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Abstract 
An investigation was undertaken to compare the kinetics of combustion and gasification 

reactions of chars prepared from two South African coals in different reaction atmospheres: 

air, steam, and carbon dioxide. The two original coals were characterised as vitrinite-rich 

(Greenside) and inertinite-rich (Inyanda) coals with relatively low ash content (12.5-16.7 wt. 

%, adb). Chars were prepared from the parent coals under nitrogen atmosphere at 900 °C. 

Characterisation results show that the volatiles and moisture were almost completely driven 

off from the parent coals, indicating that the pyrolysis process was efficient. Physical-

structural properties such as porosity and surface area generally increased from the parent 

coals to the subsequent chars. The heterogeneous char-gas reactions were conducted 

isothermally in a TGA on ~1 mm size particles. To ensure that the reactions are under 

chemical reaction kinetic control regime, different temperatures zones were selected for the 

three different reaction atmospheres. Combustion reactivity experiments were carried out 

with air in the temperature range of 387 °C to 425 °C; gasification reactivity with pure steam 

were conducted at higher temperatures (775 °C - 850 °C) and within 825 °C to 900 °C with 

carbon dioxide. Experimental results show differences in the specific reaction rate with 

carbon conversion in different reaction atmospheres and char types. Reaction rates in all three 

reaction atmospheres were strongly dependent on temperature, and follow the Arrhenius type 

kinetics. All the investigated reactions (combustion with air and gasification with CO2 and 

steam) were found to be under chemical reaction control regime (Regime I) for both chars. 

The inertinite-rich coals exhibit longer burn-out time than chars produced from vitrinite-rich 

coals, as higher specific reaction rate were observed for the vitrinite-rich coals in the three 

different reaction atmospheres. The determined random pore model (RPM) structural 

parameters did not show any significant difference during steam gasification of Greenside 

and Inyanda chars, whereas higher structural parameter values were observed for Greenside 

chars during air combustion and CO2 gasification (ψ > 2). However a negative ψ value was 

determined during CO2 gasification and air combustion of Inyanda chars. The RPM 

predictions was validated with the experimental data and exhibited adequate fitting to the 

specific rate of reaction versus carbon conversion plots of the char samples at the different 

reaction conditions chosen for this study. The activation energy determined was minimal for 

air and maximum for CO2 for both coals; and ranged from 127-175 kJ·mol-1 for combustion, 

214-228 kJ·mol-1 and 210-240 kJ·mol-1 for steam and CO2 gasification respectively.  

Keywords: Vitrinite-rich, inertinite rich, coal char, reaction atmospheres, kinetic modelling, 

air combustion, steam gasification, CO2 gasification, specific reaction rate.  
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Chapter 1.          General Introduction 

1.1 Introduction 

This Chapter briefly introduces the scope and gives background information regarding coal 

combustion and gasification processes and the overall research work. In Section 1.2 to 1.4, 

the hypothesis, research objectives and the experimental pathway followed to reach the 

objectives are discussed.  

 

1.2 Background information 

Coal is a fossil fuel which has been used for a range of domestic and industrial applications. 

The most important coal utilization processes are: combustion, gasification and liquefaction. 

According to IEA (2010a) 28% of total world energy consumption in 2008 came from coal. 

Power utilities accounted for about 60% of the total coal use; while industrial consumers used 

36%. Currently, about 41% of the world’s electricity is generated from coal-fired power 

plants. The global demand for electricity is predicted to double between 2009 and 2035 (IEA, 

2011). This is as a result of more people getting access to electricity around the world, 

resulting in growth in household energy consumption in the developing world. Worldwide 

Gasification Databases show that the current gasification capacity has increased and it is 

expected to increase to more than 72% between 2011 and 2016, with coal being the 

predominant feedstock (WGD, 2010). The advancement of gasification industries will be 

created by balancing the capital and product cost jointly with environmental costs, statutory 

and legal requirements, and public acceptance (WGD, 2010). 

South Africa has a strong energy intensive economy that is mainly dependent on coal for 

electricity generation and also boasts of the world’s largest commercial coal to liquid (CTL) 

synthetic fuel plant. In 2010, coal accounted for over 70% of South Africa’s primary energy 

consumption (Eberhard, 2011); with about 95% of electricity used in South Africa produced 

from coal (Eskom, 2009). Eskom’s coal-fired power plants use the standard pulverised coal 

combustion technology, with overall thermal efficiencies of about 33% (Eberhard, 2011).   

Gasification is used to convert solid fuels into gaseous products that are more useful than the 

precursor coal (fuel). Sasol operates the commercial CTL fuel production plants and accounts 

for 30% of the South African liquid fuels (Eberhard, 2011). Recently, coal gasification has 
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been found to offer an attractive and competitive alternative for power generation; as it 

delivers increased thermal efficiency and better environmental performance than the widely 

used pulverised coal combustion technology (Roberts and Harris, 2000; Lee, 2014).  

Generation of electricity by coal combustion has been causing increasing environmental 

concern, mainly because of the resultant massive CO2 emissions. Reduction of CO2 emissions 

is the biggest challenge nowadays in world coal industry (WCI, 2006). New advanced 

technologies and upgrades to the existing technologies (retrofits) have been developed to 

improve the efficiency of combustion and power production, aimed at reducing CO2 and 

other emissions per unit electricity generated (Suarez-Ruiz and Crelling, 2008). Existing and 

new coal combustion facilities should be able to use low grade fuels without compromising 

local and statutory environmental specifications (Lee, 2014). The combustion of low grade 

fuels can be cost-intensive because of the reduced plant production capacity and thermal 

efficiency, and the prevalent costs of controlling and reducing pollution to statutory limits 

(Smith, 1982). 

Clean coal technologies offer a range of advanced technological options for increasing the 

environmental performance of coal during its utilisation, reduces emissions, and increases the 

quantity of usable energy derived per unit tonne of coal at the same time (Wall et al., 2002; 

Suarez-Ruiz and Crelling, 2008). Upgrading the older and smaller coal power stations to 

advanced newer and higher capacity plants would reduce global greenhouse gas (GHG) 

emissions by 5.5 % (IEA, 2010a). The IEA estimated that advanced coal utilisation 

technologies including: Supercritical Coal Combustion (SCC), Ultra Supercritical Coal 

Combustion (USCC) and Integrated Gasification Combined Cycle (IGCC) plants, could 

deliver up to 7% of the mandatory CO2 emission reduction in the power production sector by 

2050 (IEA, 2010a). 

IGCC technology is another advanced Clean Coal Technology option that can be used for 

generating electricity. The IGCC produces electricity by first gasifying the coal with a 

controlled sub-stoichiometric amount of air or oxygen in a pressurised reactor to generate 

syngas that is then cooled and cleaned for impurities (Wall et al., 2002; Basu 2006; WCI, 

2009; Manzanares-Papayanopoulos et al., 2008; Suarez-Ruiz and Crelling, 2008). The IGCC 

can be retrofitted to repower older existing combined cycle plants and it may reach high 

efficiency levels of up to 50% and can achieve about 56% efficiency in future while 

improving the environmental performance of coal (Suarez-Ruiz and Crelling, 2008). 
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Pollutant emissions can be reduced significantly; while the CO2 produced is more amenable 

to geological sequestration. However, the most promising technology for reducing the CO2 

emissions from coal utilisation is the Carbon capture and storage (CCS) technology (WCI, 

2006; Basu, 2006; Suarez-Ruiz and Crelling, 2008). 

Although coal combustion and gasification interact in different ways with different results, 

the physical and chemical processes that occur during these processes are relatively similar, 

and both processes use the same varieties of coal (Smith and Smooth, 1985). It was also 

found that at equivalent temperature and pressure, char reactions with oxygen are faster than 

char reactions with steam and carbon dioxide; because char reactions with oxygen occurs by 

first consuming the oxygen rapidly (Walker et al., 1959; Smith and Smooth, 1985; Zhang, 

2006; Basu, 2006 and 2010; Heiskanen, 2011). Under chemical reaction control regime, 

many investigators have reported that char reactions with steam are faster than char reactions 

with CO2 (Tsai, 1982; Molina and Mondragon, 1998; Zhang et al., 2006; Everson et al., 

2008; Harris and smith, 1991). At very high temperatures, i.e. between 1400-2000 ºC, the 

difference in reaction rates will not be so extreme for CO2 and steam; the intrinsic rate of 

gasification in pure CO2 has been found to be approximately the same or higher than in pure 

H2O. This may probably be due to the slightly higher temperature dependence of the CO2 

gasification rate constant in the utilised reaction rate expression (Smith and Smooth, 1985; 

Harris and Smith, 1991). Under conditions prevalent in an entrained flow gasifier, Botero et 

al. (2012) observed that the intrinsic reaction rates of CO2 and H2O gasification were 

approximately equal.  

Most of the studies on coal combustion and gasification have focused mainly on the vitrinite 

rich coals from the Northern Hemisphere (Jenkins et al., 1973; Lee et al., 1992; Liu et al., 

2000; Basu, 2006; Irfan, 2011). South African coals are considered to be rich in inertinite 

maceral and have been reported to cause problems during reactions in the gasifier.  

(Malumbazo et al., 2011). The chars derived from inertinite-rich coals exhibit longer burn-

out time than the chars derived from vitrinite-rich coals (Kaitano, 2007; Du Cann, 2008; 

Everson et al., 2008; Okolo, 2010; Zhang et al., 2010). To improve the existing combustors 

and develop new combustion and gasification technologies, it is pertinent to have a better 

understanding of the complex reactions that occur in and around the reacting coal particles 

during combustion and gasification. Reaction kinetics of these coals also needs to be 

examined in detail for the modelling and design of combustors and gasifiers (Cloke and 

Lester, 1994; Bailey et al, 1990, Walker et al., 1959; Smith, 1982).  
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Coal conversion is usually described as a function of temperature (T), pressure (p) and a 

structural model (Walker et al., 1959). Equation 1.1 describes the coal conversion process 

and relates physical changes to the experimental variables.  

)(),(),( XfphTg
dt

dX
A=                  (1.1) 

where, g(T) is a parameter describing the reaction rate as a function of temperature, h(pA) is a 

function relating partial pressure to reaction kinetics, and f(X) is the structural model, 

describing the physical-structural evolution undergone by the particle during the conversion 

(combustion or gasification) process. It should be noted that structural models usually 

incorporates some of the particle characteristics including: surface area, porosity, conversion, 

etc.  

The dependency of the particle model (for example the random pore model (RPM), shrinking 

reacted and unreacted core model, homogeneous model, etc) as a function of the reaction 

medium has not received detailed attention, and this is the main focus of this work. 

Furthermore, there is limited comparative data on the gasification and combustion kinetics of 

South African coals. This study focus on the combustion and gasification reaction kinetics of 

a typical South African inertinite and vitrinite-rich coal chars in air, carbon dioxide and steam 

atmospheres.  

 

1.3 Scope and objectives  

The overall aim of this research work is to compare the combustion and gasification particle 

reaction model of typical South African coal chars in air, carbon dioxide and steam 

atmospheres.  

Specific objectives of this project include: 

• To demonstrate how the structural parameter is affected by steam, CO2 gasification 

and air combustion of vitrinite and inertinite chars.  

• Evaluation of the reactivity of the chars during gasification and combustion. 

• Determination of appropriate reaction controlled kinetics and a suitable kinetic 

particle model to characterise the gasification and combustion reaction. 
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1.4 Scope of the study 

In order to achieve these objectives, the following was undertaken: 

• The parent coal samples were analysed for chemical, mineralogical, petrographic and 

structural properties. 

• Chars were prepared from the parent coals in a Packed Bed Balanced Reactor (PBBR) 

at 900 °C under nitrogen atmosphere. 

• The subsequent chars were also analysed for chemical, mineralogical and structural 

properties. 

• The gasification and combustion reactivity of the chars were evaluated using a 

Thermogravimetric Analyser (TGA). 

• The char gasification reactivity experiments were conducted in pure carbon dioxide 

and pure steam atmospheres, while char combustion was carried out in air; 

isothermally at different temperatures and ambient pressure. 

• Char conversion and overall reaction rate with the associated parameters was 

determined using the experimental results. 

• Different particle models were evaluated for the kinetics of the char-gas reactions and 

included all the rate controlling resistances observed during the experiments. 

• The models were tested against the experimental results and the evaluated parameters 

compared. 

 

1.5 Outline of the dissertation 

Chapter 1 introduces the research work and answers the basic research questions of “what, 

why, and how”. 

Chapter 2 reviews published literatures on coal, coal pyrolysis, gasification and combustion 

mechanisms and the factors influencing the gasification and combustion reactivity. A brief 

review on the different models used during the char reaction kinetics evaluation is also 

highlighted. 
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Chapter 3 presents the materials and procedures used in this study for char preparation and 

the coal and char characterisation results.   

Chapter 4 illustrates the technical details of the procedure and the equipment used for 

gasification and combustion of the subsequent coal chars.  

Chapter 5 presents the experimental results and discussion of the char combustion and 

gasification reactions. The experimental data are also fitted to the models described in 

Chapter 2.  

Chapter 6 gives the conclusions reached from the gasification and combustion kinetics results 

of the typical South African coal chars. Recommended future works are also included. 
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Chapter 2.                                                               Literature Review 

2.1 Introduction 

In this chapter, a review of published literature pertinent to this study is presented. This 

includes mainly the background of coal, coal combustion and gasification processes, 

mechanisms and kinetic modelling, the volatilisation process and the factors affecting the 

reactivity of the chars are also included.  

 

2.2 Coal  

The organic component of coal consists primarily of carbon and hydrogen with smaller 

amounts of oxygen, nitrogen and sulphur. The inorganic components comprised mainly of 

mineral species and remain after utilization as ash (Jones et al., 1985; Snyman, 1989; Smith 

et al., 1994). Coal can be classified according to the rank and grade. Coal rank increases in 

the order: lignite < sub-bituminous < bituminous < anthracite, while the grade of coal varies 

all over the world. (Jones et al., 1985; Snyman, 1989; Smith et al., 1994; Speight, 2005). 

Coal rank plays a significant role on coal reactivity of coal due to the changing carbon, 

hydrogen and oxygen contents (which characterises the chemical structure of coal) with rank. 

As the degree of maturity or coal rank increases, the structure of the coal becomes more 

aromatic with higher content of crystalline carbon. The lower rank coals are more aliphatic 

with higher amorphous carbon concentration, and the chemical structure of the low rank coals 

is subjected to more changes during pyrolysis than the higher rank coals (Laurendeau, 1978). 

The initial pyrolysis temperature, temperature of ignition of the resultant char, and the coal 

chars burn-out times are more dependent on the rank of coal, than the type of coal (Snyman, 

1989).  

 

2.2.1 Coal maceral 

Coal petrography is the classification that describes coal as a heterogeneous rock, established 

from the visual observations of the reflected or transmitted light through coal section(s). Its 

classification is based on the microscopic separation of coal organic components, usually 

referred to as maceral according to color and consistency (Laurendeau, 1978; Van Krevlen, 

1981). Coal maceral are formed from heterogeneous organic materials and are classified into 
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three main groups: liptinite, vitrinite and inertinite. Each of these maceral groups includes 

one or more individual maceral, and varies both physically and chemically from each other 

(Van Kreven, 1981; Jones et al., 1985; Sue et al., 2001). Coal maceral differ in their pyrolysis 

behavior and exhibit differences in char yield and char morphology i.e. porosity and pore 

sizes. The reactivity of the vitrinite-rich coals have been studied extensively but less is known 

about the behavior and reactivity of inertinite-rich coals, which is the major maceral in most 

of the coals from the Southern hemisphere (Laurendeau, 1978; Jones et al., 1985; Van 

Niekerk et al., 2008).  

The vitrinite maceral are the predominant organic component in vitrain, and are mainly 

responsible for the coking properties observed for vitrinite-rich coals. They are also the most 

reactive maceral (Tsai, 1982). Nevertheless, it is generally agreed that, not all inertinite are 

inert and not all vitrinite are reactive (Jones et al., 1985, Cloke and Lester, 1994; Sue et al., 

2001). It has been reported that inertinite-rich coals have longer burning times than the 

vitrinite rich coals (Jones et al., 1985; Kaitano, 2007; Everson et al., 2008). The volatile 

matter released by the vitrinite-rich coals contains higher amount of carbon and hydrogen 

compared with that of the inertinite-rich coals (Snyman, 1989; Snyman and Botha, 1993).  

Vitrinite maceral exhibits higher hydrogen content than inertinite. The density and 

aromaticity of inertinite macerals are higher than that of vitrinite and liptinite maceral. 

Liptinite are more aliphatic with high volatile matter and hydrogen contents. It is widely 

reported that the volatile matter content of liptinites is about twice that of vitrinite (Cloke and 

Lester 1994; Sue et al., 2001; Van Niekerk et al., 2008; Malumbazo et al., 2011). The carbon 

content and the atomic hydrogen to carbon (H/C) ratio increases in the order: inertinite < 

vitrinite < liptinite. Coal particles with low reflectivity have been reported to produce chars 

that are highly porous, while coal particles with higher reflectivity and higher inertinite 

maceral contents, produces chars with low porosity. However, maceral composition has been 

found to have minor effect on coal gasification (Tsai, 1982). 

 

2.3 Coal Pyrolysis  

Pyrolysis is an important stage in coal combustion and gasification processes. During 

pyrolysis (or devolatilisation), the coal particles are heated in an inert atmosphere at 

temperature between 400 to 950 °C to produce a porous carbonaceous solid, called ‘char’. 
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This is an endothermic process; the coal is subjected to a transformation in its physical and 

chemical structure. The products from devolatilisation are: gases; tars; oil and the solid 

residue (char); which predominantly consists of fixed carbon and ash. The resultant char 

formed after devolatilisation contains about 30-70 % mass of the raw coal, which consists 

essentially of carbon, ash and lesser amounts of hydrogen and oxygen. It is generally known 

that both the ash content and the carbon content (fixed carbon and elemental carbon) 

increases from the parent coal to the resultant chars (Okolo, 2010). Nitrogen and sulphur 

often occur in the derived chars in varying amounts (either decreasing or increasing), 

depending on the nitrogen and sulphur heteroatom interaction and association with the parent 

coal matrix (Liqiang, 2006; Okolo, 2010).  

Pyrolysis also influences the swelling and shrinking of the isolated particles (Laurendeau, 

1978; Falcon, 1988). As the volatiles are liberated from the coal, the carbon aromaticity is 

increased and the reactivity decreases (Liqiang, 2006). Char yields and char properties vary 

with parent coal properties such as: coal rank, coal grade, maceral composition, and plastic 

properties of the precursor coal. The structure of the char formed has very important effect on 

char fragmentation which has an effect on ash formation and combustion and gasification 

efficiency during ignition (Laurendeau, 1978; Van Heek and Muhlen, 1987; Liqiang, 2006).  

 

2.4 General description of combustion and gasification 

The conversion processes consist of two stages: the pyrolysis (devolatilisation) stage and the 

heterogeneous char reactions stage with gaseous reactants (Walker et al., 1959; Tsai, 1982; 

Smith and Smooth, 1985; Zhang, 2006; Basu, 2006; Heiskanen, 2011). The first stage 

involves evaporation of inherent moisture and thermal decomposition, where coal particles 

release organic compounds (tars and non-condensable gases) at temperatures between 300 ºC 

and 500 ºC leading to the formation of chars. The second stage involves the subsequent 

combustion and gasification of a porous char which occurs at higher temperatures (Smith and 

Smoot, 1985; Matsui et al., 1987; Li et al., 2009).  

The first stage occurs very fast and the physical structure of the coal particle changes 

substantially, which must be taken into consideration, during kinetic evaluations. These 

changes in the internal structure determine the mass transport mechanism(s) of reactant 

gas(es) and volatiles species into and out of the particle. The char reactions stage is relatively 
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slow and is often the rate controlling stage for the overall conversion process and may be 

affected by the intrinsic reactivity of the resultant char and heat and mass transfer limitations. 

Chars do not completely burn away during combustion and gasification because there are 

some materials in the coals and subsequent chars which are inert to ignition. The kinetics of 

the char reactions (combustion and gasification) can provide a fundamental knowledge for a 

better understanding and proper reactor design for coal gasification or combustion process 

(Smith and Smoot, 1985; Matsui et al., 1987; Valix et al., 1992; Molina and Mondragon, 

1998; Basu, 2006; Sangtong-Ngam and Narasingha, 2008; Li et al., 2009). 

 

2.4.1 Combustion  

Coal combustion, mostly carried out with pulverised coal (< 0.2 mm), is a process where coal 

is ignited in a large scale furnace for the generation of electricity (Suarez-Ruiz and Crelling, 

2008; Smith and Smooth 1985). During combustion, energy is released by breaking the 

chemical bonds of the solid fuel. The gaseous reactant used during combustion is usually air, 

which is supplied to the boiler and reacts with the solid fuel releasing thermal energy and 

gases. The gaseous reactants also have significant impacts on the structure of the char, 

heating value and the concentration of the product gases (Basu, 2006). During coal 

combustion the reaction between the coal and gases occurs at atmospheric pressure and 

temperatures between 1300 to 1700 °C, depending largely on coal rank and combustor type 

(IEA, 2010b). However, for fluidised bed combustors, lower operation temperatures of 850 to 

1000 °C have been reported (Basu, 2006; Suarez-Ruiz and Crelling, 2008). The 

heterogeneous coal combustion with oxygen is considered in the combustor (Smith and 

Smooth, 1985; Smith, et al. 1994; Basu, 2006; Suarez-Ruiz and Crelling, 2008).  

