Ar (2.0-3.3mm) 4 35
210 r_ A2% H,0-Ar (0.80-1.0 mm)
A B 15%H.0-Ar 2.0-33mm) 71 30
180 f A W 2% H.O-Ar (2.0-3.3 mm)
4 4 A 02% H.0-Ar (0.80-1.0mm) | 25
150 N
A A 1 20 S
A <
120 A, £
- {1 15
u A
i [
90 A 1 10
" g A
60 | " u A,
E = A 4 1°
[
30 u {o
U IJ"
E =
0 1 1 1 1 1 1 1 1 1 _5
0 01 02 03 04 05 06 07 08 09 1
Conversion
' ' ' '  A15%H:0-Ar (2.0-3.3 mm) 40
240 . % H20-Ar (2.0-3.3 mm
(c) CO,formation 42% H:0-Ar (2.0-3.3 mm)
A2% H,0-Ar (0.80-1.0mm) ] 35
210 A B 15% H.0-Ar (2.0-3.3 mm)
A A A m2% H:0-Ar (2.0-3.3mm) 4 30
180 } A 029 H.0-Ar (0.80-1.0mm)
A { 25
150 | ﬁ A a
A A Y 4 20 §
120 } A 4 <
- [ | - {115 £
. [ A
%0 t o L N 1 10
s N
n n N
60 F [~ L ] [ ] A 45
A
0 m
30 F 10
]
‘Il
O 1 1 1 1 1 1 1 1 1 _5
0 01 02 03 04 05 06 07 08 09 1

Conversion

91|Page



40

oa0 b T T T T £15% H:0-Ar (2.0-3.3 mm)
(d) H, formation A2% H:0-Ar (2.0-3.3 mm) -
210 A2% H,0-Ar (0.80-1.0mm) |
i B 15% H.0-Ar (2.0-3.3 mm)
A A m29% H.0-Ar (2.0-3.3mm) 1 30
180 <A A 029 H.0-Ar (0.80-1.0 mm)
A 4 25
= 150 b o[a bt
g A A A a A A 4 20 o
Lap) B A <
v 120 £
& [] ﬁ 11
I ] | | [} A
w9 | n 4
A 11
0 O O A A 0
ool ® ®m m QO " .
g & 15
| O ]
30 E o = J’ 0
" @
0 1 1 1 1 1 1 1 1 1 _5

0 01 02 03 04 05 06 07 08 09 1

Conversion

Figure 5-2 E,;,, and Ay, of (a) char gasification, (b) CO formation (E¢,), (¢) CO2
formation (E¢o,), and (d) Hz formation (Ey,) vs. biochar conversion at 700, 750, 800
and 850 °C in 15% H20-Ar and 2% H20O-Ar. Symbols A and A indicate E,,, and the
symbols m and o indicate [nA,,, in Figure 5-2 (a-d). The data of inA,,, in 15% H20-

Ar and 2% H>O-Ar are displayed on the secondary vertical axis in Figure 5-2 (a-d).
The data of 15% H20-Ar have been published in reference [1].

that the ratio of surface reaction rates in 15% H»O and 2% H-O is equal to the ratio of
the overall observed reaction rates in 15% H20 and 2% H-0.

Therefore, to verify whether diffusion limitations are present during the gasification in
2% H>0, gasification experiments were carried out using particle sizes of 0.8-1.0 mm
and 2.0-3.3 mm in 2% H>O-Ar from 700 to 850 °C. The kinetic parameters i.e. E,,

and Ay, of char gasification and formation of CO, CO, and Hz during the gasification
of different particle sizes are found to be very similar. This shows that the rate of char
gasification is independent of the particle size during the gasification in 2% H.O-Ar,
which also implies that the internal diffusion limitations are not significant during the

gasification in 2% H,O-Ar.
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Further, the data in Figure 5-2 (a-d) indicate that E,,,, and Ag,,, of char gasification
and formation of CO and CO. decreased with the progress of char conversion under
both conditions i.e. 15% H>O-Ar and 2% H,O-Ar. The decreases in the apparent
activation energy can be caused by the char chemical structure. During the biochar
steam gasification, there is an increase in the O-containing carbon surface species
[C(O)] on the char surface with increasing conversion. This has been reported
previously by an increase in the total Raman area with increasing conversion for low-
rank fuels [18,21-24]. The concentration of AAEM species also increases with
increasing char conversion [10,25-27], which enhances the catalytic effects and
contributes to decreasing apparent activation energy with increasing conversion during

steam gasification.

The comparison of the Kinetic parameters in Figure 5-2 reveals that E,,,, and Ay, of
char gasification and formation of CO and CO. reduced significantly with decreasing
steam partial pressure from 15% H>O-Ar to 2% H.O-Ar. The steam gasification
involves the breakage of aromatic rings, which can be either released/gasified or
recombined to become bigger rings during steam gasification [17,21,23,24,28-33].
The H.O molecule during gasification dissociates on the char surface as [34,35]:

2C + H20(g) ——— C(0) + C(H2) (R 5-5)
or
2C + H20(g) — C(OH) + C(H) (R 5-6)

It is believed that the H radical formed on the char carbon surface is able to migrate in
the char matrix and can induce the aromatic ring condensation reactions
[21,29,30,36,37] while they can also be desorbed as H> e.g.

C(OH) + C(H) ——> C(0) + C(Hy) (R 5-7)
C(H)+C(H)———> C(H2) + C (R 5-8)
C(Hz) &——— Ha(g) +C (R 5-9)
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Thus, the carbon active sites on the char surface are oxygenated to form oxygen-
containing active species [C(O)]. Similarly, H radicals also occupy the carbon active

sites e.g. [C(H)] and can recombine/condense the aromatic rings.

During steam gasification, the concentration of [C(O)] formed on the char surface can
be correlated with the molar flux of CO and CO». The gasification in 2% H>O-Ar
decreased the molar fluxes of CO and CO, compared with the data for gasification in

15% H>O-Ar, particularly at lower char conversion levels (Figure S3 a-f, Appendix-

).

The formation of CO and CO during steam gasification involves the same O-
containing carbon surface species [C(O)]. Therefore, the decrease in the fluxes of CO
and CO; with decreasing H»O partial pressure implies that the relative concentrations
of [C(O)] formed on the char surface decrease with decreasing steam partial pressure.
It is believed that the concentration of [C(O)] contributes to the biochar reactivity
during steam gasification. To investigate how the concentration of [C(O)] affects the
char structural features during the gasification in 15% H>O-Ar and 2% H,O-Ar, we
characterised the biochar samples by FT-Raman and XPS and will be discussed in the

following section.

Furthermore, E,,, and A,,,, of CO and CO- formation were very close to each other

pp app

under both gasification conditions i.e. 15% H>O-Ar and 2% H>O-Ar. This suggests
that CO and CO; are formed from a common carbon-oxygen surface complex [C(O)]
under both conditions i.e. 15% H>O-Ar and 2% H.O-Ar. The kinetic parameters i.e.
activation energy values and the apparent pre-exponential factors of CO, and H>
formation were also found to be quite close to each other (Figure 5-2). Additionally,
there is also a similarity in the rate profiles of CO and H. formation (Figure 5-1). This
infers that CO. and H> can also be formed simultaneously on the char surface involving

a common carbon-oxygen surface complex [C(O)]. This can be represented as:
C(O) + H.O ———» CO2(g) + H2(q) (R 5-10)

Therefore, the release of char carbon in the form of CO(g) and CO2(g) can be
represented by the reactions i.e. R 5-1 to R 5-4 and R 5-10.
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Moreover, the decrease in the kinetic parameters (E¢o, and A¢p,) of CO2 with biochar
conversion also indicates that CO2 formation mainly involves active sites on the char
surface instead of gas-phase water-gas-shift reaction irrespective of H.O partial
pressure. On the contrary, the formation of CO. by homogeneous gas-phase water-gas-
shift reaction would have given discrete values of the kinetic parameters represented

by a single set of E¢o, and Ao, .