 

2.4.2 Gasification 

During coal gasification; steam, oxygen, and carbon dioxide or a mixture of two or all of the 

reactants is used for the reaction in a controlled manner; releasing combustible gases such as 

CO, H2, CH4, CO2 and H2O through a sequence of reactions. The gaseous products formed 

are further processed into value-added energy sources and products (liquid fuels or gaseous 

fuels or a combination of both), or as raw material in the manufacture of a variety of 

chemicals. The proportions of the resultant product gases depend on a several factors. These 
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include: type and composition of coal used, type of reactor, gasifying medium, 

thermodynamics and chemistry of the gasification reaction(s) (controlled by the operating 

parameters), etc. (Minchener, 2005; Lee, 2014; Suarez-Ruiz and Crelling, 2008; Basu 2006 

and 2010). Gasification permits the use of low-cost, potentially CO2-neutral or low grade 

fuels that are usually locally available. Thus, transportation through long distances and its 

logistics can be averted; by converting these fuels into combustible gases. In this way, fuels 

can be used with much higher efficiency compared with direct ignition (Eriksson, 2003). 

Gasification involves a series of endothermic reactions, usually promoted by the heat 

generated from the combustion reaction. Gasification is an incomplete or partial combustion 

(Basu, 2006; Suarez-Ruiz and Crelling, 2008; Smith and Smooth, 2008).   

Depending on the gasifier type, gasification occurs over a wide temperature range (620 -1500 

°C) and at atmospheric or elevated pressures (Bunt & Waanders, 2008; Lee, 2014). The 

amount of oxygen used during gasification is usually restricted resulting to longer burn-out 

time during gasification reactions (Smith and Smoot, 1985; Rezaiyan and Cheremisinoff, 

2005; Basu, 2006; Suarez-Ruiz and Crelling, 2008). The structure of the char changes 

drastically during the char gasification reactions with steam, especially the aromatic rings 

(Walker, 1982; Rezaiyan and Cheremisinoff, 2005; Basu, 2006). 

 

2.5 Chemical reactions  

This section presents the mechanisms of char combustion with air and gasification with steam 

and carbon dioxide. CO2 is the direct product of oxygen-carbon reactions, and an indirect 

product of steam-carbon reactions, via the water-gas shift reaction. The secondary reactions 

of CO2 with carbon in fuel beds is closely related to the exothermic carbon-gas reactions 

(Walker et al., 1959). 

 

2.5.1 Carbon-O2 reactions 

The first step of combustion process involves reaction between solid carbon and oxygen, 

often supplied as air or pure oxygen, resulting to the production of CO2 and CO.   

The basic carbon combustion reaction occurs as follows: 
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)(22)( gs COOC ↔+                                   ∆H⁰298 = -394 kJ·mol-1                     (2.0.1) 

                 
∆H⁰298 = -111 kJ·mol-1 

    
         (2.0.2) 

In the presence of excess oxygen, combustion advances progressively through the vapour-

phase oxidation and the ignition of volatiles; and then to, the ignition of the subsequent 

residual char (Walker et al., 1959; Tsai, 1982; Basu, 2006; Lee, 2014). Partial oxidation 

involves complex reactions, whose mechanisms strongly depend on how efficiently the 

combustion process progresses. Furthermore, the presence of both the homogeneous gas-

phase and the heterogeneous gas-solid reactions on the gas-solid interface tend to complicate 

the reaction pathway (Lee, 2014). It is well known that the primary products of carbon 

oxidation are CO2 and CO. The ratio of the production rates of CO2 to CO depends on surface 

temperature and increases with increasing temperature (Walker et al., 1959; Basu, 2006; Lee, 

2014). 

 

2.5.2 Char gasification 

Several reaction routes or mechanisms have been proposed for the char-steam and char-CO2 

reactions. The major steps are (1) the dissociative adsorption of the gaseous gasification agent 

on an active site on the char surface; (2) the associative desorption of the surface complex 

(Roberts and Harris, 2006). However, Lee (2014) has noted that the gasification of 

steam/CO2 with carbon is different from the steam/CO2 gasification with coal/chars, despite 

the fact that carbon is the dominant species present in the coal. 

 

2.5.2.1  Char-H2O reactions 

The reaction of carbon with steam is an endothermic reaction that produces carbon monoxide 

and hydrogen (Walker et al., 1959; Lee, 2014). The main chemical reaction between carbon 

and steam are as follows: 

       ∆H⁰298 = 131 kJ·mol-1        (2.0.3) 

  
∆H⁰298 = -41 kJ·mol-1         (2.0.4)

 

)()(2)( 2
1

ggs COOC ↔+

)(2)()(2)( gggs HCOOHC +↔+

)(2)(2)(2)( gggg HCOOHCO +↔+
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The H2-CO2 ratio of the product gas (syngas) depends on the synthesis route and the process 

industry. Two reaction mechanisms have been proposed for carbon steam reactions (Lee, 

2014; Botero et al., 2012). 

Mechanism A 

              (2.0.5) 

              (2.0.6) 

               (2.0.7) 
 

where: Cf , is the free carbon sites that are not occupied, the C(H2) is the chemisorbed species 

on which H2O and H2 are adsorbed on the carbon active site and C(O) is a chemisorbed 

oxygen atom on a free active site respectively. 

In mechanism A, the overall rate of gasification is inhibited by the adsorption of hydrogen on 

the free active sites, therefore decreasing the availability of vacant active sites for steam 

adsorption. This is usually referred to as inhibition by hydrogen adsorption.  In an entrained 

flow gasifier, H2 inhibition has been found to be negligible at temperatures above 1400 ºC 

(Lee, 2014; Botero et al., 2012). 

Mechanism B 

             (2.0.8)

                           (2.0.9) 

Mechanism B, is referred as the inhibition by oxygen exchange, the rate of gasification is 

influenced by the competitive reaction of hydrogen with chemisorbed oxygen, thereby 

hindering the conversion of the chemisorbed oxygen in carbon monoxide (Lee, 2014). 

 

2.4.2.2  Char-CO2 reactions 

The reaction between carbon and CO2 to produce CO is known as the Boudouard reaction 

and it is strongly endothermic.  

   ∆H⁰298 = 172.5 kJ·mol -1      (2.0.10) 

22 )( HOCOHC f +↔+

22)( HCOHOC +→+

)( 22 HCHC f ↔+

22 )( HOCOHCf +↔+

COOC →)(

)()(2)( 2 ggs COCOC ↔+
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For the formation of CO to be favoured, the temperature in the gasifier should be high (> 680 

°C), which is also the temperature required for steam gasification. This reaction is favoured 

by high temperature (for rapid reactions) and high pressure (for high reactant gas 

concentrations) (Basu, 2006; Lee, 2014). Carbon monoxide has been found to retard the char-

CO2 gasification reaction from these mechanisms:  

Mechanism A 

            (2.0.11) 

              (2.0.12) 

             (2.0.13) 

Mechanism B 

            (2.0.14) 

              (2.0.15)
 

In the gasifier, the partial pressure of CO is about two times higher during gasification with 

CO2.  Therefore, CO inhibits the overall reaction rate of both mechanism A and B causing 

slower intrinsic gasification rate (Kajitana et al., 2006; Lee, 2014; Botero et al., 2012). In 

mechanism A, inhibition is due to the adsorption of carbon monoxide to the free active sites, 

while the reaction between chemisorbed oxygen and gaseous carbon monoxide in mechanism 

B to produce carbon dioxide (gas) causes the inhibition (Lee, 2014). The product inhibition 

has been predicted to decrease with increase in temperature (Kajitani et al., 2006). The 

intrinsic reaction rate is strongly inhibited in the presence of CO produced during CO2 

gasification, than H2 produced during gasification with steam (Van Heek et al., 1987; Wall et 

al., 2002; Kajitana et al, 2006; Botero et al., 2012).   

 

2.6 Gas solid reactions 

The heterogeneous char-gas chemical reactions takes place in different temperature zones or 

regimes which determines which resistance is rate-controlling. This depends on the particle 

size, reactor type, reaction temperature and the reactants.  

 

COOCCOCf +↔+ )(2

COOC →)(

)(COCCOC f ↔+

COOCCOCf +↔+ )(2

COOC →)(
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Figure 2.1: The Arrhenius plot for different temperature regime during heterogeneous 
chemical reactions (Valix et al., 1992). 

 

Figure 2.1 illustrates the Arrhenius plot for different temperature regime or zones during 

heterogeneous chemical reactions (Valix et al., 1992). During char-gas reaction, when the 

intrinsic reactivity is rate controlling, the reactant gases diffuse through the internal surface of 

the char particle; the particle size remains constant, while the density of the particles is 

decreased. But if the reaction rate is very fast at high temperature, the gaseous reactants are 

consumed as it approaches the surface of the particle (Smith et al., 1994; Shuye, 1997). The 

chemical structure of the char promotes intrinsic reactivity by providing dislocation, 

crystalline edges and heterocyclic centers. The inorganic constituents of the char create 

further dislocations and promote catalytic activity. The char pore structure or pore network 

controls the rate of diffusion and the concentration of reactant gases by fixing the total 

accessible surface area (Laurendeau, 1978). 

 

Regime I  

For reactions at low temperature, the rate of reaction is controlled by the chemical reactivity 

of the char. The chemical reaction rate is relatively slow compared to the diffusion rate of the 

reactant gases to the internal surface of the particle. The reaction gases diffuse freely into the 

interior of the porous char and react uniformly. The particle is converted internally and the 

particle size might change or remain constant but the density of the particle decreases. Under 

this condition, the activation energy obtained is the true activation energy, and the order of 
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reaction is also true, since chemical reaction is the reaction rate determining step. Intrinsic 

reaction rates at this condition is defined in this investigation as the chemical reaction rates, 

when there is an absence of pore and film diffusion (Walker et al., 1959; Laurendeau, 1978; 

Smith and Smoot, 1985; Bailey et al., 1990; Basu, 2006). This regime can be predominant; in 

fine particles where the diffusion resistance is negligible (very small) and when the 

temperature is low with slow kinetic rate (Basu, 2006).  

 

Regime II  

At an intermediate temperature the intrinsic rate of reaction and the consumption of the 

gaseous reactant is higher than the internal diffusion rate of the reactant gas.  The reaction gas 

does not penetrate through the pores to the interior of the reacting solid particle, which limits 

the rate of reaction. The reaction gas is then consumed in the reaction zone leaving an 

unreacted core. The char particle burns internally and externally with decreasing particle size 

and particle density. The observed activation energy is one half of the true activation energy 

value, while the apparent reaction order is similar to the true reaction order (Walker et al., 

1959; Laurendeau, 1978; Smith and Smoot, 1985; Smith et al., 1994; Bailey et al., 1990).  

 

Regime III 

At very high temperatures, the reaction gas does not diffuse through the particle surface. 

Reaction occurs at the surface of the coal particles only, due to the fast intrinsic reaction. Rate 

of reaction depends mostly on the gaseous diffusion through the boundary layer to the 

particle surface. The particle diameter decreases as reaction proceeds and the particle density 

remains constant with no effect on chemical reactivity or porosity. The activation energy 

obtained in this zone will be very small (Tsai et al., 1987).  

 

2.6.1 Kinetics of char reactions 

Generally, the rate of coal char conversion depends on the intrinsic chemical characteristics 

of the char, physical structure of the coal or char, and the conditions in which the reaction 

takes place (temperature, pressure and gaseous environment). The reaction potential of the 

gasifying medium (most active O2, H2O, and CO2 less active) also affects the rate of reaction. 

The char-O2 combustion reactions are faster than the char-CO2 gasification because they 

occur by initially rapidly consuming the oxygen (Basu, 2010). The physical structure of the 
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coal such as: pore structure, surface area, particle size; and inorganic contents are important 

when studying and modeling the char combustion and gasification processes. The char burn-

out time depends on the reactivity of the subsequent char; so it is very crucial to be able to 

predict the accurate behavior of the char (Laurendeau, 1978; Smith et al., 1994).   

The reaction mechanisms can be described by the following reaction rate controlling steps 

during coal conversion (Shuye, 1997):  

• Mass transfer of the reactant gases from the bulk gas phase to the boundary layer of 

the reaction site,  

• Diffusion of the reactant gases through the boundary layer of the char to the interface,  

• Reaction of the gaseous reactants with the internal surface of the char to form gaseous 

products,  

• Diffusion of the gaseous product from the reaction sites, 

• Mass transport of the product gases from the reaction sites. 

The change in apparent rate of reaction can be expressed as follows: 

)()( XfTk
dt

dX =
                  

(2.1) 

where k, is the rate constant dependent on temperature, T, and f(X). The kinetic constant, k, is 

a function of temperature according to Arrhenius relationship (Li et al., 2009): 

RT
EATk −= exp.)(

                  
(2.2) 

where, A is the pre-exponential factor; E is the activation energy; and T is the absolute 

temperature in kelvin (K). 

 

2.6.2. Structural Modelling 

Kinetic models are used to predict the reaction rate of coal char during conversion processes. 

There are various models used to describe the conversion rate. The most common models 

based on particle and structural evolution during the course of the conversion processes 

includes: the homogeneous model (HM), the shrinking core model (SCM), the Wen model, 

the random pore model (RPM), and the shrinking unreacted core model (SUCM).  (Bhatia 

and Perlmutter, 1980; Molina and Mondragon, 1998; Zhang et al., 2006; Shuye, 1997) 
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The Homogeneous model and the shrinking unreacted core model are the simplest type of the 

models, because they do not account for the structural changes of the coal or char during the 

reaction (Bhatia and Perlmutter, 1980; Molina and Mondragon, 1998; Levenspiel, 1999).  

 

2.6.2.1. The Random Pore Model (RPM) 

This RPM model was proposed by Bhatia and Perlmutter (1980). The model assumes that the 

reactant gases diffuse through the porous particle interface and react throughout the entire 

particle surface. This assumption will be valid for very slow reactions, such as those in the 

chemical reaction kinetic control regime. In this regime, the gas is able to diffuse into the 

particle before being consumed by the reaction. It also considers the physical structural 

changes that occur on the char during the coal/char conversion.  The active surface area 

available for reaction changes as reaction progresses. These changes are expressed with the 

structural parameter, ψ, which is characteristic of this model. This model can be used for 

porous particles with porosity greater than 5% (Dutta et al., 1977; Bhatia and Perlmutter, 

1980; Ochoa et al., 2001; Zhang et al., 2006 and 2010; Kaitano, 2007; Everson et al., 2006 

and 2008; Levenspiel, 1972). Although the RPM accounts for the physical structural changes 

during the gasification and or combustion on reactions, it does not consider the overlapping 

random pores and also neglects all diffusional resistances during the char-gas reaction 

(Kaitano, 2007; Wu et al., 2009; Okolo, 2010). 

The basic assumptions and features of the RPM are as follows: 

• The reaction active sites occur in cylindrical pores of arbitrary PSD, which may also 

overlap, as they evolve (grow, collapse or coalesce) during the reaction. 

• The model can be used to identify the different reaction regimes by defining limiting 

values for dimensionless groups characteristic of the different controlling 

mechanisms. 

• It encompasses the intra-particle reaction, which arises due to the changes imparted to 

the char (changes in surface area, porosity, morphology, etc.) by devolatilisation, 

thermal annealing and cracking. 

• The changes in surface area during reaction are also accounted for in terms of the 

initial surface area and other structural properties of the reacting char. 
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• It is more flexible than the other models as it is capable of describing reactions that 

show a maximum reaction rate at certain level of conversion, as well as processes that 

do not show this behavior. 

The RPM equation is given by: 

)1(

)1ln(.1)1(

0

0

ε
ψ

−
−−−

=
XSXr

dt

dX s

                
(2.3) 

where: S0 is the initial surface area; ɛ0 is the initial porosity, L0 is the characteristic pore length 

and ψ, is the structural parameter which compensates for all the structural evolution as the 

reaction progresses and can be defined by: 

2
0

00 )1(4

S

L επψ −
=

                    

(2.4) 

Structural parameter, ψ > 2, indicates that the pore growth was the dominating structural 

mechanism during the initial stages of char reaction; and if ψ < 2, pore collapse or pore 

coalescence was the main dominating structural evolution mechanism (Bhatia and Perlmutter, 

1980; Liu et al., 2000; Kaitano, 2007; Okolo, 2010).  

Kaitano (2007) and Everson et al. (2008) introduced the time factor Ri using the following 

equation: 
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where Ri, is defined as: 
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The reduced time (t/t0.9) was proposed by Everson et al., (2008) to simplify the use of the 

RPM and determine the numerical structural parameter, ψ. When reduced time is substituted 

for real time, all results for the same char should be the constant. 
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2.6.2.2. Homogeneous Model (HM) 

In the homogeneous model, it is assumed that the reactions between the solid and gas occurs 

at the active sites which are uniformly distributed within the entire particle. As the reaction 

proceeds, the particle size remains constant whereas the density of the particle decreases. The 

gasification rate is independent of the size of particles (Ye et al., 1998; Molina and 

Mondragon, 1998; Zhang et al., 2006; Sangtong-Ngam and Narasingha, 2008). This model 

is effective for a very porous particles and low conversion rates, when the reaction rate 

is chemically controlled (Levenspiel, 1999). Under this condition the reaction rate equation 

for the first order reaction is given as Equation 2.8. 

 )1( Xr
dt

dX
s −=

 
                                       (2.8) 

 

 
2.6.2.3. The Shrinking Core Model (SCM) 

The SCM assumes that the reaction occurs at the external core of the char particle. The 

reaction rate is fastest near the surface, rather than in the interior of the particle and it 

gradually moves to the interior leaving the ash layer. This tends to affect the diffusion 

coefficient of the diffusing gases. The shrinking core model can be applied to particles with 

porosity less than 5% (Everson et al., 2006).  The overall reaction rate of SCM under 

chemical control regime is given by Equation 2.9. 

3/2)1( Xr
dt

dX
s −=                                                                                                      (0.9) 

 

2.6.2.4. The Wen Model (WM) 

The Wen model is very robust and it the semi-empirical model which was developed to 

predict a wide variety of carbon conversion data (Wen, 1968). The overall reaction rate is 

given by the equation 2.10. 
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It uses the power of the structural model to determine the order of reaction. If n=1, it reduces 

to the homogeneous model; and if n=2/3, it is identical to the SUCM with chemical reaction 

control.               

 

2.6.2.5. Summary of the structural models based on specific reaction rate, Rs 

A summary of the RPM equations for the determination of fractional carbon conversion, 

initial reaction rate, and specific reaction rate is presented in Table 2.1. The major factors on 

which the specific reaction rate depends on for both models are also given. 

 

Table 2.1: Summary of the RPM structural models used 

Function Equation 
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2.6.3. Validity of kinetics models 

Molina and Mondragon (1998) has demonstrated that the efficiency of kinetic models in the 

prediction of the rate of reaction during coal char gasification and combustion depends 

essentially on coal type and the operating conditions. The homogeneous model is mostly used 

to describe char gasification (Matsui et al., (1987); Tomaszewicz et al., (2013); Wu et al., 

(2006 and 2009); Zhang et al., (2006). Matsui et al., (1987) performed a study of char 

gasification by CO2 using a TGA at temperatures between 885 and 980 ºC. Activation energy 
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of 268 kJ·mol-1 was obtained during gasification from the study done by Matsui et al., 

(1987). The HM and the SCM were fitted to the experimental results and it was found that the 

results were well described by the Langmuir-Hinshelwood-type rate expression.  

Ye et al. (1998) investigated the kinetics of steam and CO2 gasification at temperatures 

between 714 and 892 ºC, using different char particle sizes. The experiments were conducted 

on the Bowmans and Yallourns coals in a single particle reactor operating at atmospheric 

pressure. Kinetic analysis of coal gasification rates were conducted by fitting the 

experimental data to various kinetic model predictions based on first-order kinetics and 

chemical reaction rate control using the HM and the SCM.  Both models appear to fit the 

experimental data well for the Yallourn coals during CO2 and steam gasification. If the 

reaction is the shrinking-core model reaction, then the reaction rate is proportional to the 

reaction active surface area of the shrinking core. If the reaction is the homogeneous model 

type reaction, then, the rate of reaction is independent of particle-size. But for Bowman’s 

coal, the HM fitted the experimental data well and SCM did not fit. The activation energy 

obtained was 91 kJ·mol-1 for CO2 gasification and 131 kJ·mol-1 for steam gasification. 

Zhang et al., (2006) investigated the gasification reactivities of six chars derived from 

Chinese anthracites with steam and CO2 at ambient pressure in the temperature range of 920-

1050 °C using a TGA. The experimental results of the anthracite chars during steam 

gasification were well described by the both shrinking core and the homogeneous models.  

During CO2 gasification the experimental results only fitted the shrinking core model, which 

was different to their observation during steam gasification. The activation energy values 

obtained ranged from 213 to 250 kJ·mol-1 for steam gasification and from 146 to 202   

kJ·mol-1 for CO2 gasification.  

Wu et al., (2006) studied the reactivity and reaction kinetics of Yanzhou coal char prepared at 

elevated pyrolysis temperatures (950-1400 °C) during steam gasification at 900-1200 ºC. The 

apparent activation energies obtained ranged from 127 kJ·mol-1 to 197 kJ·mol-1. It was 

observed that the shrinking un-reacted core model (SUCM) fitting was superior to the HM 

fitting with respect to their experimental data; and the reaction-diffusion model based on the 

shrinking un-reaction core model was most favourable, which suggested that diffusion had an 

effect on the conversion process; although the reaction was mainly under the chemical 

reaction kinetic control.   
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The applicability of different kinetic models for the CO2 gasification of chars derived from 

vitrinite-rich Shenfu coal in the temperatures range of 950 °C to 1400 °C was carried out by 

Wu et al., (2009). In their study, determination of the CO2 gasification kinetics for Shenfu 

coal char were performed using data collected from isothermal TGA experimentations under 

ambient pressure. The integral expressions of the SUCM, the RPM and the HM were used on the 

gasification results. The results showed that the HM and the RPM fitted the experimental data 

well at relatively low temperatures, while at elevated temperatures; the HM was superior to 

the RPM. However, the SUCM did not fit the gasification reaction data of this set of chars 

with CO2 at all the temperatures used in the experiments. 

A kinetic study of the CO2 gasification reaction of chars derived from three coal samples of 

different ranks was done by Tomaszewicz et al., (2013). It was performed under chemical 

control regime, in the temperature range: 900-1000 °C; at ambient pressure using a TGA. 

Their study also investigated the applicability of the widely used kinetic models (HM, SCM, 

RPM, and modified HM) in predicting changes in the conversion rates during the course of 

the reaction. The HM was discarded due to poor fitting, compared to the other models 

especially at high conversion; the activation energy value obtained using this model was also 

higher. The RPM and the modified HM (MHM) fitted well with the experimental data. The 

activation energy values obtained ranged from 180 to 240 kJ·mol-1. Moreover, the reactivity 

of the coal chars was significantly influenced by the parent coal ranks, which was shown by 

the activation energy and the dependency on the atomic O/C ratio and mean random vitrinite 

reflectance, Rr%. 

For coal combustion with air, Homogeneous model was used by Sangtong-Ngam and 

Narasingha (2008) with the RPM. The investigation was done to study the kinetics of Lignite 

coal char at temperatures between 300 and 550 °C, at atmospheric pressure. It was observed 

that, char gasification with air at the early period of reaction was well represented by both the 

RPM and the HM, whereas at higher temperature i.e. above 400 °C the RPM showed better 

fitting than the HM. This is due to the fact that changes in the pore structure of the chars have 

more effect in the latter period of the reaction. The activation energy obtained was between 

137 and 150 kJ·mol-1.  

The SCM has been used to describe the kinetics of coal combustion with air by Everson et 

al., 2005 and 2006. Everson et al., (2005), determined the overall reaction rate of high ash 

coal chars in HPTGA at a temperatures range of 750 to 950 °C, at atmospheric pressure. The 



24 
 

shrinking reacted core model without an ash layer was found to adequately describe the 

experimental data.  At higher temperatures (> 950 °C), it was observed that the model data 

from the shrinking reacted core model approximates the results returned by the shrinking 

unreacted core model. The activation energy determined was 144±5 kJ·mol-1. Everson et al., 

(2006), investigated char-air kinetics of two different coal chars from non-isothermal TGA 

data using, multi-heating rates up to 550 °C. They observed that the SCM with surface 

reaction control was satisfactorily applicable for both coal-chars investigated. They 

concluded that these may probably be due to the characteristic low porosities of the chars 

derived from inertinite-rich parent coal samples.  Activation energy obtained for the two 

chars ranged from 130 to 139 kJ·mol-1. 

The RPM was used during coal combustion with air (Sangtong-Ngam and Narasingha, 2008; 

Everson et al., 2013), during CO2 gasification (Everson et al., 2008 and 2013; Liu et al., 

2008; Wu et al., 2009; Okolo, 2010; Tomaszewicz et al., 2013); while Kajitana et al., (2002) 

utilised the RPM in the evaluation of both CO2 and steam gasification kinetics. Everson et al., 

(2013) observed that the RPM fitted the experimental data well for combustion and 

gasification and; was found suitable for the determination of the intrinsic rate of  reaction, 

which was further used to assess the influence of X-ray diffraction properties of the sample 

on the air and CO2 reactivity of the chars. Reported results for the dependence of reactivity 

on aromaticity showed that the intrinsic reactivity (for gasification and combustion) decreases 

significantly; while the activation energy (for combustion with demineralised chars) increases 

with increasing aromaticity. The estimated activation energy was 150-250 kJ·mol-1 for 

combustion with air and 164 - 236 kJ·mol-1 for gasification with CO2. 

Okolo (2010) investigated the effects of the characteristic chemical and physical properties of 

both the original coals and the resultant chars on the char-CO2 gasification reaction kinetics. 

The gasification reaction with CO2 was found to be kinetically controlled within the specified 

operating conditions and the RPM fitted the experimental data well. The structural 

parameters, ψ, were determined by the RPM and ranges from 1.11 to 2.58, while the 

activation energy was between 163 and 236 kJ·mol-1. 

Results from the studies of the CO2 gasification kinetics of high ash coal-char samples 

prepared from inertinite-rich coal by Everson et al., (2008); showed that the RPM which 

accounts for intra-particle structural changes can be used to predict the overall rate of 

reaction. They reported activation energy ranging from 192 to 247 kJ·mol-1. The new method 
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was developed to determine the structural parameter of the samples which hitherto cannot be 

calculated directly from initial the characterisation results. This procedure consists of defining 

a reduced time (t/t0.9) parameter, which conveniently eliminates the effect of the intrinsic 

kinetics when conversion versus the reduced time results is used. The structural parameter, 

which characterises the pore growth, pore collapse and or pore coalescence, can be evaluated 

by a regression technique using experimental date obtained at all temperatures and pressures.  

The gasification reactivities of three Binxian chars with CO2 were studied at 1000-1300 °C, at 

atmospheric pressure (Liu et al., 2008). It was found that the pore structure evolution 

impacted significantly on the overall process during gasification at relatively high 

temperatures. The RPM was applied on the gasification experiments results and it was 

observed that the activation energy increased with increasing carbon conversion, reached a 

maximum value and then started diminishing. The activation energy varied between 160 

kJ·mol-1 and 180 kJ·mol-1 during the gasification reaction. 

Kajitana et al., (2002) investigated the gasification kinetics of coal chars with steam and 

carbon dioxide at relatively higher temperature range (1100-1500 °C) and reported activation 

energy of 163 kJ·mol-1 for CO2 gasification and 214 kJ·mol-1 for steam gasification.  It was 

observed that the active surface area of the char increase rapidly as gasification progresses 

and this change was well described by the RPM. The structural parameter, ψ, obtained during 

gasification reaction ranged from 0.1-3 with CO2 and 3 for steam gasification. The order of 

reaction was 0.49 and 0.86, for CO2 gasification and steam gasification, respectively. 

  

2.7. Summary 

Summary of the gasification and combustion studies are presented in Table 2.2 and 2.3. The 

studies were done for different coal types, with the particle size ranging between 0.075 mm 

and 3 mm. Most of the researchers conducted their studies using Thermogravimetric 

Analysers.  The temperatures that were used were similar to the temperatures chosen for this 

study. The different kinetic models used in the investigations and the order of reactions 

obtained are also included. 
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Table 2.2: Summary of kinetics of air combustion and CO2 gasification of coal chars. 

Reference Coal Reactor 
Particle 
size (mm) 

Temp (°C) Gases Ea (kJ·mol-1) Model used Pressure(bar) 
Order of 
reaction 

Everson et al., 2005 Inertinite rich TGA 3 750-950 Air 144 ±5 SCM 4.87 
 

Everson et al., 2006 Inertinite rich TGA 1 370- 550 Air 130 - 139 SCM Atmospheric 
 

Everson et al., 2013 Inertinite rich TGA 0.075 400 -488 Air 150 - 209 RPM Atmospheric 
 

Njapha, 2003 Inertinite rich TGA 0.02-0.07 560 Air 133 - 143 SUCM Atmospheric 
 

Robert and Harris, 
2000 

Australian coals TGA 0.6-1 500 Air 
140-153; 136-
153  

1;10 
 

Russel et al., 1998 Bituminous TGA 0.15 900 Air 130 
 

Atmospheric 
 

Sangtong-Ngam and 
Narasingha, 2008 

Thai-lignite TGA > 0.075 300 -550 Air 137-150 RPM/HM Atmospheric 
 

Sima-Ella, 2005 Bituminous TGA 
 

475- 575 Air 123±11 
   

Everson et al., 2008 Inertinite rich TGA 1 850 -900 CO₂ 192-247 RPM 2.875 0.46 - 0.54 
Everson et al., 2013 Inertinite rich TGA 1 900-950 CO₂ 163 - 236 RPM Atmospheric 

 
Huttinger and Nill, 
1990 

Model coke GR 0.1-0.2  750-950 CO₂ 356 
   

Kajitana et al., 2002 Bituminous 
PDTF, 
TGA  

1100-1500 CO₂ 163 -282 RPM 0.5 -3  0.49 - 0.73 

Liu, et al., 2008 
Chinese Binxian 
coal 

TBF 
0.355 + 
0.175  

1000-1300 CO₂ 160-180 RPM Atmospheric 
 

Matsui et al., 1987 NC sub-bituminous  TGA 
0.044 - 
0.71 

885 - 980 CO₂ 268 HM/SCM/L-H 0.303 -0.709  
 

Okolo, 2010 Bituminous TGA 1 900-950 CO₂ 163-236 RPM Atmospheric 0.52 - 0.67 
Robert and Harris, 
2001 

Australian coal TGA 0.6-1 851 - 940 CO₂ 
209-223; 210-
250;220 

LH 1;10;20 
 

Tomaszewizc et al., 
2013 

Lignite and 
subbituminous 

TGA 0.2 900-1000 CO₂ 180 -250 HM/MHM/RPM/SCM Atmospheric 
 

Wu et al., 2009 Shenfu Coal TGA <0.073 950-1400 CO₂ 
 

HM/RPM/SUCM Atmospheric 
 

Ye et al., 1998 Bowan and Yallourn SPR 0.6 - 3  714-892 CO₂ 91 HM/SCM Atmospheric 
 

Zhang et al., 2006 Anthracite TGA 
 

920 -1050 CO₂ 146-202 SCM 0.2 -1  
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Table 2.3: Summary of kinetics of steam gasification of coal chars. 

Reference Coal Reactor 
Particle 
size (mm) 

Temp (°C) Gases Ea (kJ·mol-1) Model used Pressure(bar) 
Order of 
reaction 

Chi and Perlmutter, 1989 LR bituminous coal TGA 
 

870 - 1000 Steam 162 - 227 - Atmospheric - 

Kayembe and Pulsifier, 

1976 

Western Kentucky 

coals 
FBR 

0.149-

0.177 
600-850 Steam 254 - Atmospheric - 

Kajitana et al., 2002 Bituminous 
PDTF, 

TGA  
1100-1500 Steam 214 RPM 0.2 -1 0.86 

Matsuoka et al., 2009 Sub-bituminous FBR 0.5-1 700-900 Steam 230 - 250 HM 1 to 5 0.4-0.5 

Robert and Harris, 2002 Australian coal TGA 0.6-1 900 Steam 221-227; 231-235 
 

1;10 
 

Wu et al., 2006 Yanzhou coal, FBR 3 900-1200 Steam 121- 197 HM/SUCM Atmospheric - 

Ye et al., 1998 Bowan and Yallourn SPR 0.6 - 3 714-892 Steam 131 HM/SCM Atmospheric - 

Zhang et al., 2006 Anthracite TGA 
 

920 -1050 Steam 213 -250 HM/SCM 0.2 -1 - 
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Chapter 3.             Char Preparation and Sample Characterisation 
 

3.1. Introduction 

This chapter gives a description of the characteristic properties of the parent coals and the 

subsequent chars that were used, char preparation procedure and equipment used for the 

characterisation of parent coal and subsequent char. The material and sample preparation are 

presented in section 3.2. In section 3.3, the equipment and method for char preparation are 

discussed. The coal and char characterisation analyses i.e. the chemical analysis, 

mineralogical analysis, physical structural and petrographic analyses are discussed in Section 

3.4.  The char preparation is discussed in Section 3.5. In Section 3.6 the coal and char 

characterisation results are presented and discussed. A summary of the relevant properties of 

the parent coals and subsequent chars is presented in section 3.7. 

 

3.2. Materials 

3.2.1. Coal 

Two different coal samples originating from Witbank coalfield Greenside No. 5 seam 

(vitrinite-rich) and Inyanda No. 2 seam (inertinite-rich) in the Karoo basin of South Africa 

were used. The Greenside coal is mainly used as a blend coking coal and metallurgical coal 

whereas the Inyanda coal is used as steam coal for generating electricity by Eskom (Jeffrey, 

2005).  

 

3.2.2. Gas 

Nitrogen was used to create an inert atmosphere during char preparation. The nitrogen gas 

used was supplied by African Oxygen Limited (Afrox) with a purity > 99.999%.  

 

3.2.3. Sample preparation 

The parent coals were received in the particle size range of -4+2 mm. Mechanical size 

reduction and sieving was used to obtain the required size prior to charring. This was 

achieved by grinding the received samples in a Fritsch P-14 rotary mill (R-mill) with a 
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mounted 280x230 mm macro crusher (Model No. 46-126) containing 10 mm ceramic balls. 

The rotating speed used was set at 600 rpm and the mill was allowed to run for 10 minutes. 

Sieving was done on the crushed sample until 300 g of the required particles sizes (-1180 + 

850 µm) was obtained. The -1180 + 850µm particle size coal fractions were then weighed 

and stored for subsequent char preparation.  

 

3.3 Char preparation 

The coal chars were prepared from the parent coals using a Packed Bed Balance Reactor 

(PBBR).  

 

3.3.1 The Packed Bed Balance Reactor  

The packed bed balance reactor (PBBR) consists of a vertical tubular furnace mounted on a 

microbalance. 

 

 

 Figure 3.1: Schematic diagram of the packed bed balance reactor (Okolo, 2010) 

 
The cylindrical stainless steel housing of the furnace has an internal diameter of 52 mm and a 

height of 510 mm. The stainless steel cylindrical reactor of thickness 2 mm has an internal 

diameter of 25 mm and a height of 120 mm. The reactor was placed in the middle of the 
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cylindrical stainless steel tubular housing in such a way that it is within the 150 mm heating 

zone of the furnace. The temperature in the furnace is controlled by a programmable heat 

controller attached to the furnace. The weight loss due to devolatilisation was observed via an 

online data acquisition module. A nitrogen flow rate of about 1500 cm3/min was used during 

the charring process. An initial ramp of 20 °C/min was used to reach the isothermal charring 

temperature of 900 °C with a holding time of 60 minutes. The schematic presentation of the 

packed bed balance reactor is shown in Figure 3.1. 

 

3.3.2 The Char preparation Procedure 

The char production method is as follows: 

• The coal samples were oven-dried at 60 °C, for 1 hour.  

• Samples were loaded into the PBBR. 

• The PBBR was flushed with nitrogen gas for 15 minutes to ensure that any reactive 

specie has been removed from the reactor. 

• The reactor was heated at a rate of 20 °C/min to the required charring temperature of 

900 °C. 

• The process was held isothermally for 60 minutes at 900 °C to ensure that the 

volatiles were almost completely driven off. The final constant mass was used to 

determine the char and volatiles yields and compared with the proximate analysis. 

• The resultant char was allowed to cool down inside the reactor to ambient temperature 

in a continuous flow of nitrogen.  

• After cooling down to ambient temperature, the char was removed from the reactor, 

labeled, and stored in an air tight container in an inert atmosphere of nitrogen and kept 

in a desiccator.  

The resulting chars were used for combustion and gasification experiments in the TGA. 

Representative fractions of the chars were further crushed mechanically to -75 µm for some 

characterisation analysis. Different analyses were conducted on the original coals and 
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resultant chars and reported in Section 3.4.  A summary of the char preparation conditions is 

given in Table 3.1.  

Table 3.1: Char preparation conditions. 

Parameters    Conditions for charring  

Sample mass per batch (g) 120 

Inert atmosphere Nitrogen gas 

Heating rate (°C/min )   20 

Flow rate(cm3/min )   1500 

Holding Temperature (°C)   900  

Holding time (min) 60 

 

3.4 Coal and char characterisation techniques 

Table 3.2 summarises the different analyses conducted on coals and chars, including the 

laboratories that were responsible for the analyses and different standard methods used for 

the analysis. 

 

Table 3.2: Characterisation analysis conducted. 

Analysis Type of analysis Standard used Laboratory Responsible 

Chemical   

Proximate:   

ACT, Pretoria 

Moisture content (%) SANS 5925: 2007 

Ash content (%) SABS ISO 1171: 2010 

Volatile matter content (%) SABS ISO 562: 2010 

Fixed carbon by difference 

Ultimate: SANS 29541: 2010 

Calorific value SABS ISO 19759: 2006 

Total Sulphur ISO 19579: 2006 

Mineralogical 
Ash (XRF) ASTM 4326  XRD Consulting, 

Pretoria Mineral (XRD)   

Physical and structural  
CO2 LPGA* 
He pycnometry 

  NWU 

Petrographical Maceral analyses 
 Petrographics SA  

  Vitrinite Reflectance   

*- Low pressure gas adsorption. 
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3.4.1 Chemical analysis 

The proximate, ultimate, total sulphur content and gross calorific value analyses of both the 

coal and char samples were conducted at the laboratory of Advanced Coal Technology 

Pretoria, following the ISO standards shown in Table 3.2.  

 

3.4.2 Mineralogical analysis 

3.4.2.1  XRD analysis 

The mineralogy both the coal and char samples were examined using the X-ray diffraction 

(XRD) technique, which was performed at the laboratory of XRD Analytical & Consulting, 

Lynwood Glen, Pretoria (courtesy of Dr Sabine Verryn). The samples were prepared for 

XRD analysis using a back loading preparation method and were analysed on a PANalytical 

Empyrean diffractometer with PIXcel detector and fixed slits with Ni filtered Cu-Kα 

radiation. The crystalline mineral phases were identified  using PANalytical Highscore+ 

program and PAN ICSD database; while the relative phase amounts (weight %) were 

estimated using the Rietveld method (Loubser & Verryn, 2008).  

 

3.4.2.2  XRF analysis 

The ash components of the samples were studied using the X-ray fluorescence (XRF) 

analysis, conducted at the laboratory of XRD Analytical & Consulting, Lynwood Glen, 

Pretoria (courtesy of Dr Sabine Verryn). XRF analysis were performed using a PANalytical 

Epsilon 3 XL ED-XRF spectrometer, equipped with a 50 kV Ag-anode X-ray tube, 6 filters, a 

helium purge facility and a high resolution silicon drift detector, calibrated using a number of 

international and national certified reference materials (CRMs). Prior to analysis, the samples 

were prepared by first drying at 105 °C for ~3 hours in order to determine the loss of 

moisture (moisture content), High temperature ashing (HTA) was initiated on the samples in 

an oven at 1000 °C in air until completely ashed, to determine the loss on ignition (LOI). This 

was followed by a 15 minute borate fusion (0.7 g sample + 6 g flux) using Claisse® 66:33 

LiT:LiM (Lithium Tetraborate:Lithium Metaborate) flux with a LiI (Lithium iodide) 

releasing agent in a platinum crucible. For XRF data quantification, the intensity of the 

characteristic lines of the elements were measured and the concentrations of the elements in 
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the sample were calculated from the measured intensities (Loubser & Verryn, 2008; Sitko & 

Zawisza, 2012). It should be noted that only major elements analysis was performed on the 

samples.  

 

3.4.3 Petrographic Analysis 

The petrographic analysis involves the microscopic examination of the samples, which, 

together with other techniques, gives the necessary details regarding the age or maturity of 

the coal samples. The organic (maceral) compositions, visible minerals, organic matter 

associations, and physical properties and general condition of the samples were also 

conducted. Petrographic block preparation was done according to ISO 7404 - 2 (1985) 

standard, using a Leica DM4500P microscope. Reflectance measurements were conducted in 

oil immersion following ISO 7404-5 method. This analysis was conducted on both the coal 

and char samples at Petrographics SA, Pretoria (Du Cann, 2010). Vitrinite random 

reflectance measurements to establish rank or degree of maturation of the samples were 

conducted in accordance with the ISO Standard 7404-5 method (1994). A total maceral 

reflectance scan was also undertaken on each of the sample (coals and chars). 250 random 

reflectance readings were taken on all macerals over the polished surface of each 

petrographic block.  

 

3.4.4 Physical-structural analysis 

The physical-structural analysis of the samples was carried out to follow the changes in the 

physical-structural properties including surface area, porosity, pore sizes and density of the 

samples from the parent coals to the subsequent chars.  

 

3.4.4.1  CO2 low pressure gas adsorption (LPGA) 

CO2 low pressure gas adsorption (LPGA) was carried out on a Micromeritics ASAP 2020 

surface area and porosity analyser. Approximately 200 mg of each sample was weighed and 

gently loaded into the custom sample tube and connected to the degassing port of the 

equipment. The parent coal samples were degassed at a temperature of 90 °C; while the 
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subsequent chars were degassed at 380 °C at a vacuum pressure of 4 µm Hg for 48 hours. 

This was done to ensure the condensed moisture and volatiles of the pore surfaces of the 

samples were removed prior to the adsorption analysis.  

After degassing was done, the sample tube was removed from the degassing port and 

connected to the analysis port for the CO2 gas adsorption analysis at 0 °C analysis 

temperature, achieved by using an ice-water bath. The Dubinin- Radushkevich method was 

used to determine the micropore surface area of the parent coals and the subsequent chars 

(Walker et al., 1988). The average micropore diameter and micropore volume was 

determined using the Horvath-Kawazoe (H-K) method (Horvath and Kawazoe, 1983; 

Micromeritics, 2006). The porosity of the samples was determined by calculating the area 

under the curve of the plot of the cumulative volume of open pores (accessible to CO2) versus 

the pore diameter (Webb, 2001; Micromeritics, 2006).  