5.4.3 Biochar characterization by FT-Raman and XPS

The Figure 5-3 (a-c) displays the total Raman area in the range of 800-1800 cm™ and
the band intensities ratio of Io/(l(er + vi+ vr) determined by Raman spectroscopy. The
O/C ratio on the biochar external surface was determined by XPS.

The biochar samples were prepared in 15% H>O-Ar and 2% H,O-Ar at 800 °C and
850 °C at a biochar conversion of 10%. For this purpose, Wrotal char carbon @nd Wehar carbon
released Were calculated in 15% H>O-Ar and 2% H>O-Ar at 800 °C and 850 °C. Wrotal
char carbon Fefers to the total yield of all gaseous carbon species (moles of CO, CO> and
CHy4) produced during the gasification until there was no char left inside the reactor
whereas Wenar carbon released COrresponds to the yield of the gaseous carbon species (moles

of CO, CO: and CHa), which have been released up to any given conversion level.

For instance, for 10% conversion of char carbon, Wrotal char carbon Was equal to 0.0156
moles of carbon and determined when the biochar was completely converted to
gaseous carbon species during gasification in 15% H>O-Ar at 850 °C. For 10%
conversion of biochar carbon, Wehar carbon released Was determined by summing up yields
of all gaseous carbon species i.e. 0.00156 moles. The ratio of Wehar carbon released
(0.00156 moles) to Wrotal char carbon (0.0156 moles) gives char conversion of 0.1 during
gasification in 15% H>O-Ar at 850 °C and the reactor was lifted out of the furnace at
this time. Similarly, char samples were prepared for gasification in 15% H>O-Ar at
800 °C and in 2% H,O-Ar at 800 °C and 850 °C.

Our results indicate that the total Raman area and the O/C ratio on the biochar external

surface were higher during the gasification in 15% H>O-Ar than those in 2% H>O-Avr.
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The total Raman area is an indicator of Raman active species present in the bulk of the
biochar samples, which have the Raman scattering ability such as the O-containing
species (electron-rich structures) that give a resonance effect when connected to
aromatic rings.

The increasing total Raman area with increasing steam partial pressure during
gasification indicates the increase in the concentration of O-containing Raman active
species present in the biochar bulk sample. Similarly, the oxygen content bound on the
biochar external carbon surface, which is reflected by the O/C ratio, is higher in 15%
H2O-Ar than that in 2% H20O-Ar. These results infer that the gasification of biochar in
15% H>O-Ar yielded higher concentrations of O-containing functional groups both in
the interior pores of the biochar and on the biochar external surface than that in 2%
H>O-Ar. The higher molar fluxes of CO and CO- from the char surface also suggest
that there is an increase in O-containing carbon surface species during gasification
with increasing steam partial pressure (Appendix-I, Figure S3 a-f). This reveals that
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Figure 5-3 (a) Total Raman area, (b) D band and sum of the (Gr+ Vi + V) bands
areas ratio and (c) O/C ratio on the char external surface during the gasification of
biochar in 15% H>O-Ar and 2% H,O-Ar at 800 °C and 850 °C. The biochar samples
were prepared using particle size ranges of 2.0-3.3 mm mallee wood and the reactor
was lifted out of the furnace at a pre-determined time corresponding to char conversion
i.e.x=0.1.
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the increase in the O-containing functional groups present on the biochar surface leads
to increased rates of CO, CO2, and H formation and increased biochar reactivity with

increasing steam partial pressure (Figure 5-1 a-d).

Further, the ratio of Ip/(lGr + vi+ vr) is higher during the gasification of biochar in 15%
H2O-Ar than that in 2% H2O-Ar, indicating that the char is richer in larger aromatic
rings during the gasification of biochar in 15% H2O-Ar than in 2% H2O0-Ar. This
implies that gasification in 15% H>O-Ar increases the relative rates of aromatic rings
condensation compared with that in 2% H2O-Ar. In other words, gasification in 15%
H2O-Ar makes the residual char more aromatised i.e. richer in larger aromatic rings at
any given char conversion level requiring higher apparent activation energy to activate

these aromatic rings than in 2% H,O-Ar.

5.4.4 Effects of partial pressure of H20 on CO/CO:z ratio

Figure 5-4 (a-d) show the data of CO/CO2 (mole basis) ratio from 700 to 850 °C in
15% H.O-Ar and 2% H2O-Ar. It is quite evident from the data that, at lower char
conversion levels, CO/COzratio was higher during the gasification in 2% H>O-Ar than
in 15% H,O-Ar while at higher char conversion levels, the trends were either reversed

or became similar.

It is believed that the relative ratio of CO to CO> depends at least partly on the stability
of carbon-oxygen surface complex [C(O)] and the relative concentration of [C(O)]
formed on the char surface. At lower char conversions, the lower CO/CO; ratios in
15% H20-Ar than in 2% H2O-Ar imply that CO, formation is a second-order reaction
(R 5-2) with respect to the concentration of [C(O)] while CO formation is a first-order
reaction (R 5-1), particularly at higher temperatures. For instance, the concentration of
CO: is nearly doubled the CO concentration at 800 °C and 850 °C except at higher
char conversion. An alternative explanation is that the carbon-oxygen complex [C(O)]
formed on the char surface is relatively stable and favours the recombination of active
sites i.e. [C(O)] (R 5-2) or favours the combination of C(O) with H.O (R 5-10).
Therefore, the step C(O) + C(O) = CO2(g) + Cor C(O) + H20(g) = CO2(g) + H2(g)
dominate over the step C(O) = CO(g), during the gasification in 15% H.O-Ar. At
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higher char conversion, [C(O)] formed on the char surface might be less stable than
[C(O)] at lower char conversion and detaches from the char surface easily and results

in higher CO/COz ratios.
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Figure 5-4 The effects of H2O partial pressure on CO/CO2 (mol/mol) ratio during the
gasification of 2.0-3.3 mm particle sizes in 15% H>O-Ar and 2% H>O-Ar at (a) 700 °C,

(b) 750 °C, (c) 800 °C and (d) 850 °C.
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On the contrary, during the gasification in 2% H>O-Ar, the relative concentration of
[C(O)] is lower than in 15% H>O-Ar and, therefore, the rate of the release of CO(Q)
from carbon-oxygen complex [C(O)] is more favourable than the formation of CO..
This implies that decreasing the concentration of H2O favours the formation of CO
(first-order reaction) over CO, formation and results in a higher CO/CO, ratio at lower
char conversion. Therefore, the step C(O) = CO(g) dominates over the step C(O) +
C(0) =COz(g) + C or C(0) + H20(g) = CO2(g) + H2(g) during the gasification in 2%
H>O-Ar. In conclusion, the local gasifying agent concentration surrounding the char
particle significantly affects the relative rates of CO and CO, formation and,
consequently, CO/CO: ratio during the gasification in 15% H>O-Ar and 2% H.O-Ar.

5.4.5 Effects of the steam partial pressure on the Kinetic compensation effects
(KCEs)

Figure 5-5 illustrates the KCEs during the gasification in 15% H>O-Ar and 2% H>0O-
Ar. For this purpose, the apparent Kinetic parameters i.e. Ind,,, and Eg,, of char
gasification and formation of CO, CO3, and H> were plotted to calculate extents (‘m’
and ‘c’ values) of the KCEs. The distinctive attributes of the KCE are summarised
below (Figure 5-5):

a. The apparent kinetic parameters of char gasification and formation of CO, COa,
and Hz demonstrated strong linear relationships between [nA,,, and Eg,, in
15% H>O-Ar and 2% H2O-Ar.

b. The apparent activation energy and the slopes ‘m’ values in the KCE of char
gasification and formation of CO, CO., and H2 lowered in 2% H,O-Ar relative
to 15% H>O-Ar. This indicates the lower extent of the KCE of char gasification
and formation of CO, CO», and Hz during the gasification in 2% H>O-Ar than
15% H20-Ar. The relative ratio of Io/(l(er + vi+ vr) increased with increasing
steam partial pressure from 2% H>O-Ar to 15% H>O-Ar, which suggests that
increasing steam partial pressure favours the aromatic ring condensation,

increasing the relative concentration of large aromatic rings. The activation of
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Figure 5-5 The KCE of char gasification and CO, CO, and H formation during the
gasification of 2.0-3.3 mm particle size range in 15% H>O-Ar and 2% H,O-Ar. The
data of InA,,, for 2% H.O-Ar are displayed on the secondary vertical axis. The data
of 15% H>O-Ar have been published elsewhere [1].