 

3.4.4.2  Skeletal density measurements 

The apparent or skeletal density of both the coal and char samples was determined on a 

Micromeritics Accupyc II 1340 Gas Pycnometer, using helium gas at a pressure of 19.5 psi 

(1.34 bars) in a 10 cm3 sample cell (small cell). The samples (5-6 g, or about 75 vol. % of the 

sample cell) were initially dried at 90 °C for about an hour and placed in the sample 

compartment, they were degassed automatically. The auto-pycnometer analyses the samples 

automatically following its already programmed operation. The results obtained is taken from 

the digital readout of the equipment in g·cm-3. The skeletal density is determined by 

measuring the pressure change of a probe gas in a calibrated volume, from which sample 

volume and density can be calculated using the known sample weight (Parkash, 1985; Huang, 

1995). 

 
3.5 Char preparation results 

Figure 3.2 presents a graphical representation of the real time data logged from the PBBR, 

showing the sample mass loss with respect to time and temperature. It can be seen from 

Figure 3.2, that the trend of the devolatilisation process of both Inyanda and Greenside coals 

is similar. At the early stage of the devolatilisation (below 300 °C), moisture was released. As 
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the devolatilisation temperature increases between 560 °C - 880°C, there is significant loss in 

mass as the volatiles were released. Further heating causes slow weight loss and a constant 

mass of residue (char) was obtained (~75 wt. % for Inyanda coal and ~68 wt. % for 

Greenside coal) at 900 °C. Similar results from the devolatilisation process had been reported 

by and Smith et al. (1994). 

 

 

Figure 3.2: Devolatilisation mass loss at different time interval and temperature. 

 
 

The final char yield was determined by weighing the initial and final mass obtained before 

and after the charring process. The averaged results (5 experiments per sample) of the char 

yield and the conforming volatile yield are presented in Table 3.3.  

 

Table 3.3: Char and volatiles yields from the devolatilisation process (wt. %, db) 

 Property Inyanda Greenside 

Char yield (wt. %, db) 73 ± 5 65 ± 6 

Volatiles (VM and moisture of coals; by difference) (wt. %, db) 27 ± 5 35 ± 6 

Total 100 100 
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It can be seen that both the moisture and volatile matter content of the parent coal was almost 

completely driven off. Greenside coals with 35 wt. % (adb) ‘volatiles’ had an average char 

yield of 65wt. % (db). For the lower volatiles coal (Inyanda), the char yield was higher (73 

wt. %, db) with lower ‘volatiles’ of 27 wt. %, (db). The percentage volatiles released during 

the charring process for both coals is comparable with the results proximate analysis 

presented in Table 3.4. 

 

3.6 Characterisation results and discussion 

3.6.1 Chemical analysis 

The proximate and ultimate analyses results of the parent coals and subsequent chars are 

presented in Table 3.4. The parent coals of both samples can be classified as low ash coals 

with ash contents ranging from 12.5 - 16.7wt. % for Greenside and Inyanda coals, 

respectively. The inherent moisture and volatile matter contents of the coals were reduced 

during the devolatilisation process and the resulting chars contained only small amounts of 

volatiles (2.5 wt. % Inyanda- and 1.9 wt. % for Greenside coal). Chars prepared at 

temperatures below 1200 °C, have been reported to contain traces of moisture and volatiles 

(Dutta et al., 1977; Matsui et al., 1987; Ochoa et al., 2001; Zhang et al., 2006; Everson et al., 

2008; Okolo, 2010). The fixed carbon content and ash content increases, as expected after the 

charring process for both Inyanda and Greenside chars. 

The gross calorific value (GCV) of the coals was found to be 27.0 MJ/kg for Inyanda and 

27.9 MJ/kg for Greenside coals on an air dry basis. The coals were graded as Grade B and 

Grade A for Inyanda and Greenside coals respectively (CKS, 561: 2001). The GCV 

3obtained is similar to that of typical Inyanda coals and Greenside coals as reported in 

literature by Hattingh et al., (2013) and Pretorius et al., (2002). 

The ultimate analysis of the coals and chars shows that all coal samples are rich in elemental 

carbon, and this increases from coals to chars. The elemental hydrogen and oxygen contents 

decreased from coals to chars, similar to findings from other studies (Kajitana et al., 2002; 

Matsuoka et al., 2009; Okolo, 2010). The elemental sulphur content increased from coal to 

char for Inyanda sample; whereas for Greenside, it decreased from coal to char. The 

elemental nitrogen content increased from coals to chars for both coals.  
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Table 3.4: Proximate and ultimate analysis of coal and chars 

Properties / Sample ID Standard method 
Inyanda Greenside 

Coal Char Coal Char 

Proximate Analysis (wt. %, adb) 

Inherent moisture  SANS 5925:2007 2.3 0.6 4.4 1.2 

Ash ISO 1171:2010 16.7 22.8 12.5 17.6 

Volatile matter ISO 562:2010 24.8 2.5 32.0 1.9 

Fixed carbon By difference 56.2 74.1 51.1 79.3 

Total   100 100 100 100 

Gross Calorific value (MJ/kg) ISO 1928:1995 27.0 25.4 27.9 26.8 

Grade (based on CV) CKS 561: 2000 Grade B - Grade A - 

Ultimate Analysis (wt. %, afb) 

Inherent moisture ISO 29541:2010 2.8 0.8 5.0 1.4 

Carbon ISO 29541:2010 79.8 94.4 75.7 94.7 

Hydrogen ISO 29541:2010 4.4 0.3 5.0 0.3 

Nitrogen ISO 29541:2010 1.8 2.0 2.1 2.3 

Sulphur ISO 19759 1.4 1.9 0.9 0.7 

Oxygen By difference 9.8 0.6 11.3 0.8 

Total   100 100 100 100 

H/C atomic ratio Calculated 0.663 0.040 0.793 0.036 

O/C atomic ratio Calculated 0.092 0.005 0.112 0.006 

 

The atomic hydrogen to carbon (H/C) ratio of the coals ranged from 0.66 for Inyanda coal to 

0.79 for Greenside coal. It is worthy of note that the Greenside coal, which contained higher 

volatile matter content and had lower vitrinite reflectance (lower rank) exhibited higher 

elemental hydrogen and oxygen contents; and higher atomic H/C and O/C ratios than Inyanda 

coal with lower volatile matter content and lower H/C and O/C ratios (Tsai, 1982). Both the 

H/C and O/C ratios decreased from parent coals to the subsequent chars. 
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3.6.2 Mineralogical analysis 

3.6.2.1  XRD analysis 

The Percentage of graphite and total crystalline mineral phases of the coals and chars from 

XRD analysis results are shown in Table 3.5, while the mineral abundance results in graphite 

free basis (gfb) are given in Table 3.6.   

 

Table 3.5: Percentage of graphite and total crystalline mineral phases from XRD results 

 
Inyanda Greenside 

 
Coal Char Coal Char 

Graphite (Carbon) (wt. %) 56.3 98.2 69.0 92.2 

Total mineral phases (wt. %) 43.7 1.8 31.0 7.8 

 

The quantity of the crystalline mineral phases from the coals and the chars differ from the ash 

contents determined from proximate analysis, although the same trend was observed, 

especially for the coals, as Inyanda coal exhibited higher minerals content than Greenside 

coal. This may be due to the ashing process (usually conducted at higher temperatures of 900 

- 925°C), which may result in the loss of some volatile mineral components of the minerals. 

For the chars, opposite trends were observed between results from the proximate analysis 

determined ash contents and the XRD crystalline minerals quantities, which may be 

attributed to mineral transformations to glassy mineral phases.  

From Table 3.5 it can be seen that the most dominant minerals contained in the Greenside 

coal are kaolinite and quartz, with smaller quantities of muscovite. Inyanda coal also contains 

kaolinite as the major crystalline mineral component, with minor contributions from other 

minerals such as pyrite, calcite, dolomite and muscovite. The South African pulverized coal 

utilised in the combustion boilers in power stations primarily consists of silicate minerals 

such as kaolinite [Al2(SiO2O5)(OH)4)] and quartz (SiO2), and the non-silicate minerals for 

example potassium selenium chloride (K2SeCl6) and smaller amounts of pyrite (FeS2) 

(Akinyemi et al., 2012). This also corresponds well with the quartz obtained in South African 

coals by other researchers (Okolo, 2010; Matjie et al., 2011; Oboirien, 2011, Everson, et al., 

2013). 
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Fe2O3 abundance was observed to increases from the coals to the derived chars. CaO and 

MgO were also identified in both chars; which is a reflection of the dolomite and calcite 

mineral phases in the parent coals. As expected, lower quantity of CaO was observed for 

Greenside char, compared to higher amount of CaO content found in Inyanda char. No 

significant differences were observed in the amount of K2O, Na2O, and Cr2O3 present in both 

Inyanda and Greenside coals and their subsequent chars.  K2O may be derived from the 

muscovite in the parent coals, while TiO2 may likely originate from the rutile in the parent 

coals. 

 

Table 3.6: Mineral abundance of coals and chars (graphite free bases, (wt. %, gfb)). 

  Inyanda Greenside  

Mineral species Mineral formula Coal Char Coal Char 

Anatase TiO2 0.8 - 0.6 - 

Calcite CaCO3 10.5 - 2.1 - 

Dolomite CaMg(CO3)2 10.0 - 1.5 - 

Kaolinite Al2[Si2O5](OH)4 60.8 - 41.0 - 

Magnetite Fe3O4 0.8 - - - 

Muscovite KAll2(AlSi3O10(OH)2) 5.3 - 10.3 - 

Pyrite FeS2 10.8 - 8.2 - 

Rutile TiO2 0.4 - 0.4 - 

Siderite FeCO3 0.1 - - - 

Quartz SiO2 0.4 16.9 35.9 95.3 

Troilite FeS - 53.8 - 4.6 

Iron Fe  - 3.8 - 0.1 

Oldhamite  Ca0.9Mg0.05Fe0.05S - 25.5 - - 

TOTAL   100 100 100 100 

 

After mineral transformations following the char preparation process, it was observed that 

only quartz was the significant crystalline mineral component in Greenside char; while 

troilite and oldhamite were more abundant in Inyanda char with minor contribution from 

quartz.  
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3.6.2.2  Ash analysis (XRF) 

Results from the XRF ash components analysis expressed as metallic oxide on loss-on-

ignition (LOI) free basis (loif) is presented in Table 3.7. It can be seen from Table 3.7 that the 

ash content obtained from the XRF results corresponds well with the ash contents determined 

from proximate analysis. The ash of Inyanda and Greenside coals and their subsequent chars 

are composed mainly of the metallic oxides: SiO2 and Al2O3. These may be derived from the 

quartz and kaolinite clay minerals that form the major bulk of minerals in coals and 

subsequent chars (Spears, 2000). Both SiO2 and Al2O3 decreased from coals to chars for both 

Inyanda and Greenside samples which may be due to mineral component transformation and 

or vapourisation at the char production temperature. The Fe2O3 present maybe attributed to 

the pyrite and siderite in the original coal and troilite and iron detected in chars from XRD. 

 
Table 3.7: The XRF ash analysis of coal and chars 

Analysis (%) 

(wt. % loifb) 

Inyanda Greenside 

 Coal Char Coal Char 

SiO₂ 38.8 30.6 59.4 56.9 

TiO₂ 2.1 1.5 1.2 1.2 

Al₂O₃ 33.3 27.8 22.8 22.4 

Fe₂O₃ 4.8 11.6 6.4 10.5 

MnO 0.5 0.4 0.7 0.5 

MgO 1.7 1.5 1.3 1.0 

CaO 10.9 14.0 2.8 3.2 

Na₂O 0.2 0.2 0.3 0.3 

k₂O 0.8 0.6 1.5 1.4 

P₂O₅ 1.0 1.0 0.2 0.3 

Cr₂O₃ 0.2 0.2 0.3 0.2 

SO₃ 5.7 10.7 2.9 2.1 

Total (wt. %, loifb) 100 100 100 100 

LOI (wt. %, adb) 82.8 74.7 88.0 81.8 

Ash content of chars (wt. %, adb) 17.2 25.3 12.0 18.2 

Alkali Index, AI (-) 4.4 12.1 1.8 3.8 
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The alkali index, AI, which is a measure of the influence of the catalytic effect of ash 

components (Okolo, 2010) was determined for the coals and chars and presented in Table 

3.7. It was observed that the alkali index of both coals and chars was higher for the Inyanda 

samples compared to the Greenside samples. This may impact the reaction kinetics of the 

samples, especially the activation energy (Everson et al., 2013) as observed and discussed in 

Section 5.2.4. It is widely accepted that inorganic species from ash such as: Na, Ca, K, Mn, 

and Fe, have catalytic effect on gasification reaction of coal and tend to increase the coal 

reactivity (Walker et al., 1979; Zhang et al., 2006). 

 

3.6.3 Petrographic Analyses 

3.6.3.1  Reflectance properties 

A summary of the major petrographic properties of the parent coal and resultant char samples 

is shown in Table 3.8. 

 

Table 3.8: Reflectance properties of coal and char samples. 

Reflectance Properties 

 

Inyanda Greenside 

Properties / Sample ID Coal Char Coal  Char 

Vitrinite Reflectance 

Mean Rr (%) 0.81 - 0.66 - 

Standard deviation, δ (-) 0.09 - 0.05 - 

Range (Rr %) 0.5 - 1.0 - 0.5 - 0.7 - 

Rank 
Bituminous 

Medium 
rank C 

 

Bituminous 
Medium 
rank C 

 

Maceral Reflectance 
Mean Rsc% 1.26 6.25 0.96 6.13 

Standard deviation, δ (-) 0.53 0.77 0.57 0.43 

Range (Rsc %) 0.3 - 3.5 4.9 - 9.3 0.1 - 3.2 4.8 - 7.5 
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Greenside and Inyanda samples are characterised as bituminous, medium rank C coals; with 

the mean vitrinite random reflectance, Rr%, values of 0.66% and 0.81% for Greenside and 

Inyanda coals respectively. The standard deviation was 0.09% for Inyanda coal and 0.05% 

for Greenside coal, and the measured vitrinite reflectance ranged between 0.5 -1.0% and 0.5 - 

0.7% for Inyanda and Greenside coals, respectively. The very low standard deviation showed 

that the obtained results from the range of data (data points) are very close to the mean, 

indication a good result. The overall assessment of the general reflectivity of the maceral 

shows that the Inyanda coals with high carbon content exhibited higher levels of reflectance. 

The mean total maceral reflectance value was 1.26 Rsc% for Inyanda and 0.96 Rsc% for 

Greenside coal. Low standard deviations of 0.53 and 0.57 were observed for total maceral 

reflectance results for the two coals as shown in Table 3.8, indicating a good result. 

 

3.6.3.2  Maceral analysis 

From the maceral analysis results given in Table 3.9, Greenside coals can be classified as the 

vitrinite-rich coal, as it contains total vitrinite of 60.2 vol. %, mmfb; with lower inertinite 

content (30.1 vol. %, mmfb). 

Inyanda coal contains lesser percentage of vitrinite (36.7 vol. %, mmfb) and can be said to be 

inertinite-rich due to its higher inertinite content (60 vol. %, mmfb). Liptinite maceral is rich 

in hydrogen content, and was observed to be comparatively higher for the vitrinite-rich 

Greenside coal than the inertinite-rich Inyanda coal. The Greenside coal contains higher 

volatile matter content, and the H/C ratio was also higher than for Inyanda coal. This is 

expected since the Greenside coal is vitrinite-rich; and Inyanda coal with lower H/C is 

inertinite-rich (Tsai, 1982; Cloke and Lester, 1994). 

The reactive semifusinite and reactive inertodetrinite are the reactive inertinite maceral; since 

they are generally accepted to be reactive together with vitrinite and liptinite, and collectively 

give the sum of the total reactive maceral (Du Cann, 2010, Hattingh, 2009).  The total 

reactive maceral was observed to be higher for the vitrinite-rich coal (Greenside) and lower 

for the inertinite-rich coal (Inyanda). Inert semifusinite and inert inertodetrinite volumes were 

higher in Inyanda coal than in Greenside coal. These findings compares well with the 

outcomes of the petrographic results of other investigations on typical South African coals 

(Pretorius et al., 2002; Van Niekerk et al., 2008; Hattingh et al., 2013).  



43 
  

Table 3.9: Maceral component summary of the coal samples (vol. %). 

Maceral analysis (vol. %) 
Inyanda coal Greenside coal 

mmb mmfb mmb mmfb 

Vitrinite 32.0 35.6 55.0 59.1 

Pseudovitrinite 1.0 1.1 1.0 1.1 

Total Vitrinite (TV) 33.0 36.7 56.0 60.2 

Sporinite/Resinite/Cutinite 3.0 3.3 9.0 9.7 

Alginite 0.0 0.0 0.0 0.0 

Total Liptinite (TL) 3.0 3.3 9.0 9.7 

Reactive semifusinite (RS) 11.0 12.2 6.0 6.5 

Inert semifusinite 20.0 22.2 10.0 10.8 

Fusinite/Secrinite 4.0 4.4 3.0 3.2 

Micrinite 1.0 1.1 1.0 1.1 

Reactive inertodetrinite (TI) 6.0 6.7 2.0 2.2 

Inert inertodetrinite (II) 12.0 13.3 6.0 6.5 

Total Inertinite (TI) 54.0 60.0 28.0 30.1 

Visible minerals (VM) 10.0 - 7.0 - 

Total reactives (TV+TL+RS+RI) 53.0 58.9 73.0 78.5 

TOTAL (TV+TL+TI+VM) 100.0 100.0 100.0 100.0 

Inertinite-vitrinite ratio 1.64 0.50 

 

3.6.4. Structural analysis 

The results of the physical structural properties of the coal and subsequent char samples as 

determined from CO2 low pressure gas adsorption technique is shown in Table 3.10.  There is 

an increase in surface area and porosity from the parent coals to their subsequent chars of 

both Inyanda and Greenside samples. This is due to the release of the volatiles from the 

parent coals during the charring process, which tends to open closed, blind and initially 

inaccessible pores in the parent coals (Laurendeau, 1978; Falcon and Snyman, 1986; Cloke 

and Lester 1994). Both coals displayed very little microporosities (< 5.5%). However, the 

microporosity increased significantly in the chars.   
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Table 3.10: Physical structural properties of coal and char samples. 

Property / Sample ID   Inyanda Greenside 
      Method* Coal Char Coal Char 

Micropore surface area (m2·g-1)  D-R 114 186 156 464 
Mono-layer capacity (cm3˖g-1)  D-R 25.1 40.9 34.3 101 
Average micropore diameter (Å)  H-K 4.05 3.77 4.03 3.66 
Micropore volume x10-2 (cm3˖g-1)  H-K 3.30 4.37 3.33 3.36 
Porosity (%) (dp < 5Å) AD 3.69   7.76  4.88 13.4 
Skeletal density (g̟m-3) He pycnometer  1.63 1.99 1.48 2.09 
*D-R: Dubinin-Radushkevich method; H-K: Horvath-Kawazoe method; AD: CO

2
 Adsorption data 

 

Although the D-R micropore surface area increased from parent coals to the chars; more 

significant increment was observed for the Greenside sample (156 to 464 m2˖g-1) than for the 

Inyanda sample (114 to 186 m2˖g-1).  The same trend was also observed for the monolayer 

capacity of the samples, as it is a function of the surface area. This can be attributed to the 

maceral compositions of the samples. During pyrolysis, vitrinite-rich coals soften, swell and 

release higher amounts of volatiles in contrast to inertinite-rich coals (Laurendeau, 1978; 

Falcon and Snyman, 1986; Cloke and Lester, 1994; Du Cann, 2010; Everson et al., 2008). 

The average micropore diameter was observed to decrease from the coals to the chars for 

both samples. This is due to the opening of closed and inaccessible micropores and the 

evacuation of volatiles during devolatilisation.  

The skeletal density of the coal samples as measured by Helium pycnometer, was found to be 

higher for the Inyanda coal compared to the Greenside coal. This may be attributed to the 

higher abundance of inertinite maceral as well higher mineral matter content in Inyanda coal 

relative to the Greenside coal. However, for the chars, the skeletal density of the resultant 

chars was slightly higher for the Greenside char compared with the Inyanda char. This can be 

explained by the fact that the vitrinite-rich Greenside coal had higher propensity to react to 

the effect of heating (pyrolysis) than the inertinite-rich Inyanda coal (Cloke and Lester, 1994; 

Du Cann, 2010; Everson et al., 2008; Falcon and Snyman, 1986; Okolo, 2010; Roberts et al., 

2015). Hence, despite the fact that Inyanda coal has higher volume of inertinite maceral and 

mineral matter content than Greenside coal, the latter reacted more to heating during 

devolatilisation in the transition from coals to chars. 
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3.7 Conclusions  

The Greenside and Inyanda coal are both classified as bituminous medium rank C coals. The 

Greenside coal contains higher volume of vitrinite maceral and can be described as vitrinite-

rich; while Inyanda coal with higher inertinite maceral content can be said to be inertinite-

rich. The mean vitrinite random reflectance of the coals ranged from 0.66 to 0.81 Rr %.  The 

total reactive maceral was observed to be higher for the vitrinite-rich Greenside coal than the 

inertinite-rich Inyanda coal. The ratio of inertinite to vitrinite maceral was observed to be 

higher for Inyanda coal and lower for Greenside coal. 

The moisture and volatile matter content of the parent coals were almost completely driven 

off after the devolatilization process. The percentage volatiles released during the charring 

process for both coals corresponded well with the sum of the volatile matter and inherent 

moisture contents obtained from the proximate analysis results of the coals. The amount of 

volatile released from the vitrinite-rich coal (Greenside) was found to be higher than that of 

the inertinite-rich coal (Inyanda).  From the ultimate analysis results, the elemental carbon 

content was observed to increase; while both elemental hydrogen and oxygen contents 

decreased from parent coals to the resultant chars. Elemental nitrogen and sulphur were both 

found to increase from the parent coals to the subsequent chars. The increase in elemental 

nitrogen and sulphur contents may be an indication that the nitrogen and sulphur in the char is 

primarily bound to the organic matrix and minerals and increased proportionally with 

volatiles and moisture removal during pyrolysis. 

Results from XRD analysis show that kaolinite was the major crystalline mineral specie in 

the inertinite-rich Inyanda coal, and the subsequent char contains mostly troilite. Mineral 

matter in the vitrinite-rich Greenside coal is dominated by kaolinite and quartz. XRF results 

reveals that, SiO2 and Al2O3 were the major inorganic species present in the ash of both the 

vitrinite-rich and inertinite-rich coals and their subsequent chars. CaO was found to be 

significantly higher in the Inyanda coal and char than in Greenside coal and char. The alkali 

indices were observed to be higher for Inyanda coal and char than the Greenside samples. 

The surface area, porosity, monolayer capacity and micropore volume increase from coals to 

chars; while the pore diameter exhibited a decreasing trend from coals to chars.  The increase 

in surface area was significantly higher for the vitrinite-rich Greenside sample than the 

inertinite-rich sample (Inyanda) in the transition from coals to chars. A summary of the 

relevant coal and char characterisation results is presented in Table 3.11. 
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Table 3.11: Summary of the relevant coal and char characterisation results 

Properties / Sample ID 
Inyanda Greenside 

Coal Char Coal Char 

Proximate Analysis (wt. %) adb 

Inherent moisture  2.3 0.6 4.4 1.2 

Ash 16.7 22.8 12.5 17.6 

Volatile matter 24.8 2.5 32.0 1.9 

Fixed carbon 56.2 74.1 51.1 79.3 

Ultimate Analysis (wt. %, afb) 

Inherent moisture 2.8 0.8 5 1.4 

Carbon 79.8 94.4 75.7 94.7 

Hydrogen 4.4 0.3 5.0 0.3 

Nitrogen 1.8 2 2.1 2.3 

Sulphur 1.4 1.9 0.9 0.7 

Oxygen 9.8 0.6 11.3 0.8 

Physical structural properties  

Micropore surface area (m2˖g-1)  114 186 156 464 

Mono-layer capacity (cm3˖g-1)  25.1 40.9 34.3 101 

Average micropore diameter (Å)  4.05 3.77 4.03 3.66 

Micropore volume x10-2 (cm3˖g-1)  3.3 4.37 3.33 3.36 

Porosity (%) (dp < 5Å) 3.69   7.76  4.88 13.4 

Skeletal density (g̟cm-3) 1.63 1.99 1.48 2.09 

XRF ash analysis 

LOI (wt.%, adb) 82.8 74.7 88.0 81.8 

Ash content  (wt.%, adb)  17.2 25.3 12.0 18.2 

Alkali index, AI (-)  4.4 12.1 1.8 3.8 

Reflectance properties 

Mean vitrinite reflectance, Rr% 0.81 - 0.66 - 

Mean maceral reflectance, Rsc% 1.26 6.5 0.96 6.13 

Maceral analysis (vol. %) mmfb 

Total Vitrinite (TV) 36.7 - 60.2 - 

Total Liptinite (TL) 3.3 - 9.7 - 

Total Inertinite (TI) 60 - 30.1 - 

Total reactives  58.9 - 78.5 - 

Inertinite-vitrinite ratio 1.64 - 0.50 - 
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Chapter 4.   Experimental: Gasification and Combustion  

4.1 Introduction 

The equipment description, procedures and conditions used for both the combustion and 

gasification experiments are described in this chapter. The methods of data analysis and 

interpretation are also included. 

 

4.2 Char reactions  

The isothermal char combustion and gasification experiments were conducted in a 

thermogravimetric analyser (TGA). Various investigators have used the TGA, to study the 

char-gas reaction kinetics under isothermal and non-isothermal conditions (Cai et al., 1998; 

Liu et al., 2000; Njapha, 2003; Everson et al., 2005; Kaitano, 2007; Li et al., 2009; Everson 

et al., 2006; 2008 and 2013; Coetzee et al, 2013).  

 

4.2.1 Materials  

In this investigation, chars prepared from Inyanda and Greenside coals were used for 

reactivity experiments. The method used in the char preparation process and equipment used 

were detailed in Section 3.2 and 3.3 and char properties are listed in Table 3.11. Different 

reactant gases were used for this investigation. 

 

Table 4.1: Specifications of the gases 

Gas  Grade  Purity Item number 

Nitrogen, N2  Baseline 5.0 > 99.999% 511203-SE-C 

Carbon dioxide, CO2  Technical high Grade  > 99.0% 40-RC 

Air Baseline Moisture: < 3 ppm Air 1G Zero Cycle 

    THC as CH4: < 5 ppm   

 

These include: Air for combustion experiments, and pure carbon dioxide and steam for 

gasification experiments. The CO2, Air and N2 gases were supplied by Afrox with the 
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specifications shown in Table 4.1. For steam generation, de-ionised water with an electrical 

conductivity < 0.05 µS/m supplied by Immuno-Vet services (Pty) Ltd was used. 

 

4.2.2 Thermogravimetric Analyser (TGA) 

An in house designed and built TGA shown in Figure 4.1 was used for the combustion and 

gasification experiments. The main components of the TGA are:  

• A vertical tubular reactor (VTR), 

• Furnace, 

• Sample holder mounted on a very sensitive digital balance, 

• Water source, 

• Peristaltic pump, 

• Heating coil for generating super-heated steam, and 

• Mass flow controllers for controlling the flow rate of gaseous reagents. 

The vertical tubular reactor was supplied by Lenton™, with a furnace that can be operated 

from ambient temperature to 1500 °C with heating rates between 1 and 25 °C/min. The 

internal diameter of the reaction chamber of the furnace is about 50 mm. Mass flow 

controllers, supplied by Brooks Instruments (Model: 0254), can deliver up to 5000 cm3 of 

gaseous reactant per minute. The de-ionised water used was supplied from a 20 litre water 

reservoir, located just above the VTR at a constant flow rate through the peristaltic pump to 

an electrically heated coil. Water was passed through the heating coil at a temperature of 

about 340 °C to generate and superheat the steam. The super-heated steam flows through the 

reaction chamber for gasification reactions to occur. Temperature inside the reaction chamber 

was measured by a K-type thermocouple. The thermocouple is about 3 mm thick and about 

60 cm long; and was inserted from the top of the furnace and placed about ± 5 mm above the 

sample holder. 

A quartz bucket was used as a sample holder which was placed on a stand on the mass 

balance. The quartz bucket consists of perforations at the bottom to allow the gaseous 

reactants and products to pass through easily. A sieve made from sandstone with apertures of 

about 0.8 mm was placed at the bottom of the sample bucket with quartz wool below to 
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prevent the samples from passing through. Details about the quartz bucket design 

specifications were discussed by Du Toit (2013) and are presented in Appendix A.  

An ADAM PGQ 453e mass balance was used to log the sample mass in the sample holder 

inside the reactor at a discrete interval of 30 seconds, from which experiment time can be 

deduced. The balance is connected to the computer where the data are captured.  

 

 

Figure 4.1: Schematic diagram of the TGA (Coetzee et al., 2013) 

 

 
4.2.3 Experimental Procedure  

After the TGA was switched on, the reaction condition, usually the isothermal reaction 

temperature to be used, was entered into the interactive screen of the furnace control panel to 

set the heating scheme of the VTR. The data logger from the balance was also activated on 

the Windows™ data logging software on the computer. All experiments were conducted at 

ambient pressure of 0.88 (± 0.02) bar in Potchefstroom. 
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The mass balance was switched on and sample holder was placed on it and tared. The furnace 

was heated at 20 °C/min under nitrogen at a flow rate of 1500 cm3/min to reach the required 

isothermal reaction temperature. The sample was loaded in the sample holder and distributed 

uniformly. The furnace was lowered down, until the sample holder was in the hot zone, 

which is ± 5 mm below the thermocouple. 

An additional 5 minutes was allowed for the temperature to stabilise at the required 

isothermal temperature of reaction with the sample inside. The nitrogen gas flow was turned 

off and the sample was left for 30 seconds without any gas flowing. The data logging 

software was set to capture the mass loss and the reaction gas was switched on. The reaction 

was allowed to advance until no further loss in mass was observed. This indicates that the 

combustible carbon in the char has been fully reacted. The gas flow was then stopped once 

the ash value was obtained. 

 

4.3 Normalisation of the experimental results 

Figure 4.2 presents the mass loss curve of the Inyanda char as a function of time, during 

steam gasification at 875 °C.  

 

 

Figure 4.2: Raw data from the TGA for Inyanda char. 
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The figure consists of two sections, (1) initial section where the temperature is ramped from 

ambient to the required isothermal temperature of reaction and Section (2) shows the main 

part of the isothermal steam gasification reaction where the char reacts with steam (or any of 

the other reactants: air or carbon dioxide) until a constant mass is obtained. The constant 

mass represents the ash content of the sample. For steam gasification of Inyanda char at 875 

°C shown in Figure 4.2, 2.03 gram of sample was used and the final ash value was 0.512 g; 

corresponding to the char ash content of 25.5 wt. %,db. Generally, the ash content derived 

from the experiments for both chars correlates well with the proximate analysis (Table 3.4) 

determined ash contents of the chars with percentage error of ± 4%. 

 

4.4 Data analysis 

The raw data from the TGA as presented in Figure 4.2 was fitted to show only the section 

where the steam gasification reaction occurred (Section 2) and presented in Figure 4.3.  

 

Figure 4.3: Curve fitting from the TGA of Inyanda char gasification with steam at 875 °C. 
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presented in Appendix B. The mass generated from the 5th order polynomial fitting was found 

to adequately fit the experimental data with highly reduced noise and was used for further 

data processing throughout this work.  

  

4.4.1 Determination of the reactivity of chars 

4.4.1.1  Specific reaction rate 

The specific reaction rate Rs, (g/g/s) of the chars at different instantaneous carbon 

conversions was determined by Equation 4.1 (Radovic, et al., 1991; Roberts and Harris, 

2007; Tay and Li, 2010), where the specific reactivity (Rs) is given by: 

 

c
s m

dt
dm

R
−

=
                   (4.1) 

 

where mc, is the remaining mass of carbonaceous material and is given by: 

 

ashtc mmm −=                    (4.2) 

 

Where mt is the instantaneous mass of carbon at a certain reaction time, t, and mash, is the 

mass of the ash final mass obtained after reactivity). For the evaluation of the specific 

reaction rate, the fitted curves as illustrated in Figure 4.3 were used. 

 

4.4.1.2  Initial reaction rate 

The initial reaction rate (Rs,0) of the chars was determined from Equation 4.3, as used by 

Roberts and Harris (2007).  

0

0,
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−
=
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S m
dt

dm
R                   (4.3) 
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4.4.2 Fractional Carbon conversion  

The data obtained from the polynomial fitting was used to obtain the fractional carbon 

conversion, calculated using the Equation 4.4 (Everson et al., 2006, 2008 and 2013 Everson 

et al., Wu et al., 2008; Okolo, 2010). 

asht

ti

mm

mm
X

−
−=

                  
(4.4) 

where X is defined as the fractional carbon conversion, and mi is the initial mass of char 

sample. 

 

4.4.3 Determination of activation energy 

The activation energy, Ea, of the chars was calculated using the linearised form of the 

Arrhenius Equation 4.5 given in Equation 4.6. 
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R a

S +−=
                            

(4.6) 

This was achieved by plotting ln (Rs,0) against the reciprocal of the isothermal experimental 

temperatures (in Kelvin), and the apparent activation energy, Ea, was estimated from the 

slope, according to the expression: 

RslopeEa ⋅−=                   (4.7) 

 

4.4.4 Dimensionless plots 

The dimensionless reduced specific reaction rate was obtained by dividing the specific 

reaction rate (Rs) with the initial reaction rate (Rs,0) given in Equation 4.8.  

 

0,s

s

R

R
ratereactionspecificreduced =                (4.8) 
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This was done in order to obtain a single characteristic curve which was plotted against the 

fractional carbon conversion. It should be noted that under chemical reaction kinetic control 

regime, the reduced specific reaction rate should be expected to be approximately the same 

irrespective of reaction temperature and may be used to validate the RPM structural model, 

similar to the dimensionless reduced time (t/t0.9) (Kaitano, 2007; Everson et al., 2008; Okolo, 

2010; Everson et al., 2013)     

 

4.4.5 Repeatability 

To determine the accuracy of the experimental data, steam gasification of Inyanda char at 875 

°C was selected. Figure 4.4 represent the specific reaction rate versus carbon conversion (up 

to 60%) plot of 4 runs used for repeatability. 

The average experimental error value of 8.4% was obtained at 95% confidence interval for 

the four independent runs. It was thus assumed that the accuracy of the apparatus was 

sufficient and does not require repeated runs. 

 

 

Figure 4.4: Repeatability runs of Inyanda steam gasification at 875 °C. 
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4.5 Experimental Conditions 

To achieve the purpose of this research work, which is, to investigate the kinetics of 

combustion and gasification of typical South African coal chars, various parameters which 

includes the effect of reactant gas flow rate, reactant temperature, external diffusion and the 

optimal sample mass for accurate TGA operation were examined to ensure that the 

experiments were kept within the chemical reaction controlled regime as done in a previous 

study similar to this (Du Toit, 2013). External diffusion effects were not observed at a 

temperature below 900 °C; at a reaction gas flow rate of < 6600 ml/min was selected. Sample 

mass of 2.0 gram were used for the experiments as it gave the best reproducibility (Du Toit, 

2013). Details of these results are presented in Appendix C. 

All the experiments were conducted isothermally at five different temperatures within the 

selected temperature range. Char combustion with air was carried out at low temperature 

range, while char gasification with CO2 and steam were conducted at higher temperature 

ranges. The choice of ranges of temperature used for the combustion and gasification 

reactions was to ensure that the reactions were kept under chemical reaction kinetic control 

(Regime I) (Okolo, 2010; Du Toit, 2013). The resultant chars were used for the experiments 

as reaction with chars is the rate controlling step in coal combustion and gasification 

reactions (Laurendeau, 1978; Okolo, 2010). 

 

Table 4.2: Operating conditions of experiments 

Parameters 
Conditions 

Combustion with 
air 

Gasification with 
steam 

Gasification with 
carbon dioxide 

Particle size (µm) -1180+850 -1180+850 -1180+850 
Mass sample (g) 2 ± 0.2 2 ± 0.2 2 ± 0.2 
Flow rate (cm3 gas/min) 1500 1500 1500 

Reaction temperature (°C) 387 - 425 775 - 850 825 - 900 

Reaction gas Air 100% H2O 100% CO2 
Reaction pressure (bar) atmospheric atmospheric atmospheric 
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Chapter 5.      Results and Discussions 

5.1 Introduction 

This chapter presents the experimental results and discussion of the char combustion with air 

and gasification with steam and carbon dioxide. Specific reaction rates of the carbon 

conversions, in the different atmospheres are discussed. The effects of coal maceral and 

reaction temperature on the reactivity of the samples are also presented. The kinetic 

parameters and estimated activation energy obtained are included. The validation of the RPM 

data against the experimental data is also presented. Typical experimental result i.e. specific 

reaction rate and activation energy are presented in Section 5.2 and modelling results are 

presented in Section 5.3. 

The specific reaction rates of the Greenside and Inyanda chars were determined using 

Equation 4.1, while the fractional carbon conversion was determined from Equation 4.4. The 

results of the specific reaction rates of the two chars in different reaction atmospheres are 

presented up to 60% fractional carbon conversion at the operating temperature of the 

combustion and gasification reactions.  

 

5.2 Experimental Results 

5.2.1. Initial and specific reactivity of Greenside char 

The results obtained from the combustion and gasification reactions of Greenside char in 

different reaction atmospheres and temperature ranges are discussed in this section, including 

the determined specific reaction rates and initial reaction rates. 

 

5.2.1.1  Steam gasification  

The plot of the specific reaction rate against fractional carbon conversion at different reaction 

temperature for Greenside char during steam gasification is presented in Figure 5.1.  From 

Figure 5.1, it was observed that the specific reaction rate of Greenside char increases with an 

increasing fractional carbon conversion at the higher temperatures range (850 ⁰C). This 

increase was more pronounced at higher fractional conversion. At lower temperature range 
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(775 - 825 °C), the specific reaction rate was constant and does not show significant changes 

with increasing fractional carbon conversion.   

 

 

Figure 5.1: Specific reactivity of Greenside char during gasification with steam. 

 
Chi and Perlmutter (1989) reported an increase in micropore volume density during steam 

gasification with increase in fractional carbon conversion at the higher temperature range up 

to 1000 °C, which could explain the observed phenomenon.  

The summary of the obtained initial reaction rate (Rs,0) and time at which 50% carbon 

conversion was achieved (t0.5) for the steam gasification of Greenside char are presented in 

Table 5.1. 

  

Table 5.1: Initial reaction rate of Greenside char during steam gasification  

Reaction Temperature, T (°C) t0.5 (hr) Rs,0 (g/g/s) ·10⁻⁵ 

775 3.6 2.76 

800 1.9 4.84 

825 1.2 8.87 

850 0.8 15.4 
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The initial reaction rate during steam gasification of the Greenside char was found to strongly 

increase with an increase in reaction temperature, which is typical for operation in the 

reaction controlled regimes, and can be compared to various other investigators (Everson et 

al., 2006; Everson et al., 2013; Sangtong-Ngam and Narasingha, 2008). 

 

5.2.1.2  CO2 gasification 

The plot of specific reaction rate against fractional carbon conversion of Greenside char 

during CO2 gasification at different reaction temperature is shown in Figure 5.2.  

 

 

Figure 5.2: Specific reactivity of Greenside char during gasification with CO2. 

 
It was observed from Figure 5.2, that the specific reaction rate exhibited an increase with 

increasing fractional carbon conversion, for all the reaction temperature, and was more 

significant at the higher temperature range (850 - 900 °C). The initial specific reaction rate 

(Rs,0)  and time at which 50% fractional carbon conversion was reached for the Greenside 

char CO2 gasification reaction are presented in Table 5.2 for all reaction temperature. 

The specific reaction rate during CO2 gasification of the Greenside char was observed to 

strongly increase with increasing reaction temperature, as was observed by (Du Toit, 2013). 
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This may be attributed to the to the setting in of a slight shift to Regime II kinetic control as 

reaction temperature increases to 900 °C and may be more pronounced beyond this 

temperature (Laurendeau, 1978; Lee, 2014). 

 

Table 5.2: Initial reaction rate during CO2 gasification of Greenside char 

 

 

 

5.2.1.3  Air combustion  

The specific reaction rate for air combustion of Greenside char at different reaction 

temperatures plotted against fractional carbon conversion up to 60% is given in Figure 5.3. 

 

Figure 5.3: Specific reactivity for air combustion of Greenside char. 
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Figure 5.3 shows that during char combustion with air, specific reaction rates increases with 

increase in fractional carbon conversion for all the reaction temperatures. An increase in 

specific reactivity as carbon conversion proceeds during air combustion was observed by Tay 

and Li (2010). This may be attributed to initial pore development as the char was heated to 

the isothermal reaction temperature and subsequent pore development during conversion 

(Mahajan et al., 1979; Liu et al., 2000, Roberts and Harris, 2000). This suggests that surface 

area increases with increasing carbon conversion until about 75% fractional carbon 

conversion thereafter the char surface area starts to diminish; indicative of a maximum rate of 

reaction at X > 0. This means that the RPM ψ for this reaction will be > 2 as observed in 

Section 5.3.3 (Tables 5.11 and 5.12). Pore enlargement during coal combustion under 

chemical kinetic controlled regime (Regime 1) was reported by (Valix et al., 1992, Tsai and 

Scaroni, 1987). 

The summary of the initial reaction rate (Rs,0) and time for 50% carbon conversion (t0.5) 

during Greenside char combustion with air is presented in Table 5.3. From Table 5.3, it is 

obvious that the initial reaction rate (Rs,0) increases with increase in the reaction temperatures 

during air combustion, which was more significant at higher temperatures similar to the 

observed trend in Figure 5.2. 

 

Table 5.3: Initial reaction rate of Greenside char during air combustion 

Reaction Temperature, T (°C) t0.5 (hr) Rs,0 (g/g/s) ·10⁻⁵ 

387 28.1 0.46 

400 19.3 0.87 

412 10.9 2.16 

425 5.6 4.34 

 

5.2.2 Initial and specific reactivity of Inyanda char 

The results obtained for the Inyanda char during reactivity at different reaction conditions are 

discussed in this section. This includes specific reaction rate and the initial reactivity. The 

specific reaction rates of Inyanda char at different reaction atmospheres was determined by 

similar method as described in Section 5.2.1, is presented in this section. 
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5.2.2.1  Steam gasification  

Figure 5.4 shows the specific reaction rate versus fractional carbon conversion plot for the 

steam gasification of Inyanda char at different reaction temperatures (775 - 850 °C).  

It can be observed from Figure 5.4 that the specific reactivity during steam gasification was 

almost constant at the lower carbon conversions, and slightly increases at higher carbon 

conversion for the lower temperatures ranges (775 - 825 °C). The increase in specific reaction 

rate is more prominent at a higher reaction temperature (850 °C), with increasing carbon 

conversions from about 10% fractional carbon conversion. The same trend was observed for 

steam gasification of Greenside coals (Figure 5.1), Robert and Harris (2007) also observed 

similar trends from chars derived from Australian bituminous coals.  