a large aromatic ring can create multiple active sites with similar properties. It
is believed that the presence of bigger aromatic rings requires higher energy of
activation during gasification. This also increases the relative concentration of
active sites on the activation of aromatic rings and results in higher pre-
exponential factors during the gasification in 15% H>O-Ar than in 2% H>O-Ar.
This has been reflected in the higher extent of the KCE of char gasification,
CO, CO», and Hz formation in 15% H>O-Ar than in 2% H2O-Avr.

c. During the biochar-H.O reaction, the H>O molecule dissociates (in the

presence of the certain active sites) to transfer oxygen to the char matrix and
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forms a carbon-oxygen surface complex [C(O)]. The similar activation
energies and similar extent of KCE for the CO and CO. formation imply that
the formation of CO and CO; involves a common intermediate [C(O)], which
is formed on the char surface [1]. The similar values of E¢,, and E,and the
extent of the KCEs also suggest that CO2 and Hz can be formed simultaneously
through a common carbon-oxygen surface intermediate i.e. [C(O)] (R 5-10).
Further, a continuous decrease in E¢q, and A¢o, With char conversion for CO2
formation suggests that CO> is formed largely by the biochar-H2O surface

reaction under both partial pressures of H2O.

d. The H: formation follows the KCE similar to the char gasification.
Additionally, E,,, and A, of char gasification and Hz formation are quite
close to each other, implying that the formation of H> includes largely the
carbon active sites (R 5-9) during the gasification under both conditions i.e.
15% H20-Ar and 2% H20-Ar.

5.5 Conclusions

The biochar-H>O reaction demonstrates a higher extent of the KCE of char gasification
and formation of CO, CO2, and Hz in 15% H>O-Ar than in 2% H>O-Ar. The relative
ratio of Io/(ler + wi+ vr indicates the higher rates of aromatic ring
recombination/condensation during the gasification in 15% H>O-Ar than in 2% H>0O-
Ar. The increased partial pressure of steam increases the relative concentration of O-
containing functional groups [C(O)] on the char external surface and also in the interior
pores of the char. It is believed that the relative abundance of oxygen-containing
surface species increases the recombination of carbon active sites [C(O)] and/or the
combination of [C(O)] with H20 and results in a lower CO/CO: ratio (at lower char
conversions) during the gasification of biochar in 15% H,O-Ar than in 2% H.O-Ar,
The relative ratio of Ip/(I@r + vi+ vr) and the extent of the KCE reveal that the relative
concentration of active sites (with similar properties) is higher in 15% H,O-Ar than in
2% H20-Avr.
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6.0 Chapter

Some discussions into the reaction mechanisms from the
kinetic compensation effects of the gasification of

biochar in Oz, H20, and their mixtures
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6.1 Abstract

This study has investigated the biochar-O2 and biochar-H.O reactions in 0.4% O»-Avr,
15% H20-Ar, 0.4% O + 15% H20-Ar and 0.4% O, + 2% H>0-Ar using a fluidised-
bed reactor. The FT-Raman and XPS spectroscopies were used to investigate the
structural features during gasification. Our results confirm that the biochar-O- reaction
and biochar-H»O reactions followed different reaction pathways as indicated by the
extents of the kinetic compensation effects. The biochar-Oz and biochar-H2O reactions
cooperate so as to increase the O-containing functional groups on the biochar external
surface leading to synergistic effects during the gasification in 0.4% O + 15% H»O-
Ar. The presence of O-containing carbon active sites [C(O)] is found to be the key
factor, which leads to synergy most likely on the char external surface in 0.4% O, +
15% H>0O-Ar. During the gasification in 0.4% Oz + 2% H>O-Ar, the char-O- and char-
H20 reactions proceed in parallel on the biochar external surface and inside the char
bulk respectively without any synergistic effects. It is believed that the relative
increase in the concentration of carbon active sites [C(O)] on the biochar external
surface also leads to a drastic increase in the formation rate of Hz in 0.4% O + 15%
H2O-Ar relative to 15% H.O-Ar.

Keywords: Mallee wood; Synergistic effects; Carbon active sites; Kinetic

compensation effects; Gasification.
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6.2 Introduction

The biochar-O2 and biochar-H,O reactions are fundamental reactions in the
gasification process. The biochar-O> reaction oxidises biochar carbon by exothermic
reactions and the biochar-HO reaction can produce synthesis gas through endothermic

reactions [1-4].

The kinetic compensation effects (KCEs) are very useful in understanding the biochar-
gas reactions during gasification [5-9]. Our previous study [10] reported the KCE
during the char-O> reaction at a lower temperature range and its plausible explanation.
The biochar-O> reaction was investigated further from 400 to 900 °C using a fluidised-
bed reactor and it was observed [5] that the extents of the KCEs are different in the
kinetics-controlled, mixed and the diffusion-controlled regimes during the biochar-O>
reaction. The KCEs have also been reported during the biochar gasification in 15%
H20-Ar [6]. During the biochar gasification in 15% H2O-Avr, the gasification products
i.e. CO, CO2, and H> are formed mainly on the char surface and exhibit similar extents
of the KCEs. Our recent study [11] has reported that the extents of the KCEs during
steam gasification are also dependant on the partial pressure of H2O. The H20 partial
pressure changes the surface coverage of the O-containing carbon active sites [C(O)]
and, consequently, affects the extents and the relative rates of CO and CO- formation.
The partial pressure of H20 also increases the extents of the KCEs in 15% H>O-Ar in

comparison to 2% H,O-Ar.

Many studies [12—-21] have been conducted on carbon-O, and carbon-H>O reactions to
understand the nature of carbon active sites. It is commonly believed [22] that edge
carbon atoms are more reactive than basal plan carbon atoms and can readily form
bonds with the chemisorbed oxygen due to the presence of unpaired sp? electrons.
However, the concept of edge carbon and basal carbon refers to graphitic structures
and has little meaning to biochar. XPS studies [23-28] on carbon oxidation have
revealed the presence of oxygen-containing functional groups on the carbon surfaces
such as C-O, C=0, and O-C=0. The temperature-programmed desorption (TPD) of
gas-phase oxidation of carbon surfaces has also indicated an increase in the oxygen-
containing surface complexes (carboxylic, lactone, carbonyl, or carboxylic anhydride
etc.), which are formed on dangling carbon sites [29-31]. FT-Raman spectroscopy has
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also confirmed the formation of dangling structures during the oxidation of biochar in
O2 [32]. The TPD spectra of carbon materials suggest that CO. originates from
carboxylic acid groups at low temperatures or from lactone type groups at higher
temperatures [29,31,33,34]. It is also proposed [29,31,33] that adjacent carboxylic
groups condense together to form a carboxylic anhydride. These carboxylic anhydrides
present on dangling carbon sites yield both CO and CO>. The char-O reaction also
changes the inner structure of the char as revealed by the FT-Raman spectroscopy
[14,18,20]. Bigger aromatic ring clusters are formed during the oxidation of char as
indicated by FT-Raman and 3C NMR spectroscopies [14,35,36].

Further, it is believed [37] that carbon-oxygen complexes formed during the carbon-
H20 reaction are more stable than the carbon-oxygen complexes during the carbon-O>
reaction. The H2O vapour dissociates on the carbon surface by the formation of
hydroxyl groups and ethers are formed presumably by the condensation of hydroxyl
groups, which decompose to CO and new active sites [38]. XPS studies [39] have
revealed the increase of such C-O structures (phenol and ethers type) on the char
surface during the gasification of char in H20. The FT-Raman spectroscopy has also
indicated the increase in the oxygen-containing functional groups in the char matrix as
well as aromatic rings condensation during steam gasification [15,16,21].