The initial reaction rate, (Rs,0) and the time to reach 50% fractional carbon conversion, t0.5, 

obtained from the gasification of Inyanda char with steam are presented in Table 5.4.  

 

 

Figure 5.4: Specific reactivity of Inyanda char during steam gasification. 

 

The initial reaction rate (Rs,0) during steam gasification of the Inyanda char was found to 

increase with increase in reaction temperature which is also similar to the Greenside chars. 

Higher specific reaction with lower time to reach 50% conversion was observed for 

Greenside chars (presented in Table 5.1) as compared to the Inyanda chars. 
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Table 5.4: Steam gasification reactivity of Inyanda char 

Reaction Temperature, T (°C) t0.5 (hr) Rs,0 (g/g/s) 10⁻⁵ 

775 8.4 2.06 

800 4.3 4.08 

825 2.9 6.22 

850 1.6 11.2 

 

 

5.2.2.2  Carbon dioxide gasification 

The specific reaction rate for CO2 gasification of Inyanda char was evaluated and compared 

at different reaction temperatures. These results are presented in Figure 5.5.  

 

 

Figure 5.5: Specific reaction rate for CO2 gasification of Inyanda char. 
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conversion at the lower reaction temperatures (825 - 875 °C). At higher reaction temperatures 

(900 °C), the specific reaction rate remains fairly constant up to 10% carbon conversion; after 

which, the specific reactivity decreased with increasing carbon conversion. 

Robert and Harris (2007) also observed similar finding of constant specific reaction rate as 

carbon conversion increase, followed by a reduced reaction rate with an increase in carbon 

conversion during CO2 gasification. For CO2 gasification of Greenside chars reported in 

Figure 5.2, it was observed that the rate increases with an increase in carbon conversions 

which is more pronounced at higher temperatures. The difference in the behaviour of the 

specific reaction rate with carbon conversion could be due to the dense-type structure of the 

Inertinite-rich chars does not permit development of pore structure during gasification of 

Inyanda chars (Louw, 2013).  

The initial reaction rate (Rs,0)  and time for 50% carbon conversion for the CO2 gasification 

of Inyanda char are presented in Table 5.5. 

 

Table 5.5: CO2 gasification reactivity of Inyanda char 

Reaction Temperature, T (°C) t0.5 (hr) Rs,0 (g/g/s) 10-5 

825 36.7 0.46 

850 25.1 0.78 

875 17.9 1.12 

900 9.2 2.09 

 

 

Results from Table 5.5 shows that the initial reaction rate increases with increasing 

isothermal reaction temperatures. Greenside chars react rapidly than the Inyanda chars as it 

took longer hours for Inyanda chars to reach 50% conversions although the initial specific 

reaction rate obtained does not show any significant difference with that of Greenside chars 

presented in Table 5.2. 
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5.2.2.3  Air combustion  

The plot of specific reaction rate versus fractional carbon conversion for air combustion 

reaction of Inyanda char at different reaction temperatures is presented in Figure 5.6. From 

Figure 5.6, it was observed that the specific reaction rate for Inyanda chars slightly decrease 

with an increase in carbon conversion (up to 40%) for all reaction temperatures. As the 

carbon conversion increases, the specific reaction rate slightly increases. Liu et al., 2000 

states that the decrease in specific reaction rate as carbon conversion proceeds can be 

attributed to structural evolution involving pore coalescence during the reaction with air.  The 

pore coalesce or collapse, results from the decrease in surface area, hence the specific 

reaction rate decrease with an increase in carbon conversions and increases at higher carbon 

conversions. As the fractional carbon conversion increases, carbon is consumed, causing 

pores to grow and coalesce with  neighbouring  pores  resulting  in  decreased  active reaction 

surface  area,  and  therefore  the rate decreases (Tang et al., 2005). The results differs from 

that of Greenside chars, the specific reaction rate increase with an increase in carbon 

conversion during air combustion as reported in Figure 5.3. 

 

 

Figure 5.6: Specific reactivity for air combustion of Inyanda char. 
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The determined initial reaction rate (Rs,0), and time at 50% carbon conversion from the 

Inyanda char air combustion reaction are presented in Table 5.6. 

The initial reaction rate during air combustion, steam and CO2 gasification of the Inyanda 

char was found to follow Arrhenius type kinetics and increases with increasing reaction 

temperature for Inyanda and Greenside coal chars. Higher initial specific reaction rate and the 

higher reaction time at 50% conversion was observed for Greenside chars  as presented Table 

5.2. 

 
Table 5.6: Reactivity values for air combustion of Inyanda char 

Reaction Temperature, T (°C) t0.5 (hr) Rs,0 (g/g/s) 10-5 

387 44.3 0.46 

400 33.6 0.58 

412 22.2 0.91 

425 13.3 1.40 

 

 

5.2.3 Effect of coal and char properties on the reactivity of chars 

The effects of char properties on the reactivity of the Greenside and Inyanda chars are 

discussed in this Section. Table 5.7 presents the comparison of the initial specific reaction 

rate of the Greenside and Inyanda chars at different reaction atmospheres and reaction 

temperatures against the inertinite-vitrinite ratios. 

It can be observed from Table 5.7 that the initial reactivity of both Inyanda and Greenside 

coal chars strongly depend on the reaction temperatures, as it increases with an increasing 

reaction temperature for all three different reaction atmospheres. Greenside coals have higher 

initial reactivity than the Inyanda chars for all reaction atmospheres, this is due to the fact that 

vitrinites coals are more reactive and have a higher burn out time than the inertinite rich coals 

( Tsai and Scaroni, 1987; Du Cann, 2008). The initial reactivity of chars decrease with 

increasing the inertinite-vitrinite ratios of the parent coals as observed. Inyanda char with the 

highest inertinite-vitrinite ratio exhibit lower reactivity than Greenside chars with lowest 

ratio. 
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Table 5.7: Comparison of the initial specific reaction rate of different coal chars at 
different reaction atmospheres. 

Reaction atmosphere 

Coal Greenside Inyanda 

Inertenite -vitrinite ratio (-) 0.5 1.64 

Reaction Temperature (°C) Initial specific reactivity, Rs,0 (g/g/s).10-5  

Steam gasification 

775 2.76 2.06 

800 4.84 4.08 

825 8.87 6.22 

850 15.4 11.2 

CO2 gasification 

825 0.48 0.46 

850 0.80 0.78 

875 1.13 1.12 

900 2.43 2.09 

Air combustion 

387 0.46 0.46 

400 0.87 0.58 

412 2.16 0.91 

425 4.34 1.40 

 

Chars generated from vitrinite-rich (Greenside) and inertinite-rich (Inyanda) coals are 

expected to have different reactivities due to maceral which produce different chemical and 

physical structures. During reactivity, chars produced from coals with higher volume of 

vitrinite have a greater propensity to swell, expand and form vesicles that improve the 

porosity and increases the surface area of the reacting chars resulting in a more porous char, 

which increase the access of reacting gases to the reactive surface area (Falcon and Snyman, 

1986; Cloke and Lester, 1994; Tsai and Scaroni, 1987; Du Cann, 2008, Okolo, 2010).  

The difference in reactivity is also attributed to differences in both chemical and physical 

properties, since both play an important role in reactivity behaviour.  Results from XRD 

analysis indicated that the inertinite-rich coals has a more ordered structure than the vitrinite-

rich coal which also attribute to the lower reactivity of the Inyanda chars (Okolo, 2010; 

Everson et al., 2013; Louw, 2013). It was also observed from these results that the initial 

reactivity of the chars increases with decreasing the alkali index of the chars (Chapter 3, 

Section 3.6.4, Table 3.10). 
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The disparity in reactivity may also be associated with the structural properties of the chars. 

Chars prepared from the vitrinite rich coal (Greenside) has exhibited higher micropore 

surface area and porosity than the chars from inertinite-rich (Inyanda) coal (Chapter 3, 

Section 3.6.4, Table 3.10). This has a pronounced effect on the carbon burn-out during 

combustion and gasification as the probability of participation of active sites located in the 

micropores will be higher for the Greenside char. This  validates  the  result  of  other  

investigators that  higher  surface  area  promotes char  reactivity  (Liu, et al., 2000; Sue et 

al., 2001; Kaitano, 2007; Du Cann, 2008; Everson et al., 2008;  Kajitani  et al., 2006; Okolo, 

2010, Zhang 2010). An increase in char porosity has also been reported to impact positively 

on the reactivity of chars (Laurendeau, 1978; Okolo, 2010) and this correlates well with the 

findings of this investigation.  

 

5.2.4 Determination of activation energy 

The evaluated activation energy, Ea, was obtained from the Arrhenius plot using the initial 

reaction rate of the chars, as detailed in Section 4.4.3. The pre-exponential factor and 

correlation coefficients were also determined. Figure 5.7 shows the Arrhenius plot obtained 

by representing the logarithm of the initial reaction rate determined at each reaction 

temperature vs. the inverse of the absolute temperature obtained during air combustion and 

gasification with steam and carbon dioxide of Greenside and Inyanda chars.  

 

Figure 5.7: Arrhenius plots (Ln Rs0 vs T-1) at different reaction atmosphere 

CO2 
gasification 

Steam 
gasification Air 

Combustion 
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It was observed from Figure 5.7, that for air combustion, CO2 and steam gasification the plot 

is linear. Based on the linearity of the Arrhenius plot and the values of apparent activation 

energy, it can be concluded that the reactions in all the three atmospheres were under 

chemical reaction control regime for the two chars studied. Thus reaction gases (air, CO2 and 

steam) diffuse freely into the interior of the porous char (Greenside and Inyanda) and react 

uniformly. 

The position of the plots with respect to different atmospheres was due to different 

temperature ranges chosen for the study. The Arrhenius plot (Ln Rs0 vs T-1) also shows 

similar trend in terms of linearity with correlation coefficient (R2 > 0.97). From the slope and 

intercept of these plots, the activation energy, correlation coefficient determined are 

summarised in Table 5.8, this table also includes various activation energy obtained for 

different coals.  

It can be seen that higher activation energies were observed for the chars derived from 

vitrinite-rich coals (Greenside) with lower vitrinite reflectance and maceral reflectance for all 

the different reaction atmospheres. However, Inyanda char produced from the inertinite-rich 

coal with higher vitrinite and maceral reflectance exhibited lower activation energies for all 

three different reaction atmospheres. This may be attributed to the inherent catalytic influence 

of the inorganic components of the resultant ash of the chars (Section 3.6.2.2). Furthermore, 

Miura et al., (1990) reported that higher activation energies are obtained for highly reactive 

coals. 

 

Table 5.8: Kinetic parameters from Arrhenius plot 

  
Greenside   Inyanda 

Steam CO2 Air 
 

Steam CO2 Air 

Ea (kJ·mol-1) 228 ± 10 240 ± 23 175 ± 30 

 

214 ± 12 210 ± 16 127 ± 19 

As (sec-1) 4.7x106 1.8x105 9.8x1012 

 

1.2x106 4.3x104 5.2x103 

R² 0.999 0.972 0.993   0.994 0.989 0.976 

 

 

The activation energies obtained are comparable to results reported by other investigators 

which are presented in Table 2.2, Section 2.6  for air combustion reaction (Cai et al., 1998; 
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Simma-Ella et al., 2005; Sangtong-Ngam and Narasingha, 2008; Everson et al., 2005, 2006 

and 2013); for steam gasification (Chi and Perlmutter, 1989; Kajitana et al., 2002; Wu et al., 

2006; Zhang et al., 2006; Robert and Harris, 2007); and char gasification with carbon dioxide 

(Matsui et al., 1987; Kajitana et al., 2002; Robert and Harris, 2007; Everson et al., 2008; 

Okolo, 2010; Hecht et al., 2011;Tomaszewicz et al., 2013).  
 

 

5.2.5 Dimensionless plots  

This section discusses the comparison of the single characteristic dimensionless plots of 

reduced specific reaction rate (Rs/Rs,0) of Greenside and Inyanda chars against carbon 

conversion in different reaction atmospheres and reaction temperatures studied, this 

procedure was explained fully in Section 4.4.3. These dimensionless plots can give insights 

into the reaction kinetic regime and can be used to validate the structural models as discussed 

in Section 4.4.4. 

 

5.2.5.1  Steam gasification 

The dimensionless plot of the reduced specific reaction rate (Rs/Rs,0) against fractional carbon 

conversion for steam gasification of Greenside and Inyanda chars at different reaction 

temperature is presented in Figure 5.8. 

 

  

Figure 5.8: Dimensionless plot of Rs/Rs,0 vs. carbon conversion for steam gasification of (a) 
Greenside and (b) Inyanda chars.  

0.0

1.0

2.0

3.0

0.0 0.2 0.4 0.6

R
s/

R
s ₀₀ ₀₀

(-
)

Carbon conversion, X (-)

775 °C
800 °C
825 °C
850 °C

(a)

(a)

0.0

1.0

2.0

3.0

0.0 0.2 0.4 0.6

R
s/

R
s ₀₀ ₀₀

(-
)

Carbon conversion, X (-)

775 °C
800 °C
825 °C
850 °C

(b)

(b)



70 
  

It was observed from Figure 5.8 that the reduced specific reaction rate follows similar trend 

for both Greenside and Inyanda chars for all the reaction temperatures during steam 

gasification. Thus, the mechanism of steam gasification of both the Inyanda and Greenside 

chars is not temperature dependent. This means that the steam does not have any influence on 

the pore structure or surface area of the both chars during conversion. 

 

5.2.5.2  CO2 gasification 

The resulting dimensionless plot of the reduced specific reaction rate (Rs/Rs,0) against carbon 

conversion for CO2 gasification of Greenside and Inyanda chars at different reaction 

temperature is given in Figure 5.9.  

It was observed from Figure 5.9 that the reduced specific reaction rate for Greenside char 

follows similar trend. However the trend is only similar at higher reaction temperatures (850 - 

900 °C) for Inyanda chars.  This suggests that the mechanism of CO2 gasification was not 

significantly temperature dependant for both Greenside and Inyanda chars. An increase in 

reduced specific reaction rate with an increase in carbon conversion was observed for the 

char derived from vitrinite-rich coal (Greenside) whereas for the char generated from 

inertinite-rich Inyanda coal, the average reduced specific reaction decreases with increasing 

fractional carbon conversion.  

 

  

Figure 5.9: Dimensionless plot of Rs/Rs,0  vs. carbon conversion for CO2 gasification of (a) 
Greenside and (b) Inyanda chars.  
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5.2.5.3  Air combustion 

Figure 5.10 presents the dimensionless plot of reduced specific reaction rate (Rs/Rs,0) against 

carbon conversion for air combustion of Greenside and Inyanda chars at different reaction 

temperature. 

  

 

Figure 5.10: Dimensionless plot of Rs/Rs,0  vs. carbon conversion for CO2 gasification of (a) 
Greenside and (b) Inyanda chars. 

 
From Figure 5.10, it can be observed that for Greenside chars, the dimensionless reduced 

specific reaction rate (Rs/Rs,0) does not form a single curve for all reaction temperatures. 

However for Inyanda char, the reduced specific reaction rate follows a similar mechanism. 

Therefore, the mechanism of pore development during air combustion of Greenside chars is 

temperature dependent whereas the Inyanda char is not temperature dependent. The reduced 

specific reaction rate increases with an increases in carbon conversion for Greenside chars 

and decrease with increase in carbon conversions for Inyanda chars. Differences between the 

reduced specific reactivity trend of chars during air combustion and CO2 gasification can be 

attributed to varying contributions of factors such as the accessible surface area that relates to 

the porous structure, and the degree of structural order that relates to the carbon active sites 

(Tang et al., 2005).  

 

5.3 Particle model evaluation  

In this section the particle model parameters i.e time factor (Ri), and structural parameter (ψ) 

were estimated from the model equations described in details in Sections 2.5.2. The particle 
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model parameters obtained from the dimensionless plots of the reduced specific reaction rate 

(Rs/Rs,0) and the results obtained was validated on the experimental data of the specific 

reaction rate. The quality of fit (QOF) parameter defined by Equation 5.1 was evaluated to 

validate and determine the accuracy and efficiency of the applied model. 
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5.3.1 Random pore model (RPM)  

Since it is important to understand the structural changes during char conversion during 

reactivity, the RPM was chosen for this study. The RPM, proposed by Bhatia and Perlmutter 

(1980), the equation was discussed in detail in section 2.5.2.1. It was then expressed and in 

Section 2.5.2.2 in terms of the specific reaction rate, the RPM determined specific reaction 

rate equation can be re-written in the form of Equation 5.2. The derived equation is given in 

Table 2.1, Section 2.5.2.2. 

2

2tR
RR i

is

ψ+=
         

(5.2) 

 
This equation was also used to evaluate the applicability of the well-known RPM on the 

reduced specific reaction rate. 

 

5.3.2 Evaluation of structural parameter  

The RPM dimensionless structural parameters, ψ were determined by the procedure 

discussed in Section 5.3.1. This Section present the RMP structural parameter comparison of 

Greenside and Inyanda chars obtained for different reaction atmospheres at different reaction 

temperatures.  
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5.3.2.1  Greenside char 

Table 5.9 present the determined RPM structural parameters (ψ) of Greenside char during 

gasification with steam and CO2 and combustion with air at different reaction temperatures.  

 

Table 5.9: Determined RPM ψ values of Greenside chars for different reaction 
atmospheres and different reaction temperatures. 

Greenside char 

Steam gasification CO2 gasification Air combustion 

Temp (°C) ψ (-) 
 

Temp (°C) ψ (-) Temp (°C) ψ (-) 

775 0.23 
 

825 2.08 
 

387 6.99 

800 0.20 
 

850 1.46 
 

400 3.75 

825 0.36 
 

875 4.07 
 

412 1.98 

850 0.41 
 

900 2.57 
 

425 0.28 

Average 0.30   
 

2.55   
 

3.25 

 

From Table 5.9, it can be observed that the determined structural parameter did not show any 

significance variation for all reaction temperatures during steam and CO2 gasification. 

However this was expected since it was observed that the dimensionless plots during steam 

and CO2 gasification of Greenside char were not temperature dependant presented in Figure 

5.8 (a) and 5.9(a). The determined structural parameter ψ, value during air combustion for 

Greenside chars varies significantly with reaction temperatures. The structural parameter is 

dependent on the reaction temperature and was observed to increase with a decrease in 

reaction temperatures. Miura et al., (1990) also observe an increase in structural parameter 

with decrease in reactivity. These suggest that the structural evolution mechanism was the 

dominant factor during the initial stages of air combustion of Greenside chars. 

The determined RPM structural parameter, ψ for Greenside chars varies substantially with the 

reaction atmospheres.  For Greenside chars the structural parameter is not dependent on the 

coal physical properties and is significantly affected by the conditions under which the coal 

chars are reacted. However this suggests that the structural evolution mechanism during the 

initial stages of the char reactions differs significantly and tends to cause the changes in the 
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internal pore structure. The effect in the pore structure may be influenced significantly by the 

maceral component.   

Depending on the coal rank and type; the reported structural parameter values obtained 

ranged from 0.1 to 25 for steam gasification (Chi and Perlmutter, 1989; Zhang et al., 2010, 

Du Toit, 2013), 0 to 26 for CO2  gasification (Liu et al., 2000; Kaitano, 2007; Okolo, 2010; 

Tomaszewicz et al., 2013; Du Toit, 2013) and for air combustion it ranged from 0.5 to 5.1 

(Sangtong-Ngam and Narasingha, 2008; Everson et al., 2013; Liu et al., 2000). 

 

5.3.2.2  Inyanda char  

The RPM structural parameters, ψ obtained during Steam and CO2 gasification and air 

combustion of Inyanda coal chars is presented in Table 5.10. 

It can be observed in Table 5.10 that the obtained ψ value does not show any significant 

difference with the reaction temperatures for all different reaction atmospheres.  

Nnonetheless this is expected since the mechanism of the steam and CO2 gasification and air 

combustion for Inyanda chars was not dependent on temperature (Figure 5.8 (a), 5.9 (b) and 

5.10(b)). The value obtained for ψ, was found not vary during steam and CO2 gasification 

and air combustion. 

 

Table 5.10: Determined RPM ψ values of Inyanda chars for different reaction 
atmospheres at different reaction temperatures. 

Inyanda char 

Steam gasification CO2 gasification Air combustion 

Temp (°C) ψ (-) 
 

Temp (°C) ψ (-) Temp (°C) ψ (-) 

775 0.3 
 

825 0.28 
 

387 -0.40 

800 0.40 
 

850 -0.50 
 

400 -0.17 

825 0.19 
 

875 -0.36 
 

412 -0.31 

850 0.41 
 

900 -0.51 
 

425 -0.35 

Average 0.33   Average -0.27   Average -0.31 
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However the structural parameter, ψ determined for CO2 gasification and air combustion was 

negative. The negative ψ value contradicts Equation 2.6 (in Section 2.5.2.1) since the 

physical properties of the char/coal (pore length, surface area and porosity) will results in 

negative values upon rearranging the equation. However, similar results were observed by 

Zhang et al., (2015), during CO2 gasification of raw Wyodak coals and Coetzee (2011), 

during steam gasification of South African coals. If the structural parameter reduces to zero, 

this suggests that RPM becomes the same as the homogeneous model (Zhang et al., 2010; Du 

Toit, 2013).  

 

5.3.3 Validation of the RPM  

In order to validate the suitability of the RPM for Greenside and Inyanda chars during 

reaction at different reaction atmospheres Equation 5.2 was combined with Equation 4.5 to 

obtain Equation 5.3.  
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The activation energy (Ea) and the pre-exponential factor (As) obtained in Section 5.2.4 was 

used with the average RPM structural parameter ψ of the four different temperatures obtained 

in Section 5.3.1. The summary of the average kinetics used for validation of RPM in this 

study is presented in Table 5.11.  

 

Table 5.11: Average kinetics of Greenside and Inyanda chars used for validation of RPM  

  
Greenside   Inyanda 

Steam CO2 Air 

 

Steam CO2 Air 

ψ (-) 0.3 2.51 0.28 - 6.99 

 

0.33 -0.27 -0.31 

Ea (kJ·mol-1) 228 240 175 

 

214 210 127 

As (sec-1) 4.7x106 1.8x105 9.8x1012   1.2x106 4.3x104 5.2x103 
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The data presented in Table 5.11 were fitted on Equation 5.3 and the model specific reaction 

rate obtained was plotted against carbon conversion for all reaction atmospheres of different 

coal chars and compared to the experimental data. The QOF determined using Equation 5.1 

from the model and experimental conversion data.  

 

5.3.3.1  Steam gasification  

Since the dimensionless plots show that the mechanism of steam gasification for Inyanda and 

Greenside char and structural parameter was comparable, the average data presented in Table 

5.11 was used in Equation 5.3 to prediction the validation of the RPM. Figure 5.11 present 

the validation of RPM fitted on the experimental data of the specific reaction rate for 

Greenside and Inyanda char during steam gasification.  

  

 

Figure 5.11: RPM validation from the specific reaction rate vs. carbon conversion plots for 
(a) Greenside and (b) Inyanda chars during steam gasification. 

 

The RPM is observed to predict the steam gasification specific reaction rate data of the 

Greenside and Inyanda chars accurately in Figure 5.11. The QOF value obtained for average 

of four reaction temperatures calculated was 97.6% and 94.1%, for Greenside and Inyanda 

chars respectively. Therefore the RPM can be used to predict the steam gasification of both 

the porous and non-porous coal particle. 

 

(a) (b) 
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5.3.3.2  CO2 gasification  

The structural parameter obtained from Greenside and Inyanda chars during CO2 gasification 

are independent of temperature, the data presented in Table 5.11 was used to validate the 

RPM and the results are presented in Figure 5.12. 

From Figure 5.12, it was seen that the RPM predicts the specific reaction rate behaviour for 

CO2 gasification of Greenside and Inyanda chars fairly at lower reaction temperatures (825 

and 850 °C). However it under predicts or over predicts the experimental data of both coals at 

higher reaction temperatures. 

 

 

Figure 5.12: RPM validation from the specific reaction rate vs. carbon conversion plots for 
(a) Greenside and (b) Inyanda chars during CO2 gasification. 

 

The determined QOF values for the char-CO2 gasification modelling with RPM was 91.1% 

for Greenside char and 93.1% for Inyanda char. The under prediction of RPM for Greenside 

char at higher reaction temperatures may be attributed to the variation of the structural 

parameter at different reaction temperatures (See Table 5.9 in Section 5.3.2.1). 

 

5.3.3.3  Air combustion  

To validate the RPM on the prediction of the specific reaction rate during air combustion of 

Greenside and Inyanda chars, the same procedure for steam and CO2 gasification was 

followed. For Greenside char the individual RPM structural parameter ψ, values ranging from 

0.28 to 6.99 (Reported in Table 5.9, Section 5.3.2.1) was used since the mechanism and 

(a) (b) 



78 
  

structural parameter of air combustion was temperature dependent whereas for Inyanda char 

the average values reported in Table 5.11 were used.  

 

 

Figure 5.13: RPM validation from the specific reaction rate vs. carbon conversion plots for 
Greenside and during air combustion. 

 

The validation of the RPM predicted on the specific reaction rate of Greenside and Inyanda 

chars during air combustion is presented in Figure 5.13. The RPM was observed to predict 

the air combustion specific reaction rate data of Greenside and Inyanda chars well as shown 

in Figure 5.13. The over prediction was observed for 412 °C, of Greenside chars and this is 

more noticeable at higher carbon conversions. The average QOF value obtained for the RPM 

model fitting for air combustion was 94.5 % for Greenside char and 94.4% for Inyanda chars.  

 

5.4 Summary 

In this section, a summary of the experimental results i.e. the specific reaction rate, the RPM 

determined kinetic (Ea and As) and structural parameters (ψ), as well as the quality of fit 

(QOF) of the reduced specific reaction rate (Rs/Rs,0) dimensionless plots and the RPM model 

estimated data for the different reaction atmospheres are presented. Table 5.12 shows a 

summary of the specific reaction rate, estimated activation energies, pre-lumped exponential 

factor, average RPM structural parameter, ψ and the RPM validation QOFs for the studied 

coal chars at different reaction atmospheres. 

 

 

(a) (b) 
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Table 5.12: Summary of obtained kinetic parameters 

Greenside char 

Atmosphere 
Temp. 
(°C) 

Rs,0
 (g/g/s) 
 10-5 

Ea         
(kJ·mol-1) 

As                 

(sec-1) 
ψ (-) 

QOF 
(%) 

Remarks 

Steam 

gasification 

775 2.76 

228 ± 10 4.7E+06 0.3 97.6 

ψ and Rs/Rs₀, 

independent 

of temperature 

800 4.84 

825 8.87 

850 15.4 

CO2 

gasification 

825 0.48 

240 ± 23 1.8E+05 3.51 91.1 

ψ and Rs/Rs₀, 

independent 

of temperature 

850 0.80 

875 1.13 

900 2.43 

Air combustion 

387 0.46 

175 ± 30 9.8E+12 

6.99 

94.5 

ψ and Rs/Rs₀, 

temperature 

dependent 

400 0.87 3.75 

412 2.16 1.98 

425 4.34 0.28 

 Inyanda char  

Atmosphere 
Temp. 
(°C) 

Rs,0 (g/g/s) 
·10-5 

Ea         
(kJ·mol-1) 

As                 

(sec-1) 
ψ (-) 

QOF 
(%) 

Remarks 

Steam 

gasification 

775 2.06 

214 ± 10 1.2E+06 0.33 94.1 

ψ and Rs/Rs₀,  

independent 

of temperature 

800 4.08 

825 6.22 

850 11.2 

CO2 

gasification 

825 0.46 

210 ± 23 4.3E+04 -0.27 93.1 

ψ, 

independent 

of temperature 

850 0.78 

875 1.12 

900 2.09 

Air combustion 

387 0.46 

127 ± 30 5.3E+03 -0.31 94.4 

ψ and Rs/Rs₀,  

independent 

of temperature 

400 0.58 

412 0.91 

425 1.40 
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5.4.1 Specific reaction rate 

The specific reaction rates of both the Inyanda and Greenside coal chars was found to 

strongly depend on the reaction temperatures, as it increases with an increasing reaction 

temperature for all three different reaction atmospheres. It was observed that the specific rate 

of reaction rate of Greenside char was generally higher than that of Inyanda char for all the 

reaction atmospheres (air combustion, gasification with CO2 and steam). The specific 

reaction rates increase with an increase in carbon conversion during steam gasification of 

Greenside and Inyanda chars (Fig 5.1 and 5.4); during CO2 gasification and air combustion of 

Greenside chars (Fig 5.2 and 5.3). However the specific reaction rate decreases with increase 

in carbon conversion during CO2 gasification and air combustion (Fig 5.5 and 5.6). The 

increase in specific reaction rate with carbon conversion has been attributed to pore growth, 

whereas the decrease in specific reaction rate with increase in carbon conversion was 

attributed to pore collapse. 

 

5.4.2 Estimated activation Energy 

Higher activation energies were observed for chars derived from Greenside coals which have 

higher vitrinite content, lower vitrinite reflectance, maceral reflectance and high values of the 

RPM structural parameter ψ. However, Inyanda char produced from the inertinite-rich coal 

with higher vitrinite, maceral reflectance and lower RPM structural parameter values 

exhibited lower activation energies for all three different reaction atmospheres. The activation 

energy estimated from the Arrhenius plots ranged from 127-175 kJ·mol-1 for combustion, 

214-228 kJ·mol-1 and 210-240 kJ·mol-1 for steam and CO2 gasification respectively.  

 

5.4.3 Dimensionless plots comparison 

The reaction mechanism of the Greenside and Inyanda chars differs significantly as observed 

from the dimensionless plots of the reduced specific reaction rate (Rs/Rs,0) against fractional 

carbon conversion. During steam gasification the dimensionless plot of the reduced specific 

reaction rate (Rs/Rs,0) for both Greenside and Inyanda chars follows the similar trend and is 

not temperature dependent. During CO2 gasification for Greenside chars the reduced specific 

reaction rate is not independent of temperature and the mechanism is the same for all reaction 
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temperatures. However for Inyanda chars the trend is similar at higher reaction temperatures 

and different at lower reaction temperature. The reduced specific reaction rate (Rs/Rs,0) plot 

during air combustion is dependent on the temperature for Greenside chars, whereas for 

Inyanda chars not temperature dependent.  

 

 

5.4.4 Structural parameter evaluation and model validation 

The determined average structural parameters were observed to vary significantly with 

reaction atmospheres; however this can be attributed to different structural evolution 

mechanism during the reactions in different atmospheres. High values of structural 

parameters were estimated for Greenside chars with lower values for Inyanda chars, this is 

related to the physical characterisation of coal chars. From Table 5.15, it was observed that 

the RPM structural parameter of Greenside char during air combustion was dependent on 

temperature whereas for other reaction atmospheres of Greenside and Inyanda chars was not 

temperature dependent. The QOF obtained by using the experimental data and modelled 

kinetics shows that the RPM gives a significantly good fitting for Greenside and Inyanda 

chars during char reactions at different reaction atmospheres of above 90%. However during 

CO2 gasification and air combustion the RPM was expected to give poor fitting since the 

average structural parameter was negative which can be regressed to zero and assume a 

homogeneous model. 
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Chapter 6.          Conclusions 

6.1 Introduction 

Two South African coals, one from Greenside and Inyanda colliery were used for this study. 

The chars were prepared from the parent coals, in an inert nitrogen atmosphere at 900 °C. 

The parent coals and subsequent chars were characterised for chemical, mineralogical, 

petrographic and physical properties.  The reactivity of chars during air combustion, and 

steam and CO2 gasification were conducted on the in-house built TGA. The experimental 

data obtained was validated, using the RPM. 

 

6.2 General conclusion 

The following conclusions have been drawn from this investigation: 

• The two parent coals were characterised as vitrinite-rich coal (Greenside) and 

inertinite-rich coal (Inyanda) respectively, with relatively low ash contents. The 

vitrinite reflectance of the coal samples were 0.61 and 0.81 for Greenside and Inyanda 

coals respectively. Both coals were classified as bituminous medium rank C.  

• The volatiles and moisture content were substantially reduced from parent coals to 

resultant chars after devolatilisation. This resulted to changes in the structural and 

chemical properties of the subsequent chars. Both micropore surface area and 

microporosity was found to increase, while the average micropore diameter decreased 

from the precursor coals to chars. 

• Reaction rates in all three reaction atmospheres (combustion with air and gasification 

with CO2 and steam) were strongly dependent on temperature, and follow the 

Arrhenius type kinetics.  

• Based on the linearity of the Arrhenius plots and the values of the apparent and true 

activation energies, it can be concluded that the investigated reactions were under the 

chemical reaction control regime (Regime I) in all three different reaction 

atmospheres at the selected temperature ranges for both chars. 
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• The inertinite-rich coals exhibit longer burn-out time than chars produced from 

vitrinite-rich coals, as higher specific reaction rate were observed for the vitrinite-rich 

coals.   

• The specific reaction rate of chars differs with the reaction atmosphere and char types. 

The behaviour of the specific reaction rate as carbon conversion increases can be 

correlated with the structural parameter, ψ, obtained from the RPM evaluation. The 

determined structural parameter value was higher for Greenside char which shows an 

increase specific reaction rate with an increase in carbon conversion. 

• Results from the dimensionless reduced specific reaction rate (Rs/Rs0) shows the 

reaction mechanism of Greenside chars during air combustion is dependent on 

temperature whereas for other reaction atmospheres of Greenside and Inyanda char 

follows similar reaction mechanism and is not temperature dependent.  

• The estimated apparent activation energy was lowest for air combustion and highest 

for CO2 gasification for both coals; and ranged from 127-175 kJ·mol-1 for 

combustion, 214-228 kJ·mol-1 and 210-240 kJ·mol-1 for steam and CO2 gasification 

respectively.  

• The RPM was found to predict the specific reaction rate data of Greenside char for all 

reaction atmospheres and steam gasification of Inyanda char. However for Inyanda 

char during CO2 gasification and air combustion the negative structural parameter 

also predict the RPM fitting even though it was not expected. 

 

6.3 Contributions to knowledge base of coal science and technology 

The following outcomes derived from this study are considered as important contribution to 

the knowledge base coal science and technology: 

� This is the first study that compared the combustion and gasification reaction 

kinetics of chars derived from typical South African inertinite-rich and vitrinite-

rich coals in three different atmospheres: air, steam and carbon dioxide. 
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� The comparison of the changes in specific reaction rate with increasing fractional 

carbon conversion of South African coal chars under different reaction 

atmospheres is a novel contribution to the knowledge base of coal science with 

respect to South African coals.  

� Results from the RPM particle model evaluations of the combustion and 

gasification reactions in different atmospheres gave insight into the rate limiting 

controls and also sheds more light on the structural evolution mechanisms during 

the reactions. 

� For the first time, the RPM model was predicted using the average kinetics 

obtained (i.e. Ea, As and ψ) and validated on the specific reaction rate and carbon 

conversion plots on South African coal chars. 

 

6.4. Recommendations 

Based on the findings of this study, the following recommendations are proposed for further 

investigations: 

� Partial combustion and gasification at different carbon conversion should be 

done, in order to gain an in-depth understanding of the effect of the structural 

properties (active surface area and porosity) during char reaction at different 

reaction atmospheres (O2, steam and CO2). 

� The findings of this study should be compared to the reactivity data of different 

coal ranks and coal types in different reaction atmospheres to inform if this 

kinetics can be applied to other coals. 

� All the structural models (Shrinking core model, Homogeneous model and Wen 

model) should be derived to fit the specific reaction rate and be compared to the 

RPM model.  

 

  



85 
  

References 

AKINYEMI , A.M., GITARA, W.M., AKINLUA, A. & PETRIK, L.F. (2012). Mineralogy 

and geochemistry of sub-bituminous coal and its combustion products from Mpumalanga 

Province, South Africa.  Intech open science/open minds. Chapter 2: pages 47-65. 

BAILEY , G.J., TATE, A. & DIESEL, C.F.K. (1990). A char morphology system with 

applications to coal combustion. Fuel, 69: 225-239. 

BASU, P. (2006).  Combustion and gasification in a fluidised bed. Taylor & Francis Group, 

LLC. 

BASU, P. 2010. Biomass Gasification Design Handbook. Elsevier Inc. DO1: 10.1016/B978-

0-12-374988-8.00005-2. 323 pages. 

BHATIA , S.K. & PERLMUTTER, D.D. (1980). A random pore model for fluid-solid 

reactions: Isothermal, kinetic control. American Institute of Chemical Engineering 

Journal, 26(3): 379-385.  

BOTERO, C., FIELD, R.P., HERZOG, H.J. & GHONIEM, A.F. (2012). Impact of finite-

rate kinetics on carbon conversion in a single-stage entrained flow gasifier with coal-CO2 

slurry feed. Clear water Clean Coal Conference, June 3-7, 2012. 

BUNT, J.R. & WAANDERS, F.B. (2008). Identification of the reaction zones occurring in a 

commercial-scale Sasol-Lurgi FBDB gasifier. Fuel, 87 (10-11):1814-1823. 

CAI , H.-Y., MEGARITIS, A., MESSENBÖCK, R., DIX, M., DUGWELL, D.R. & 

KANDIYOTI, R. (1998). Pyrolysis of coal maceral concentrates under pf-combustion 

conditions (I): changes in volatile release and char combustibility as a function of rank. 

Fuel, 77: 1273-1282. 

CHI , W-K. & PERLMUTTER, D.D. (1989). The effect of pore structure on the char steam 

reaction. AIChE Journal, 35: 1791-1802. 

CLOKE , M. AND LESTER, E. (1994). Characterization of coals for combustion using 

petrographic analysis. Fuel, 73: 315-320. 



86 
  

COETZEE, G.H.C. (2011). The influence of particle size on the steam gasification kinetics 

of coal. M.Eng. dissertation. North West University, Potchefstroom, South Africa 

Potchefstroom, 

COETZEE , S., NEOMAGUS, H.W.J.P., BUNT, J.R. & EVERSON, R. C. (2013). Improved 

reactivity of large coal particles by K2CO3 addition during steam gasification. Fuel 

Processing Technology 114: 75–80. 

DU CANN, V.M. (2008). Test Report- PSA 2008-040, Petrographics SA, Pretoria, South 

Africa. 

DU CANN, V.M. (2010).  Test Report- PSA 2010-040, Petrographics SA, Pretoria, South 

Africa. 

DU TOIT.  (2013). The influence of CO2 on the steam gasification rate of a typical South 

African coal. M.Eng dissertation, North West University, Potchefstroom, South Africa 

Potchefstroom.  

DUTTA , S., WEN, C.Y. & BELT, R.J. (1977). Reactivity of coal and char: I. In carbon 

dioxide atmosphere. Ind. Eng. Chem. Proc. Des. Dev., 16: 20-30. 

EBERHARD , A. (2011). The future of South African coal: market, investment, and policy 

challenges. Program on energy and sustainable development. Working Paper 

EIA , International Energy Outlook 2011, Coal. http://www.eia.gov/forecasts/ieo/coal.cfm. 

Accessed: 17th May, 2013. 

ERIKSSON, (2003). The gasification solution. [E-document] Accessed: 29th June, 2011. 

ESKOM , (2009). Environmental scoping report for the proposed 40mw - 140mw open cycle 

gas turbine power plant in the Amersfoort area, Mpumalanga. 

EVERSON R. C., NEOMAGUS, H.W.J.P., KAITANO, R., FALCON, R & DU CANN V.M 

(2008). Properties of high ash coal-char particles derived from inertinite-rich coal: II. 

Gasification kinetics with carbon dioxide. Fuel, 87:3403-3408|. 

EVERSON, R. C., NEOMAGUS, H. W. J. P. & NJAPHA, D. (2006). Kinetic analysis of 

non-isothermal Thermogravimetric analyzer results using a new method for the evaluation 

of the temperature integral and multi heating rates. Fuel, 85: 418-422. 



87 
  

EVERSON, R. C., OKOLO G.N., NEOMAGUS, H. W. J. P., & DOS SANTOS, J-M. 

(2013). X-ray diffraction parameters and reaction rate modeling for gasification and 

combustion of chars derived from inertinite-rich coals. Fuel, 109: 148-156. 

EVERSON, R. C.; NEOMAGUS, H. W. J. P. & KAITANO, R. (2005). The modeling of 

combustion of high-ash coal–char particles suitable for pressurized fluidized bed 

combustion: shrinking reacted core model. Fuel, 84:1136-1143. 

EVERSON, R. C.; NEOMAGUS, H. W. J. P.; KASAINI, H. & NJAPHA, D. (2006). 

Reaction kinetics of pulverized coal-chars derived from inertinite-rich coal discards 

characterization and combustion. Fuel, 85: 1067-1075. 

FALCON  R.M.S. AND SNYMAN, C.P (1986). An introduction to coal petrography: atlas of 

petrographic constituents in the bituminous coals of Southern Africa. The Geological 

Society of South Africa, Johannesburg: Pp 1-27. 

FALCON , R. & HAM, A.J. (1988).  The characteristics of Southern African coals. Inst. Min. 

Metal, 88:145-161.  

HARRIS  D.J, & SMITH I.W. (1991). Intrinsic reactivity of petroleum coke and brown coal 

char to carbon dioxide, steam and oxygen, Twenty-Third Symposium (International) on 

Combustion, 23(1):1185–1190. 

HATTINGH , B. (2009). The determination of the reaction mechanisms involved in the CO2 

gasification in inertinite-rich, high ash coals. M.Eng. dissertation. North West University, 

Potchefstroom, South Africa. 

HATTINGH , B.B., EVERSON R.C., NEOMAGUS, H.W.J.P., BUNT, R.C., VAN 

NIEKERK D., JORDAAN, J.H.L.,&  MATHEWS, J.P. (2013). Elucidation of the 

Structural and Molecular Properties of Typical South African coals. Energy Fuels 

27:3161-3172. 

HECHT , E.S., SHADDIX, C.R., MOLINA, A. & HAYNES, B.S. (2011). Effect of CO2 

gasification reaction on oxy-combustion of pulverized coal char. Proceedings of the 

Combustion Institute 33: 1699-1706. 



88 
  

HEISKANEN , L. (2011) a study on rate correlations of gasification reactions. B.Eng. 

research report. Lappeenranta University of Technology. Faculty of technology. Degree 

in program energy technology. 

HORVATH,  G & KAWAZOE, K. (1983). Method for the calculation of effective pore size 

distribution in molecular sieve carbon. Journal of Chemical Engineering of Japan, 16: 

470-475. 

HUANG , H., WANG, K., BODILY, D.M. & HUCKA, V.J. (1995). Density Measurements 

of Argonne premium coal samples. Energy & Fuels, 9: 20-24. 

HÜTTINGER , K.J. AND NILL, J.S. (1990). A method for the determination of active sites 

and true activation energies in carbon gasification: II. Experimental results. Carbon, 28: 

457-465. 