The distribution of the energy levels of active sites is important and gives rise to the
KCEs during the biochar gasification. However, the past studies mentioned above have
not considered in situ monitoring of O-containing gaseous species (i.e. CO and COy)
during the progress of biochar-O2 and biochar-H>O reactions. The formation kinetics
of these key gasification products i.e. CO, CO2 and Hz (in the case of biochar-H.O
reaction) and char consumption can be very useful to investigate the distribution of
energy levels during the biochar-O2 and biochar-H2O reactions. Further, the KCEs in
the kinetics-controlled regime are found to be a key indicator of the reaction pathways
during the gasification of biochar. During steam gasification, the carbon active sites
are also occupied by C(H) or C(H>). It is not clear how the presence of oxidising
atmosphere i.e. O, would affect the KCEs of char gasification and formation of CO,
COz, and H: during the biochar-H20 gasification. The partial pressure of steam also
effects the relative concentration of O-containing functional groups i.e. [C(O)] on the

biochar external surface and inside the pores of the char matrix, which leads to
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different relative rates of CO and COx release during the gasification in 15% H2O-Ar
than those in 2% H>O-Ar [11]. It is still unclear how the distribution of energy levels
of active sites and the extent of the KCEs would change when partial pressure of steam
is changed in the binary mixture of Oz and H20. There is also no definite conclusion if
the active sites formed from the biochar-O> reaction and the biochar-H2O reaction
would have the same energy distribution.

Therefore, this study will investigate the distribution of energy levels during the
biochar gasification in Oz, H20O, and their mixtures. The study will also provide
mechanistic insight into the formations of CO, CO3, and H> when the partial pressure
of H20 is changed in the mixture of Oz and H2O. The KCEs will be discussed to gain
mechanistic insights during the biochar-O2, biochar-H2O reactions and in their

mixtures.

6.3 Experimental
6.3.1 Experimental procedure

The wood of Australian mallee tree was used to prepare biomass samples in this study.
The details of sample preparation can be found in a previous study [12]. Around 2.0 g
of mallee wood sample was oven-dried overnight at 105 °C and was pyrolysed in ultra-
high purity (UHP) argon in the fluidised-bed reactor so that U = 10 Umt, where Ut
represents the minimum fluidisation velocity. The reactor was firstly heated by an
external electric furnace to the selected temperature until the temperature inside the
reactor was stabilised. The feeding of the biomass was accomplished by the use of an
electric vibrator. After holding for 5 minutes in UHP argon, the biochar samples were
gasified in situ using the mixture of 0.4% O balanced with argon (0.4% O2-Ar), 15%
H20 balanced with argon (15% H20-Ar), 0.4% O + 15% H>O balanced with argon
(0.4% O2 + 15% H,0-Ar), or 0.4% O2 + 2% H>0 balanced with argon (0.4% O + 2%
H20-Ar). The data of 0.4% O2-Ar, 2% H.0-Ar and 15% H20-Ar have been published

in references [5,6,11].
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The product gas mixture was cooled before it was introduced into a quadrupole mass
spectrometer (QMS Prisma™ 200). The key gasification products i.e. CO, CO2, CHa,
and Hz were continuously monitored during gasification. The mass spectrometer was
calibrated using the standard gas mixtures. The contribution of CO, to CO at m/z = 28
was calculated and subtracted. The mixing effects, as well as atmospheric air, were
avoided by keeping the product sampling line short to the best possible extent. Further

details of the experimental procedure can be found in Chapter 2.

For fixed partial pressures (p) of the gasifying agents, the rate of char gasification (rc),
rate of CO formation (r¢), rate of CO; formation (rcoz), and the rate of H, formation

(rH2), at a given conversion x, can be calculated using the following equation [10]:

14w,
T W de

= 9@ exp(~-22) = A exp(~ ) (Fa.6— 1)

Where i = char gasification, CO, COg, or Hz formation. f(x) in Eq. 6-1 represents the
changes in char properties, which change with conversion ‘x’. Further details of Eq.

6-1 have been outlined in Chapter 2.

6.3.2 Char characterisation

The FT-Raman and X-ray photoelectron spectroscopies (XPS) were used to
characterise the biochar samples. The biochar samples were prepared in 0.4% O2-Ar,
15% H,0-Ar, 0.4% O3 + 15% H20-Ar or 0.4% O2 + 2% H>O-Ar at 800 °C and 850 °C
at a biochar conversion of 0.1. The biochar conversion was calculated by taking the
ratio of Wehar carbon reteased 10 that of Wrotal char carbon @nd the reaction was stopped (by
switching the flow of the given gasification atmosphere medium to UHP argon) and
the reactor was lifted out of the furnace corresponding to the time when this ratio

became equal to 0.1.

The Raman spectra in the range of 800 cm™ to 1800 cm™ were deconvoluted into 10
Gaussian bands by following the procedure outlined before [40]. The band intensity
ratios of In/(lr+vi+vr) and the total Raman area have been used to investigate biochar

structural features. The Ip/(ler + vi+ vr) ratio represents the relative ratio of the
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concentration of large aromatic rings (at least 6 or larger than 6 fused benzene rings)
to that of the small aromatic rings (3-5 fused benzene rings). The total Raman area is
a measure of O-containing Raman active species in the bulk of the biochar. Further,
XPS was used to determine the O/C ratio on the biochar external surface. More details

of these procedures can be found in Chapter 2.

6.4 Results and discussion
6.4.1 Char Reactivity

Figure 6-1 show the rate data in the kinetics-controlled regime during the gasification
of biochar in 0.4% O2-Ar, 15% H20-Ar, 0.4% O2 + 15% H>O-Ar and 0.4% O + 2%
H>O-Ar. It has already been demonstrated elsewhere that kinetics-controlled regime
lies in the temperature range of 700 to 850 °C for the biochar-H.O reaction [6]

whereas, for the biochar-O; reaction [5], in the temperature range of 400 to 500 °C.

Our results indicate that the shapes of the biochar reactivity curves were quite different
during the gasification in 15% H>O-Ar from 0.4% O,-Ar (Figure 6-1 a and b). During
the biochar-O> gasification, the char gasification rate increased monotonically with

increasing temperature and char conversion. However, during the gasification in 15%
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Figure 6-1 Rate vs. char conversion during the gasification of biochar in (a) 0.4%
O2-Ar, (b) 15% H20-Ar, (c) 0.4% O2 + 15% H.O-Ar and (d) 0.4% O, + 2% H.O-Ar.
The data on Figure 6-1 (a-b) have been published in references [5, 6].

H20-Ar, the rate of char gasification acquired an initial maximum (particularly at
higher temperatures i.e. 800 °C and 850 °C) at very low char conversion followed by
decreasing trend and finally exhibited a sharp rise at higher char conversions.

6.4.2 The presence and absence of synergistic effects during gasification in the

mixture of O2 and H20

It can be observed clearly (Figure 6-2 a and c) that the rate of char gasification in the
mixture of 0.4% O, + 2% H>O-Ar is equal to the sum of the rates in 0.4% O»-Ar and
2% H»>O-Ar separately. This implies that char gasification rates in the mixture of 0.4%
O2 + 2% H2O-Ar are addition of the individual rates without any inhibitive or
synergistic effects. However, the char gasification rates increased significantly, and
synergistic effects were observed during the gasification in the mixture of 0.4% O, +
15% H>0-Ar. Further, it is also obvious (Figure 6-2 b and d) that the rate of H»
formation increased during the gasification in 0.4% O, + 15% H>O-Ar in comparison
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to 15% H>O-Ar. Similarly, it can be observed clearly that H> formation rates increased
during the gasification in 0.4 % O + 2% H20-Ar relative to 2% H2O-Ar. This increase
is more pronounced during the gasification in 0.4% O2 + 15% H>O-Ar relative to 0.4 %
02 + 2% H2O-Ar. This implies that the presence of Oz during the gasification of
biochar in H20 (i.e. 2% H20 and 15% H>0) promotes the H> formation rate.