IEA , (2010a). CO2 Emissions from Fuel Combustion. http:/www.iea.com/energy/coal.stm 

(Accessed: 29- 04- 2011). 

IEA , (2010b). Pulverised coal combustion (PCC). 

http://www.ieacoal.org.uk/site/2010/databasesection/ccts/pulverisedcoalcombustionpcc 

(Accessed: 09- 11- 2011). 

IRFAN , M.F., MUHAMMAD R. & KUSAKABE, U. (2011). Coal gasification in CO2 

atmosphere and its kinetics since 1948: A brief review. Energy, 36:12-40 

JEFFREY, L.S. (2005). Characterization of the coal resources of South Africa. Journal of 

the South African Institute of Mining and Metallurgy, 95-102.  

JENKINS , R. G., NANDI, S. P. & WALKER, P. L. (1973). Reactivity of heat-treated coals 

in air at 500oC. Fuel, 52: 288-293. 

JONES, R.B., MCCOURT, C.B., MORLEY, C. & KING, K. (1985). Maceral and rank 

influences on Morphology of coal char. Fuel, 64: 1460-1467. 

KAITANO , R. (2007). Characterisation and reaction kinetics of high ash chars derived from 

inertinite-rich coal discards. PhD Thesis, North West University, Potchefstroom, South 

Africa. 



89 
  

KAJITANA . S., HARA, S. & MATSUDA, (2002). Gasification rate analysis of coal chars 

with a pressurized drop tube furnace. Fuel, 81: 539-546 

KAJITANI  S., SUZUKI N., ASHIZAWA M. &HARA S. (2006). CO2 gasification rate 

analysis of coal char in entrained flow coal gasifier. Fuel, 85: 163-169. 

KAYEMBE , N &PULSIFER, A.H. (1976). Kinetics and catalysis of coal char and steam. 

Fuel, 55: 211-216. 

LAURENDEAU , N.M. 1978. Heterogeneous kinetics of coal char gasification and 

combustion. Progress in Energy and Combustion Science, 4: 221-270. 

LEE , C.W., JENKINS, R.G. & SCHOBERT, H.H. (1992). Structural and reactivity of char 

from elevated pressure pyrolysis of Illinois no 6 bituminous coal. Energy and fuels, 6: 40-

4723. 

LEE , S. (2014). Gasification of coal. In: LEE, S., SPEIGHT, J.G. AND LOYALKA, S.K. 

(Editors). Handbook of alternative fuel technologies (2nd Edition). CRC Press, New York. 

Pp: 19-84. 

LEVENSPIEL , (1999). Chemical Reaction Engineering. 2nd ed.; John Wiley: Singapore  

LEVENSPIEL, O. (1972). Chemical reaction engineering. 2nd Edition, Wiley Eastern Ltd. 

New Delhi, India: 357-408 

LI , Q., ZHAO, C., CHEN, X., WU, W. AND LI, Y. (2009). Comparison of pulverized coal 

combustion in air and in O2/CO2 mixtures by Thermo thermo-gravimetric analysis. Anal 

Applied Pyrolysis, 85: 521-528. 

LIQIANG , M.A. (2006). Combustion and gasification of chars in oxygen and carbon dioxide 

at elevated pressure. Department of mechanical engineering and the committee on 

graduate studies, Stanford University. 

LIU , G., BENYON, P., BENFELL, K. E., BRYANT, G.W., TATE, A.G., BOYD, R. K., 

HARRIS, D. J & WALL, T.F (2000). The porous structure of bituminous coal chars and 

its influence on combustion and gasification under chemically controlled conditions. Fuel, 

79: 617-626. 



90 
  

LIU,  T-F., FANG, Y-T & WANG, Y. (2008). An experimental investigation into the 

gasification reactivity of chars prepared at high temperatures. Fuel, 8: 460-466. 

LOUBSER, M. & VERRYN, S. (2008). Combining XRF and XRD analyses and sample 

preparation to solve mineralogical problems. South African Journal of Geology, 111 (2-

3):229-238. 

LOUW, E. (2013). Structure and combustion reactivity of inertinite-rich and vitrinite-rich 

South African coal chars: quantification of the structural factors contributing to reactivity 

differences. PhD thesis, The Pennsylvania State University, Penn State, USA, 

MAHAJAN , O.P., YARZAB, R. & WALKER, P.L. Jr. (1979). Unification of coal char 

gasification reactions. Technical report 13. The Pennysylvania State University  

MALUMBAZO , N., WAGNER, N., BUNT, J., VAN NIEKERK, D., Assumption, H. 

(2011). Structural analysis of chars generated from South African inertinite coals in a 

pipe-reactor combustion unit. Fuel Processing Technology, 92:743-749. 

MANZANARES-PAPAYANOPOULOS , E., FERNÁNDEZ-MONTIEL, M., 

ALTAMIRANO-BEDOLLA, J.A., MANI-GONZÁLEZ, A. & ARRIOLA-MEDELLÍN, 

A. (2008). Comparative Study of the Gasification Technology versus Traditional 

Combustion Technologies for Power Generation in Mexico. AICHE ANNUAL MEETING 

MATJIE , R., FRENCH, D., WARD, C., PISTORIUS, P. & LI, Z. (2011). Behaviour of coal 

mineral matter in sintering and slagging of ash during the gasification process.  Fuel 

Processing Technology, 92(8): 1426 – 1433. 

MATSUI , I., KUNII, D. & FURESAWA T. (1987) Study of char gasification by Carbon 

dioxide. 1. Kinetic study by Thermogravimetric analysis. Ind. Eng. Res., 26:91-94.  

MATSUOKA , K., KAJIWARA, D. & KURAMOTO K. (2009). Factors affecting steam 

gasification rate of low rank coal in pressurized fluidized bed. Fuel Processing 

Technology, 90(7-8): 895-900. 

MICROMERITICS INSTRUMENT CORPORATION. (2006). Accelerated surface area 

and porosimetry system (ASAP 2020), Operator’s manual V3.01, Pg: C1-44. 

MINCHENER , A.J. (2005). Coal gasification for advanced power generation. Fuel 84: 

2222–2235. 



91 
  

MIURA , K., MAKINO, M. AND SILVESTON, P.L. (1990). Correlation of gasification 

reactivities with char properties and pyrolysis conditions using low rank Canadian coals. 

Fuel, 69: 580- 89. 

MOLINA , A. & MONDRAGON, F. (1998). Reactivity of coal gasification with steam and 

CO2. Fuel, 77:1831-1839. 

NJAPHA , D.  (2003). Determination of the kinetic models and associated parameters for the 

low temperature combustion and gasification of high-ash coal chars. PhD Thesis, North 

West University, Potchefstroom.  

OCHOA, J., CASSANELLO, M.C. BONELLI, P.R. & CUKIERMAN A.L. (2001). CO2 

gasification of Argentinean coal chars: a kinetic characterization. Fuel Processing 

Technology, 74:161–176. 

OKOLO , G.N. (2010). The effects of chemical and physical properties of chars derived from 

inertinite-rich, high ash coals on gasification reaction kinetics. M.Eng. dissertation, North 

West University, Potchefstroom, South Africa Potchefstroom, 

PARKASH , S. (1985). True density and elemental composition of subbituminous coals. 

Fuel, 64: 631-634. 

PRETORIUS, C.C., BOSHOFF H.P. & PINHEIRO, H. J. (2002). Analysis of coal product 

samples of the South African collieries 2001 -2002.  Coal and mineral technologies (Pty) 

Ltd. Coal Exploration an technology, South Africa; bulletin 114. 

RADOVIC, L.R , JIANG, H, & LIZZIO, A.A. (1991). A transient kinetics study of char 

gasification in carbon dioxide and oxygen. Energy and fuels, 5: 68-74. 

REZAIYAN , J. & CHEREMISINOFF, N. (2005). Gasification Technologies. CRC Taylor & 

Press 

ROBERTS, D, & HARRIS, D. (2000). Char gasification with O2, CO2 and H2O: Effects of 

pressure on intrinsic reaction kinetics. Energy and fuels, 14(2): 482-489. 

ROBERTS, D., & HARRIS, D. (2006). A kinetic analysis of coal char gasification reactions 

at high pressures. Energy and fuels. 20(6):2314-2320. 



92 
  

ROBERTS, D.G. & HARRIS, D.J. (2007). Char gasification in mixtures of CO2 and H2O: 

Competition and inhibition. Fuel, 86: 2672–2678. 

ROBERTS, M.J., EVERSON, R.C., NEOMAGUS, H.W.J.P., VAN NIEKERK, D., 

MATHEWS, J.P. & BRANKEN, D.J. (2015). Influence of maceral composition on the 

structure, properties and behaviour of chars derived from South African coals. Fuel, 142: 

9-20. 

SANGTONG-NGAM , K. & NARASINGHA, M. (2008). Kinetic study of lignite chars 

gasification using the random pore model. Thammsat. Int. J. Sc. technology, 13:16-26. 

SHUYE S. (2007). A Study of kinetics and mechanism of iron ore reduction in ore/coal 

composite. Doctorate thesis, McMaster University. 

SIAUW , H.N; FUNG, D.P.C. & KIM, S.D. (1988). Study of pore structure and reactivity of 

Canadian coal-derived chars. Fuel, 67: 700-706. 

SIMA-ELLA , E., YUAN, G. & MAYS, T. (2005). A simple kinetic analysis to determine 

the intrinsic reactivity of coal chars. Fuel, 84:1920-1925. 

SITKO , R. & ZAWISZA, B. (2012). Quantification in X-Ray Fluorescence Spectrometry. 

(In Sharma SK. ed. X-Ray Spectroscopy. Rijeka, Croatia: InTech Europe.  p. 138-162). 

SMITH,  I.W. (1982). The combustion of coal char: A review, 11th Symposium 

(International) on Combustion. The Combustion Institute, Pittsburgh, PA, 1045 

SMITH , K.L., SMOOT, L.D., FLETCHER, T.H. & PUGMIRE, R.J. (1994). The structure 

and reaction processes of coal, Plenum Press, New York  

SMITH , P.J. & SMOOT, L.D. (1985). Coal combustion and gasification, Plenum Press, New 

York and London. 

SNYMAN , C.P. & BOTHA, J.P. (1993). Coal in South Africa. Journal of African Earth 

Sciences, 16: 171-180. 

SNYMAN , C.P. (1989). The role of coal petrography in understanding the properties of 

South African coal. International Journal of coal geology, 14: 83-101. 

SPEARS, D.D. (2000).  Role of clay minerals in UK coal combustion. Applied Clay Science, 

16: 87-95. 



93 
  

SPEIGHT, J.G. (2005). Handbook of coal analysis. John Wiley and Sons, 166. 

SUAREZ-RUIZ , I & CRELLING J.C. (2008). Applied Coal Petrology: The Role of 

Petrology in Coal Utilization, Elsevier Ltd. 

SUE, S., POHL, J.H., HOLCOMBE, D. & HART J.A. (2001). A proposed maceral index to 

predict combustion behavior of coal. 80: 699-703. 

TANG , L., GUPTA, R., SHENG, C. & WALL, T. (2005). The char structure characterisation 

from the coal reflectogram. Fuel, 84:1268-1276. 

TAY , H-L. & LI C-Z. (2010). Changes in char reactivity and structure during the gasification 

of a Victorian brown coal: Comparison between gasification in O2 and CO2. Fuel 

Processing Technology, 9:800-804. 

TOMASZEWICZ , M., ŁABOJKO, G., TOMASZEWICZ, G. & KOTYCZKA-

MORAN´SKA, M. (2013). The kinetics of CO2 gasification of coal chars.  J. Therm. Anal. 

Calorim. 113:1327–1335 

TSAI , C. Y. & SCARONI, A. W. (1987). Co-carbonization of a solvent refined coal with 

selected coal types-I. Thermoplasticity and optical texture development. Carbon, 22(2): 

206-207.  

TSAI , C.Y. & SCARONI, A.W. (1987b). The structural changes of bituminous coal particles 

during initial stages of pulverized-coal combustion. Fuel, 66: 200-206. 

TSAI , S.C. (1982). Fundamentals of Coal Beneficiation and Utilization. Elsevier, 

Amsterdam. 

VALIX , M.G, TRIMM, D.L., SMITH, I.W. & HARRIS D.J. (1992). Mass transfer in coal 

combustion. Chemical Engineering science, 7:1607-1617. 

VAN HEEK, K.H. A& MUHLEN, H.J. (1987). Effect of coal and char properties on 

gasification. Fuel processing technology, 15: 113-133. 

VAN KREVEN , D.W. (1981).  Coal: Typology - Physics, Chemistry, Constitution. Coal 

Science and Technology Series, Volume 3. ANDERSON, L. L. (Editor), Elsevier, 

Amsterdam. Pp: 58-88, 111-126, 160-174, 309-341. 



94 
  

VAN NIEKERK  D., PUGMIRE R.J., SOLUM M.S., PAINTER P.C. & MATHEWS J.P. 

(2008). Structural characterization of vitrinite-rich and inertinite-rich Permian-aged South 

African bituminous coals. International Journal of Coal Geology, 76: 290-300. 

WALKER J R., P.L. RUSINKO JR. FRANK, & AUSTIN L.G. (1959) Gas Reactions of 

Carbon. Advances in Catalysis, 11: 133–221  

WALKER,  P. L., JR., MAHAJAN O. P. & KOMATSU, M. (1979). Catalysis of lignite char 

gasification by various exchanged cations dependence of activity on reactive atmosphere. 

ACS Division of fuel and chemistry, 24:10-16. 

WALKER , P.L., VERMA, S.K., UTRILLA, J.R. & DAVIS, A. (1988). Densities, porosities 

and surface areas of coal maceral as measured by their interaction with gases, vapours and 

liquids. Fuel, 67:1615-1623. 

WALL  T. F., LIU G.-S., WU H.-W., ROBERTS D. G., BENFELL K. E., &GUPTA S. 

(2002). The effects of pressure on coal reactions during pulverised coal combustion and 

gasification. Progress in Energy and Combustion Science, 28(5): 405- 433. 

WCI, COAL STATISTICS (2009); http://www.worldcoal.org/resources/coal-statistics/ 

(accessed 23-04-2011). 

WCI, WORLD ENERGY INSTITUTE (2006). The coal resource: a comprehensive 

overview of coal; http://www.worldenergyoutlook.org/media/weowebsite/2008-

1994/WEO2006.pdf (accessed 23-04-2013). 

WEBB, P. (2001). Volume and density determination for particle technologist. Micromeritics 

Instrument Corp., Norcross, Georgia, USA. 

WGD, 2010, World Gasification Database, US department of energy, national energy 

technology laboratory. Accessed on the 3/06/2013. 

WU, S., GU, J., ZHANG, X., WU Y. AND GAO, J. (2008).  Variation of Carbon Crystalline 

Structures and CO2 Gasification reactivity of Shenfu coal chars at elevated temperatures. 

Energy & Fuels, 22: 199-206. 

WU, S., GU, Y., LI, L., WU. Y. &GAO, J. (2006). The reactivity and kinetics of Yanzhou 

coal chars from elevated pyrolysis temperatures during gasification in steam at 900–1200 



95 
  

°C. Trans IChemE, Part B, Process Safety and Environmental Protection, 84(B6): 420–

428. 

WU, Y, WU, S., & GAO, J. (2009). A Study on the Applicability of Kinetic Models for 

Shenfu Coal Char Gasification with CO2 at Elevated Temperatures. Energies, 2: 545-555. 

YE, D.P, AGNEW, J.B. & ZHANG D.K. (1998). Gasification of South Australian low-rank 

coal with carbon dioxide and steam: kinetics and reactivity studies. Fuel, 77: 1209-1219. 

ZHANG , L, HARA, S, KAJITANA, S. & ASHIZAWA, M. (2010). Modelling of catalytic 

gasification kinetics of coal char and carbon. Fuel, 89: 152-157. 

ZHANG , L, HUANG, J, FANG, Y. & WANG, Y. (2006). Gasification reactivity and 

kinetics of typical chines anthracite chars with steam and CO2. Energy and Fuels, 20: 

1201-1210. 

ZHANG , L., XU, D., WANG, Y., GAO, Y., POPA, T. & FAN, M. (2015). Catalytic CO2 

gasification of a Powder River basin coal. Fuel Processing Technology, 130: 107-116. 

 

 

 

 

 

 

 

 

 

 

 



96 
  

Appendices 

Appendix A: Sample bucket 

 

The quartz bucket (labelled 6) was designed with perforations at the bottom to allow for 

gaseous easy and unconfined movement and flow of the gaseous reactants (labelled 1) and 

the reaction products (labelled 5). By putting a sandstone-sieve (labelled 4) with 0.8 mm 

holes drilled through and a thin layer of (9-14 µm) quartz wool (labelled 3) at the bottom of 

the bucket, char particles (labelled 2) as small as 0.8 mm can be used (Du Toit, 2013). The 

sample bucket used for the TGA for experiments is presented in Figure A.1. 

 

 

 

Figure A.1: TGA bucket with sieve, quartz wool and char (Du Toit, 2013) 

 
The carbon conversion tests, 50% and 100% were conducted to determine the optimum 

bucket loading method. A layer of 2-3 particles showed a uniform conversion distribution as 

shown in Figure A.1 (Du Toit, 2013).  
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Figure A.2: Burn profile test results (Du Toit, 2013). 

 
 

Figure A.2 shows the images of a layer of the sample particle distribution at (a) 0 % 

fractional carbon conversion, (b) 50 % fractional carbon conversion, and (c) 100 % fractional 

carbon conversion respectively. At 50% conversion it can be seen that that the char was 

converted uniformly across the whole sample holder (bucket) area (Du Toit, 2013). 
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Appendix B: Experimental Conditions   

Steam was used for preliminary results, as it was found by various investigators that under 

chemical reaction control regime, char reactions with steam is faster (two to five times in 

magnitude) than char reactions with CO2 (Koba and Ida, 1980; Tsai, 1982; Molina and 

Mondragon, 1998; Yu et al., 1998; Zhang et al., 2006; Everson et al., 2008, Du Toit, 2013). 

Parameters investigated include the effect of reactant gas flow rate, reactant temperature, 

external diffusion and the optimal sample mass for accurate TGA operation. These were 

investigated using the char with gaseous reactant of 50% steam and 50% Nitrogen. 

 

Appendix B.1: Influence of sample mass 

The influence of varying sample mass was investigated by Du Toit (2013). This was achieved 

by gasifying 0.5, 1.0 and 2.0 grams of sample at 900 °C. Higher experimental instabilities 

were observed for smaller sample mass, and an increase in sample mass reduces the 

experimental errors. A comparison plot of the resulting experimental data from different 

sample masses is presented in Figure B.1 in Appendix B. Hence, 2.0 g average sample mass 

was chosen for all the experiments. 

The experiments were conducted isothermally in an in-house built TGA using air, steam, or 

CO2. Data from the TGA (instantaneous mass loss, temperature and time) were logged 

automatically from the TGA every 30 second.  

 

 

Figure B.1: Conversion vs time graphs for different sample sizes (Du Toit, 2013) 



99 
  

Appendix B.2: Effect of flow rate 

The influence of external mass diffusion during gasification reaction was studied by Du Toit, 

(2013), at different reagent flow rates at 900 °C and 950 °C, using a sample mass of 2.0 g. At 

the different flow rates, carbon conversion was plotted against experimental real time and the 

resulting plots are presented in Figure B.2 in Appendix A. From Figures B.2, no significant 

variation was observed which can influence the carbon conversion. Hence, external mass 

diffusion does not play any significant role at the temperatures and flow rates investigated. 

 

 

Figure B.2: Char conversion as a function of gas flow rate at different reaction temperatures 
(Du Toit, 2013) 

 
Appendix B.3:  Effect of reaction temperature 

Du Toit (2013) also investigated the influence of reaction temperature during char 

gasification with steam and CO2.  This was achieved by collecting kinetic data from one non-

isothermal experiment over a broad temperature range instead of conducting multiple 

experiments. For steam gasification, experiments were started at 750 °C, and 775 °C for CO2 

gasification. This was kept at the minimal temperature for up to 5% conversion, and the 

temperature of reaction was then marginally increased by 25 °C, for every 5% fractional 

carbon conversion achieved. 

The reaction rate was estimated for each temperature and the Arrhenius plot for the steam and 

CO2 gasification was constructed. This gives an indication of temperature dependence of the 

reaction rate. These results are presented in Figures B.3 in Appendix B.  It was observed that 
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the steam and CO2 gasification for the studied chars were under chemical reaction kinetic 

controlled regime (Regime I) below 900 °C.  

 

Figure B.3: Char conversion as a function of reaction temperatures ln (Rs) vs 1/T plot (Du 
Toit, 2013). 
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Appendix C: Polynomial Fit 

In this section of the Appendix, the figures from the raw data with the polynomial fit equation 

are presented for Greenside and Inyanda chars at different reaction atmosphere and reaction 

temperature. 

 

Appendix C.1:  Greenside char 

 

 

 

 

Figure C.1: Normalised polynomial fitting for air combustion of Greenside char. 

 



102 
  

 

 

Figure C.2: Normalised polynomial fitting for steam gasification of Greenside char. 
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Figure C.3: Normalised polynomial fitting for CO2 gasification of Greenside char. 
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Appendix C.2:  Inyanda char 

 

 

 

Figure C.4: Normalised polynomial fitting for air combustion of Inyanda char. 
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Figure C.5: Normalised polynomial fitting for steam gasification of Inyanda char. 
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Figure C.6: Normalised polynomial fitting for CO2 gasification of Inyanda char. 