0.0021 r % 0.0035 f 4
(a) 800 °C, r, . (b) 800 °C, ry, :
0.0018 0.4% OZJT 15% H.O- 5 eeeee (4% 02+ 15% H.0-Ar (experimental)d
. Ar (experimental) .g' 0.0028 15% H20-Ar (experimental) :
'u1 0.0015 h sesee 04%0:+15%H.0- 5‘ eeeos (4% 0 +2% H:0-Ar (experimental) :
% ) Ar (by summation) :.: A 2% H.0-Ar (experimental) :
— 0.4% O2 + 2% H.0-Ar - of
5 0.0012 } (experimental) :: % 0.0021 J‘“‘ :
b ceene 04%0:+2%HO-Arff c s
;E 0.0009 (by summation) o 000® ':n
'g : T 0.0014 0o® ¢ 3
(2] E .' 9
E 0.0006 e0g00gq00 HO_N : :
O T 0.0007 f
0.0003
O L L L L ] 0
0 02 04 06 08 1
Conversion Conversion
0.006 o o 9
(c) 850 °C, r¢ o008 | (d)850°C, ry, s
0.005 | =—0.4% 02+ 15% H.0-Ar eeeee (4% 0+ 15% H.0-Ar (experimental) :
: (experimental) 0.007 15% H.O-Ar (experimental) :
oA cecee g:r‘;/rorgtzi;n;S% Hz0-Ar (by eeeee (4% O0;+2% H.0-Ar (experimental) e
8’ 0.004 } 0.4% On + 2% HaO-Ar Tn 0.006 | 2% H.0-Ar (experimental) °® :‘
© : 470 U2 0 H20- - o ®
E (experimental) g 0.005 F S :'
S o000 00.4% 0s+ 2% H.0-Ar (by c o v
© 0.003 | summation) 2 0.004 } ..' '...
= o o*
7 - _
S’ 0.002 N 0.003 00’
I~ o ° L] [
5 T 0002 [ e N
[ ] [
0.001 0001 K . ...o
-.q_ooooo"'""
0 ) ) ) ) ; 0 L L 1 1 !
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Conversion Conversion

Figure 6-2 Effects of steam concentration on (a) char gasification rate at 800 °C, (b)
H> formation rate at 800 °C, (c) char gasification rate at 850 °C and (d) H2 formation
rate at 850 °C during the gasification of biochar in a binary mixture of Oz and H20.
The data during the gasification in 15% H2>O-Ar and 2% H>O-Ar have been published
in references [6, 11].
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6.4.3 Effects of gasification atmospheres on the kinetic parameters

Figure 6-3 (a-d) represent the data of apparent activation energy and apparent pre-
exponential factors of char gasification and the formation of CO, CO2 and H> (in case
of steam gasification) during the biochar gasification in 0.4% O2-Ar, 15% H>O-Ar,
0.4% O3 + 15% H20-Ar or 0.4% Oz + 2% H>O-Ar respectively. Our results indicate
that the apparent activation energy and the apparent pre-exponential factors exhibited
different trends in different gasification atmospheres.

During the biochar gasification in 15% H>O-Ar [6], the apparent activation energy and
the apparent pre-exponential factor of char gasification, CO, CO., and Hz formations
appeared to decrease with increasing conversions. During the gasification in 15% H»O-
Ar, the concentration of the oxygen-containing carbon species [C(O)] become
increasingly abundant in the char matrix as revealed by the increase in total Raman
intensity with increasing conversion for low-rank fuels [2,14,16,18,41]. The
concentration of alkali and alkaline earth metallic (AAEM) species also increases with
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Figure 6-3 The apparent activation energy (Eg,,) and apparent pre-exponential
factors (InA,;)p) of (a) char gasification vs. biochar conversion, (b) CO formation vs.
biochar conversion, (c) CO2 formation vs. biochar conversion and (d) Hz formation vs.
biochar conversion during the gasification in 0.4% O-Ar, 15% H>O-Ar, 0.4% O, +
15% H20-Ar and 0.4% O + 2% H20-Ar. Symbols A and e are used to represent the
apparent activation energy and the apparent pre-exponential factors respectively. The
data of the pre-exponential factors have been shown on the secondary vertical axis.
The data during the gasification in 0.4% O.-Ar, 15% H>O-Ar have been published in
references [5, 6].

increasing char conversions [42-44]. It is believed [18] that these AAEM species are
bonded to O-containing carbon active sites, thereby increasing the catalytic effects in
the residual char with increasing char conversion, which is considered to be
responsible for the decrease in the apparent activation energy levels with conversion
during the biochar gasification in 15% H>O-Ar. While, during the gasification in 0.4%
O»-Ar in the kinetics-controlled regime (400 to 500 °C), the apparent activation energy
and the apparent pre-exponential factor of char gasification, CO and CO, formations

increased monotonically with increasing char conversion. The comparison at any
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given conversion reveals that activation energy levels of char gasification, CO and
CO. formations are significantly different during the gasification in 0.4% O2-Ar from
those for 15% H>O-Ar. This implies that biochar gasification in 0.4% O2-Ar and 15%

H>O-Ar follows different reaction pathways.

The steam gasification forms O-containing carbon active sites [C(O)] and H-
containing carbon active sites [C(H)] on the char surface by the dissociation of the
H>O. During steam gasification, the aromatic rings would open up. In the presence of
[C(O)] and [C(H)], these broken aromatic rings can either be gasified or recombine to
become bigger aromatic rings. The steam gasification involves the preferential
consumption and/or conversion of the smaller aromatic rings present in the biochar
into larger aromatic rings and, consequently, the aromatic rings system grows with the

biochar conversion during steam gasification [1,14,15,17,45].

The gasification in Oz forms aliphatic or sp*-rich structures by the breakage of the
aromatic rings, which are transformed into the dangling structures [32]. These
dangling structures attached to the aromatic rings are considered to be the active sites
on the char surface, which can further be released/gasified during the biochar-O;
reaction. It is believed that these dangling structures are formed preferentially on
smaller aromatic rings system at lower char conversion requiring lower apparent
activation energy and lower pre-exponential factors [10]. As conversion is progressed,
the active sites on larger aromatic rings become the dominant sites of reaction

requiring higher apparent activation energy and higher pre-exponential factors [10].

The activation energy levels and the pre-exponential factors reduced significantly
during the biochar gasification in 0.4% O2 + 15% H.O-Ar in comparison to 15% H,O-
Ar. The biochar-O> reaction is controlled by the diffusion limitations from 700 to
850 °C as indicated by the apparent activation energy values in this temperature range
and the mass transport of oxygen to the biochar external surface and to the interior
pores near the external surface is the rate-controlling step. This also suggests that char
gasification in the mixture of 0.4% O, + 15% H>O-Ar is affected by mass transfer

limitations in terms of the char-O- reaction.
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However, biochar-H>O reaction is mainly controlled by the intrinsic kinetics in the
temperature range of 700 to 850 °C and corresponding CO and CO, would be formed
from the bulk of biochar because of the char-H.O reaction. Therefore, in the mixture
of 0.4% O, + 15% H>O-Ar, the observed apparent activation energy of char
gasification, CO and CO, formations are controlled by the intrinsic kinetics of the
biochar-H,O gasification. However, due to the presence of mass-transfer effects of
biochar-O. surface reaction, the apparent activation energy values of char gasification,
CO and CO- formations are reduced in the mixture of 0.4% O + 15% H,O-Ar relative
to 15% H>O-Avr. Further, to investigate the structural changes in the char bulk surface
and on the char external surface, we performed the FT-Raman and XPS analysis

respectively, which are included in the subsequent section.

As, the partial pressure of H2O was reduced i.e. from 15% to 2% in the mixture of O
and H-0, the apparent activation energy and the apparent pre-exponential factors of
char gasification, CO and CO formations appeared to decrease with biochar
conversions and remained between the values of 0.4% O»-Ar and 0.4% O + 15% H,0-
Ar. The partial pressure of H2O affects the relative concentration of O-containing
carbon active species [C(O)] on the char surface [11]. Therefore, during the char
gasification in the mixture of 0.4% O> + 2% H.O-Ar, the extent of biochar-H.O
gasification is reduced. In other words, the importance of the char-O> reaction (i.e. in
the diffusion-controlled regime in the range of 700-850 °C) increases relative to the
char-H20 reaction. This results in lowering the apparent activation energy values and
the apparent pre-exponential factors in 0.4% O2 + 2% H>O-Ar relative to 0.4% O> +
15% H.O-Ar.

6.4.4 Biochar characterisation by FT-Raman and XPS

Figure 6-4 (a-c) illustrate the total Raman area and Ipo/(l(cr + vi+ vr) ratio determined by
Raman spectroscopy and O/C ratio determined by XPS at 800 °C and 850 °C at a char
conversion of 10%. The data show that the total Raman area and Ip/(lGr + vi+ vr) ratio
are higher during the gasification in 15% H20-Ar than 0.4% O.-Ar. The total Raman
area is affected by the Raman scattering and light absorptivity of char [40,42,45]. The

120|Page



electron-rich structures such as O-containing functional groups, when connected to
aromatic rings, give a resonance effect and increase the Raman scattering ability and,
therefore, the observed total Raman area [42,45]. The presence of large aromatic rings
in the biochar has the tendency to increase the light absorptivity of char, thereby

decreasing the total Raman area or the Raman active O-containing groups.

As the FT-Raman gives the bulk property analysis, therefore, increase in total Raman
area indicates that the relative formation of O-containing functional groups is higher
in the bulk of char during the gasification in 15% H2O-Ar than 0.4% O»-Ar. On the
contrary, the O/C ratio determined by the XPS shows that the oxygen bound on the
biochar external surface is higher during the gasification in 0.4% O-Ar than 15% H>0O-
Ar. This shows the presence of more O-containing functional groups on the char
external surface during the gasification in 0.4% O»-Ar relative to 15% H>O-Ar. This
also implies that the char-O> reaction is in the diffusion-controlled regime at 800 °C
and 850 °C and oxygenates char external surface relative to the char bulk surface.
Further, Ip/(ler + vi+ vy ratio indicates that the preferential consumption and/or
conversion of the smaller aromatic rings into larger aromatic rings is higher during the
gasification in 15% H>O-Ar than 0.4% O»-Ar. This reflects that the char-H20 reaction
is intrinsic in nature at 800 °C and 850 °C and causes more structural changes (as
reflected by total Raman area and Io/(lr + vi+ vy ratio) in the bulk surface of biochar

relative to the char-O- reaction.

Further, the closeness in the total Raman area and Ip/(lr + vi+ vy ratio during the
gasification in 0.4% O + 15% H>O-Ar to that of 15% H>O-Ar indicates that changes
in the char structure are mainly because of the char-H2O reaction in the char bulk.
Whereas, a drastic increase in O/C ratio in 0.4% O + 15% H>O-Ar relative to either
0.4% O2-Ar or 15% H.O-Ar shows a significant increase in the O-containing
functional groups on the char external surface. It is believed that gasification in 0.4%
O, + 15% H>O-Ar creates additional active sites, particularly on the external char
surface as a result of breaking off the aromatic rings. As the aromatic rings would
break off during the biochar-O> and biochar-H-O reactions, the accessibility of O2 and
H2O to these newly created active sites would increase the oxygenation rate, as
reflected by the O/C ratio on the external char surface and, consequently, the char
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Figure 6-4 (a) Total Raman area, (b) ratio of Ip/(lr + vi+ vy (C) ratio of oxygen to
carbon on the biochar external surface during the gasification of biochar in 0.4% O,-
Ar, 0.4% O; + 2% H>0-Ar, 0.4% O> + 15% H>O-Ar and 15% H.O-Ar at 800 °C and
850 °C for char conversion i.e. x =0.1

gasification rate as indicated by the synergistic effects (Figure 6-2 a and c). The relative
increase in the total Raman area, Io/(l(ar +vi+ v ratio and O/C ratio during gasification
in 0.4% Oz + 15% H20-Ar to that of 15% H2O-Ar also suggests that the presence of
O2 would promote the reaction of C(O) with H2O and this leads to higher rates of char
gasification and would increase the rates more than merely the sum of the rates in 0.4%
02 and 15% H-0.

Whereas, during the gasification in 0.4% O + 2% H20-Ar, a slight increase in the total
Raman area relative to 0.4% O-Ar without any significant changes in Io/(lGr + vi+ vr)
ratio and O/C ratio (on the char external surface) reveals that the carbon active sites on
the biochar external surface or close to the external surface are oxygenated mainly by
the O2 (diffusion-controlled) and the active sites in the char bulk are oxygenated
predominantly by the H>O (kinetics-controlled). As a result, the relative concentration
of O-containing carbon active sites [C(O)] only increases inside the char bulk surface,
which is reflected in the increased total Raman area during the gasification in 0.4% O>

+ 2% H>O-Ar in comparison to 0.4% O»-Ar. Further, the biochar-H>O reaction would
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be much slower than biochar-O> reaction and the biochar-O> reaction (on the external
char surface or on the neighbouring active sites) and the biochar-H»O reaction (inside
the char bulk) take place in parallel without any synergistic effects in 0.4% O + 2%
H>O-Ar.

Furthermore, the increase in the total Raman area and O/C ratio during the gasification
in 0.4% O> + 15% H>O-Ar relative to 0.4% O2 + 2% H>O-Ar indicates that the relative
concentration of O-containing carbon surface species [C(O)] is higher in 0.4% O, +
15% H>O-Ar than 0.4% O2 + 2% H>O-Ar. A sharp rise in the O/C ratio or [C(O)] in
0.4% O2 + 15% H>O-Ar relative to 0.4% O2 + 2% H>O-Ar also suggests that the
nature/type of [C(O)] formed on the char external surface in 0.4% O2 + 15% H.O-Ar

can be different in comparison to 0.4% O + 2% H>0O-Ar.

Additionally, the lower relative ratio of Io/(Ir + vi+ vr), as well as the lower relative
concentration of O-containing functional groups, suggest that gasification in 0.4% O>
+ 2% H>O-Ar decreases the relative rates of aromatic rings gasification and
condensation in comparison to 0.4% O, + 15% H2O-Ar. The lower relative ratio of
Io/(ler + wvi+ vry indicates the lower concentration of larger aromatic rings and,
consequently, the growth of the aromatic rings system is reduced, which leaves the
char less condensed during the char gasification in the mixture of 0.4% O + 2% H>O-

Ar relative to 0.4% Oz + 15% H2O-Ar at same char conversion.

Moreover, the formation of H2 mainly involves the carbon active sites on the char
surface during steam gasification [10]. The drastic increase in the formation rate of H»
during the gasification in 0.4% O + 15% H>O-Ar suggests that such increase is also
from those O-containing carbon active sites present on the biochar external surface or
from the active sites close by. The gasification in 0.4% Oz + 15% H>O-Ar would also
increase the concentration of H-radicals [C(H)] on the char external surface and,

consequently, Ho formation rate relative to 0.4% O2 + 2% H>O-Avr.
6.4.5 Effects of gasification atmospheres on the formation of CO and CO:

The data in Figure 6-5 (a-d) display the molar flux of CO and CO> during the biochar
gasification in the mixtures of 0.4% O2 + 15% H.O-Ar, 0.4% O, + 2% H,O-Ar and
0.4% O2-Ar. The molar flux of CO and CO: increased relative to 0.4% O»-Ar as the
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biochar undergoes gasification in the mixture of 0.4% O + 2% H,O-Ar. Similarly, the
molar flux of CO and CO2 became higher during the gasification in the mixture of
0.4% O + 15% H>O-Ar in comparison to 0.4% O, + 2% H>O-Ar. It has also been
found that the relative formation of O-containing functional groups, as reflected by the
total Raman area, increased during the gasification in 0.4% Oz + 2% H>O-Ar in
comparison to 0.4% O»-Ar. Similarly, the total Raman area became higher during the
biochar gasification in the mixtures of 0.4% O> + 15% H.O-Ar relative to 0.4% O> +
2% H>O-Ar. This reveals that the molar flux of CO and CO, from the char surface is
correlated with the concentration of oxygen-containing active species [C(O)] formed
on the biochar surface during the gasification. This can be represented as:

7o = g[C(0)] (Eq. 6-2)
Teo, = Z[C(O)] (Eq 6'3)

where 7, and 7, represent the molar flux of CO and CO2 and [C(O)] indicates the
concentration of O-containing carbon actives sites. Further, the char reactivity is
higher during the gasification in 0.4% O2 + 2% H20-Ar relative to 0.4% O2-Ar and,
similarly, during the gasification in 0.4% O + 15% H»O-Ar relative to 0.4% O + 2%
H>O-Ar, which infers that the concentration of [C(O)] formed on the char surface is at

least partly responsible for the higher biochar reactivity during the gasification.
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Figure 6-5 The molar flux of (a) CO and (b) CO> as a function of biochar conversion
at 800 °C and the molar flux of (c) CO and (d) CO- as a function of biochar conversion
at 850 °C during the gasification of biochar in 0.4% O + 15% H>0-Ar, 0.4% O + 2%
H20-Ar and 0.4% O2-Avr.

6.4.6 Effects of gasification atmospheres on the kinetic compensation effects
(KCEs)

The char gasification demonstrated different activation energy levels and
demonstrated different slopes ‘m’ and the intercepts ‘C’ values in the KCEs during the
char gasification in 0.4% O2-Ar from 15% H>O-Ar (Figure 6-6). This indicates that
the char undergoes different extents of the KCEs in 0.4% O.-Ar and 15% H,O-Ar.
Further, the activation energy values and the extents of the KCEs (indicated by
different ‘m’ and ‘¢’ values) of CO and CO> formations are also different during the
gasification in 0.4% O»-Ar from 15% H>O-Ar. This confirms that gasification in 0.4%
O.-Ar and 15% H>O-Ar follows different reaction pathways, which has been discussed

in the earlier section.

As the char undergoes gasification in a binary mixture of 0.4% O + 15% H>O-Avr, the
extents of the KCEs of the char gasification, CO, CO2, and H> formations are found to
be different either from 0.4% Oz-Ar or 15% H2O-Ar. Further, the ‘m” and ‘c’ values
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Figure 6-6 Effects of gasification atmospheres on the kinetic compensation effects
of char gasification and the formation of CO, CO2 and H. during the gasification of
biochar in 15% H>O-Ar, 0.4% O + 15% H20-Ar, 0.4% O2-Ar and 0.4% O + 2%
H20-Ar. The data of [nA,,, during the gasification in 0.4% O + 2% H2O-Ar have
been shown on the secondary vertical axis. The data during the gasification in 0.4%
O2-Ar and 15% H>O-Ar have been published in references [5, 6].

in the KCEs of char gasification, CO, COzand Hz formations in 0.4% Oz + 15% H2O-
Ar found to be close to the values in 15% H>O-Ar (Figure 6-6). This confirms that
during the char gasification in the mixture of 0.4% O, + 15% H>O-Ar, the intrinsic
kinetics of biochar-H20O reaction dominates relative to biochar-O> reaction. Further, it
is believed that the reaction of C(O) with H2O is the rate-limiting step during
gasification in the mixture of Oz and H20. During the steam gasification in the

presence of O, a lot of oxygen-containing species C(O) are formed particularly on the
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char external surface as indicated by the O/C ratio in comparison to either 0.4% O»-Ar
or 15% H>O-Ar. As a result of this, the reaction of C(O) with steam would be
promoted. The closeness in the total Raman area and Ip/(lr + vi+ vr) ratio, which
represent the changes in the chemical structure in the char bulk, during the gasification
in 0.4% O2+ 15% H>O-Ar and 15% H>O-Ar also confirms that the reaction of C(O)
with steam is dominant inside the char bulk relative to char-O; reaction.

Further, the activation energy values and the slopes i.c. ‘m’ values in KCEs of char
gasification, CO, CO2, and H, formations reduced during the gasification in the
mixture of 0.4% O, + 2% H2>O-Ar relative to 0.4% O + 15% H>O-Ar (Figure 6-6).
The higher partial pressure of H>O increases the extent of steam gasification during
the gasification in the O and H20 mixture particularly in the char bulk. Whereas,
lower partial pressure of the H>O reduces the relative concentration of [C(O)] and
[C(H)] on the char surface and lowers the char gasification and H formation rates
(Figure 6-1 c and d) from the char surface. This suggests that due to lower relative
concentration of [C(O)] during gasification in 0.4% and 2% H>O mixture, the reaction
of C(O) with steam is not promoted even in the presence of Oz. This also mean that
the char-O; reaction would be dominant relative to char-H.O reaction, which results
in reducing the activation energies and ‘m’ values in the KCEs during the gasification
in the mixture of 0.4% O + 2% H>O-Ar relative to 0.4% O + 15% H.O-Ar.

In addition to this, the apparent activation energies and ‘m’ values in the KCEs of char
gasification and H> formation also lowered in the binary mixture of 0.4% O, + 2%
H20-Ar relative to 2% H2>O-Ar. For char gasification m =0.1073 and for H, formation
m = 0.1062 during the gasification in 2% H20-Ar, which has been reported before
[11]. These values reduced from ‘0.1073” to ‘0.0824’ for char gasification and from
‘0.1062° to <0.0859” for Ho formation during the gasification in 0.4% O + 2% H>O-
Ar. This also suggests that as the extent of biochar-H.O reaction is reduced, the
apparent activation energies and ‘m’ values in the KCEs of char gasification and H>
formation decrease during the gasification in 0.4% O, + 2% H.O-Ar relative to 2%
H>O-Ar.
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6.5 Conclusions

The biochar-O2 and biochar-H20 reactions demonstrate different extents of the kinetic
compensation effects of char gasification, and the formation of CO and CO,. The
kinetics of char gasification, as well as FT-Raman and XPS results, show that during
the gasification in 0.4% Oz + 2% H>O-Avr, the biochar-O reaction and the biochar-
H20 reactions take place in parallel on the biochar external surface (or on the active
sites close to the external surface) and inside the char bulk surface respectively without
any synergistic effects. Whereas, the O/C ratio determined by XPS reveals the
increasing O-containing carbon active sites [C(O)] on the char external surface during
the gasification in 0.4% O> + 15% H.O-Ar relative to either 0.4% O or 15% H>O-Ar.
The values of E,,,,, lIo/(lr+vi+ v ratios as well as O/C ratios suggest that the relative
concentration and type/nature of [C(O)] is different in 0.4% O + 15% H>O-Ar in
comparison to 0.4% + 2% H>O-Ar, which leads to synergistic effects in 0.4% O; +
15% H.O-Ar.
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7.1 Conclusions

This study aimed to gain insight into the mechanism and kinetics of biochar
gasification in oxygen, steam and their mixtures. For this purpose, gasifying agents
consisting of 0.4% Oz-Ar, 15% H,0O-Ar, 2% H>0-Ar, 0.4% O, + 15% H>0-Ar and
0.4% O + 2% H>O-Ar were used for the gasification of biochar. The biochar was
produced in situ from the pyrolysis of mallee wood in two particle size ranges of 0.80-
1.0 mm and 2.0-3.3 mm in a fluidised-bed reactor in UHP argon. A quadrupole mass
spectrometer was used to monitor the product gas composition continuously. The
Kinetic parameters i.e. the apparent activation energy (Eg,,) and the apparent pre-
exponential factors (InA,,,) of char consumption and the formation of CO, CO, and
H> were calculated by the Arrhenius plots. The FT-Raman and XPS spectroscopies
were used to investigate the structural features of biochar. The phenomenon of kinetic
compensation was observed. The results from this study contribute to a better
understanding of the biochar gasification mechanisms. The main conclusions/findings

of this study will be summarised below.

7.1.1 Biochar-O2 reaction

e The biochar-O> reaction exhibited different extents of the KCEs in different
temperature regimes i.e. kinetics-controlled, mixed and diffusion-controlled
regimes. The apparent activation energies during the char-O> reaction can be

explained with the activation of the aromatic ring sizes.

e The extent of diffusion limitation was found to be correlated with the extent of
the KCEs in the mixed regime. The higher diffusion limitations led to higher

‘m’ and ‘c’ values in the KCEs i.e. Ind,p, = mEy,, + ¢

e The ‘m’ and ‘Cc’ values in the mixed regime can serve as a criterion for the

extent of the mass-transfer effects during the char-O; reaction.

e The weak and/or negative KCE were observed in the diffusion-controlled

regime unlike the kinetics-controlled regime.
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7.1.2

The extent of the KCEs varied with char conversion in the kinetics-controlled
regime. This change in the extent of the KCEs indicated that the char properties
changed significantly at higher conversions where the reaction rates were also

high in comparison to lower conversions.

Biochar-H20 reaction

The gasification in 15% H>O-Ar also demonstrated the KCEs. The
demonstration of the KCE of CO and CO- formation in the kinetics-controlled
and mixed regime revealed that the formation of CO> was mainly from the

biochar-H.O surface reaction instead of gas-phase water-gas-shift reaction.

Additionally, Eg,,, and InAg,, of CO and CO formation, which were found
to be very close to each other suggested that the formation of CO and CO>
involves the same types of O-containing carbon species [C(O)] on the biochar
surface (R 7-1 to R 7-3) or CO: is formed by the surface-catalysed water-gas-

shift reaction. This can be expressed as:

C(0) —» CO(g) (R 7-1)
C(0) + C(0) — COy(g) + C (R 7-2)
C(CO) +H20(g) —» COx(g) + Ha(g) + C (R 7-3)

The extent of the KCE didn’t change considerably both in the kinetic-
controlled and mixed regime with particle size i.e. 0.80-1.0 mm vs 2.0-3.3 mm.
The KCEs of H, formation and biochar consumption were also found to be
similar for both particle sizes. The formation of H largely involves the carbon

species on the biochar surface instead of the gas-phase water-gas-shift reaction.

The reduction in the partial pressure of H20 (from 15% to 2%) decreased the
apparent activation energies, the apparent pre-exponential factors, as well as
‘m’ values in the KCEs of char gasification and formation of CO, CO», and Ho.

The higher partial pressure of H20 increased the concentration of O-containing
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functional groups on the biochar external surface and inside the char bulk as
reflected by FT-Raman and XPS data.

e The relative concentration of these O-containing carbon species [C(O)]
affected the relative rates of the CO and CO: release resulting in a lower
COICOzratio (at lower char conversions) during the gasification in 15% H,0O-
Ar than those in 2% H>O-Ar. The step, C(O) + C(O) = CO2(g) + C or C(O)
+ H20(g) = CO2(g) + H2(g) was dominating over the step i.e. C(O) = CO(g)
during the gasification in 15% H>O-Ar. Whereas the step, C(O) = CO(g) was
dominating over C(O) + C(O) = CO2(g) + C or C(O) + H20(g) = CO(g) +
H2(g) during the gasification in 2% H,O-Ar.

e The gasification in 15% H>O-Ar favoured the aromatic ring condensation and
increased the relative concentration of larger aromatic rings in 15% H>O-Ar in
comparison to 2% H,O-Ar as indicated by the Ip/(lr + vi+ vr ratio.

e The higher relative concentration of larger aromatic rings was requiring higher
energy of activation and increased the relative concentration of active sites
(with similar properties) on the activation of bigger aromatic rings, which
resulted in the higher pre-exponential factors. Due to this, the biochar-H.O
reaction demonstrated higher extents of the KCE of char gasification and
formation of CO, CO», and H2 in 15% H,O-Ar relative to 2% H>O-Ar.

7.1.3 Biochar gasification in Oz and H20 mixtures

e During the gasification in the mixture 0.4% O2 + 2% H»O-Ar, the char-O;
reaction and char-H>O reaction proceeded in parallel on the biochar
external surface and inside the char bulk respectively without any
synergistic effects. This was confirmed by the kinetics of char gasification
and by the FT-Raman and XPS spectroscopies.

e XPS and FT-Raman data confirmed that the biochar gasification in 0.4%
02 + 15% H20-Ar enhanced the formation of O-containing functional

groups [C(O)] on the biochar external surface. The relative abundance of

138 |Page



[C(O)] during steam gasification in the presence of O; also promoted the
reaction of C(O) with H20 which led to the synergistic effects in 0.4% O>
+ 15% H>O-Ar.

The molar flux of CO and CO. from the char surface, which was
determined by the mass spectrometer, was found to be correlated with the
concentration of oxygen-containing Raman active species [C(O)] on the

biochar surface during the gasification. This can be represented as:

00 = g[C(0)] (Eq. 7-1)
Teo, = z[C(0)] (Eq. 7-2)
where 1., and 7,, represent the molar flux of CO and CO; and [C(O)]

indicates the concentration of carbon actives sites with surface bound O..

The H> formation rate also increased sharply along with the char
gasification rate in 0.4% Oz + 15% H>O-Ar relative to 15% H>O-Ar and
involved the O-containing carbon species [C(O)] most likely on the biochar

external surface.

7.2 Recommendations for future work

This study focused on the wood from the mallee tree. The other low-grade
fuels e.g. brown coal, lignite and sub-bituminous coal that are excellent
gasification feedstocks can be selected to extend the present work. These
low-grade fuels have different chemical structures and feed composition
from the mallee wood. For instance, brown coal and biomass are quite
different in their inherent oxygen contents. The char formed after the
pyrolysis of these fuels would also have different structures, which would
change the nature of the carbon active sites and the KCE as well as their
reactivity during gasification. Understanding the fundamental nature of the
carbon active sites from these fuels in relation to the char reactivity can

greatly help to understand the gasification behaviour of char.
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In the present study, the char has been characterised by FT-Raman and XPS
at ambient conditions whereas, the char is produced at a higher temperature
during the gasification. It could be very useful and meaningful if these
analyses are performed either in situ or at a similar temperature at which
char is produced. This can help to understand if the char has different

structural features at ambient temperature from its preparation temperature.

The present work aimed at the biochar gasification in Oz, H2O, and their
mixtures. The char gasification in 0.4% Oz + 15% H>O-Ar has synergistic
effects whereas, the char gasification in 0.4% Oz + 2% H2O-Ar is only
additive. This shows that synergistic effects during the char gasification
also depend on the partial pressure of H20 in the binary mixture of Oz and
H20. This finding can be further explored using the binary mixtures of CO>
+ H20 as well as COz + O using different partial pressure of CO2. The
presence of CO, with steam or CO2 with Oz can also form active sites
similar to those in 0.4% Oz + 15% H.O-Ar, which can lead to synergistic

effects during gasification.

This study investigated char chemical properties using FT-Raman and XPS
spectroscopies. As the active site on the char surface is consumed, it could
change the pore structure and size distribution along with the char structural
changes. Therefore, it can also be important to analyse these physical
properties. This can aid to investigate the effects of these physical
properties on the char reactivity and to correlate these properties to the char
structural changes, and thus the KCEs, during gasification.

This work used Oz gas as an oxidising atmosphere. The use of oxygen
carriers e.g. solids can also be investigated as an alternate for partial
oxidation instead of gas-phase oxygen. The use of solid adsorbents would

eliminate the need to use pure oxygen.
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A Eapp when char is prepared at 850 °C

A Eapp when char is prepared at 700, 750, 800 and 850°C
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B InAapp when char is prepared at 700, 750, 800 and 850°C
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Figure S1 Effects of pyrolysis temperature on the apparent activation energy (E,,)
and the apparent pre-exponential factors (Ind,,,) for 2.0-3.3 mm particle size.
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Figure S2 Rate of char gasification vs. conversion using particle sizes of 2.0-3.3 mm
mallee wood in 15% H>O-Ar. U and Umf represent the superficial gas velocity and
the velocity of the minimum fluidisation respectively.
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Figure S3 The molar flux of (a) CO, (b) CO2 and (c) H2 as a function of biochar
conversion at 800 °C and the molar flux of (d) CO, (e) CO2 and (f) H> as a function of
biochar conversion at 850 °C during the gasification of biochar in 15% H,O-Ar and
2% H.O-Ar.
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