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ABSTRACT  

The South African coal mining industry produced approximately 307 million tons of low-rank 

bituminous coal in 2007. The local thermo-chemical processes utilise this coal for oils, 

petrochemicals and steam generation. South African coal mines and power stations in Secunda 

Synfuels Operations produce more than 10 million tons of coal fine discards (an unavoidable by-

product) per year. This study focuses on the beneficiation of these discards, using the float-sink 

density separation method and investigates the possible utilisation of the float fractions in 

thermochemical processes. This investigation was divided into three phases; namely, the density 

separation and liquefaction phase, pyrolysis of the residues derived from the liquefaction and 

gasification of the char residues.   

The first stage of this investigation aimed at beneficiation of two South African coal fine discards 

using float-sink density separation techniques, followed by liquefaction and analyses of the 

different products generated from the liquefaction of the float fraction and the discarded coal fines’ 

samples. The direct liquefaction of South African coal fine discards and their density separated 

(float) fractions were carried out under moderate conditions in a laboratory autoclave. The 

liquefaction temperature ranged between 380 and 420 °C, using tetralin as a solvent and an initial 

nitrogen gas pressure of 3 MPa. Results from the liquefaction tests show that the carbon 

conversion and oil yields are higher for the float fractions when compared to the coal fine discards. 

Waterberg and Highveld coal float fractions achieved a high carbon conversion of 50.7 wt.% daf 

and 52.7 wt.% daf respectively, compared with < 42 wt.% daf carbon conversion for the coal fines 

wastes. The efficiency of the liquefaction carbon conversion was correlated with the reactive 

macerals and the surface areas of the individual samples. It was observed that the density 

separated coal fractions, which have higher surface areas, higher vitrinite contents and higher 

reactive macerals contents achieved higher extraction efficiencies. The residues and extracts 

generated during the liquefaction were characterised using nuclear magnetic resonance 

spectroscopy, proximate and ultimate analyses. The analytical results indicated that the residues 

showed slight decreases in calorific values and aliphatic components, with lower H/C ratios and 

higher ash yields. Also, the results showed that using the float fractions of South African coal fine 

discards at moderate liquefaction temperatures could be beneficial in the production of liquid fuel.  

The second phase, which was one of the primary aims of this investigation, involved the use of 

the liquefaction residues (waste) generated from the first stage for pyrolysis experiments. In this 

phase, float fractions produced from two South African discard coal fines samples and their 

liquefaction residues generated from phase one were used as feedstock for pyrolysis 

experiments. Analysis of the pyrolytic products from the liquefaction residues and float fractions 
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was reported. Pyrolysis was carried out in a modified Fischer Assay setup at 750°C and 920°C 

under an argon atmosphere. Tar samples were analysed using gas chromatography-mass 

spectrometry (GC-MS), nuclear magnetic resonance (NMR) spectroscopy, and Fourier-

transform infrared (FTIR) spectroscopy. The chars produced were analysed using proximate and 

ultimate analyses, solid-state 13C NMR and CO2 low-pressure gas adsorption (CO2-LPGA). 

Results obtained from the pyrolysis experiments showed that the liquefaction residues produced 

higher char and gas yields when compared to the coal fine discards float fractions. The pyrolysis 

char yields of the solvent extraction residues ranged from 74–76% and that of float fractions from 

coal fine discards ranged between 67.0% and 71.5%. Gas pyrolysis yields ranged from 16.0–

20.0% (daf) for the residues and 14.5–18.4% for pyrolysis gas yields produced from the coal fines 

fractions, whilst the pyrolytic water and the tar yields of the coal float fractions were slightly higher 

compared to that of the liquefaction extraction residues. Proton NMR analysis of the tars produced 

from the liquefaction residues showed a higher amount of aromatic protons, ranging from 60.5–

62.0 ppm, in comparison to < 56.0 ppm for the float fractions of the coal fine discards. The 

amounts of aliphatic protons of the tars obtained from the float fractions from the coal fine discards 

were higher when compared to those of the solvent extraction residues. The chars produced after 

pyrolysis of the liquefaction residues showed a higher porosity when compared to those of chars 

produced during the pyrolysis of the float fractions from the coal fine discards. The porosity values 

of the chars produced from the liquefaction residues ranged from 15.5–16.3%, in comparison to 

< 14% after pyrolysis of the float fractions. The differences in the porosity values were attributed 

to the opening of pores and extraction of some of the molecular structures from the coal matrix 

during liquefaction. Further analysis of the pyrolysis products showed that the residues generated 

after liquefaction of the float fractions from South African bituminous coal fines samples may be 

utilised for pyrolysis and may offer a means of using some of the liquefaction waste material.   

The final stage of this investigation was the use of the liquefaction residue chars generated from 

the pyrolysis of the liquefaction residues for gasification. The char residues generated from tetralin 

liquefaction of density separated coal float fractions of the coal fines waste products and the coal 

float fractions, were subjected to CO2 gasification tests. CO2 gasification was investigated using 

a thermogravimetric analyser by heating the samples at isothermal temperatures between 880 

and 940°C. Results from the gasification studies showed that the liquefaction residues’ char 

reactivities values (Ri, Rs, Rtf, Rt/0.5, Rt/0.9) were higher when compared to the reactivity values from 

the float fraction chars. The higher reactivities of the liquefaction residues were attributed to 

opening up of pores in the structure of the residues’ chars, after tetralin liquefaction. It was 

observed that the initial reactivities of the liquefaction residues were doubled compared to that 

obtained from the coal float fraction chars. The increases in the number of pores, caused by 

liquefaction, accelerated the reaction process and aided in the reduction of the activation energies 
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needed for the residues’ char gasification reactions. The activation energies of the float fraction 

chars were found to be 190.5 kJ·mol−1 and 236.7 kJ·mol−1 for the two float fractions samples 

produced from South African coal fine discards. The activation energies for the liquefaction 

residues from the same two float fraction samples from the coal fine discards were 145.3 kJ·mol−1 

and 196.0 kJ·mol−1. These results showed that tetralin liquefaction affected the coal matrix and 

aided in enhancing the gasification reactivities of the residues. Gasification of residues (waste 

material) generated after liquefaction of float fractions produced from density separation of South 

African coal fines (also waste products) has the potential to be utilised in the gasification process. 

Keywords: discarded coal fines, density separation, float fraction, residues, liquefaction, pyrolysis, 

gasification 
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CHAPTER 1 INTRODUCTION 

In Chapter 1, the motivation for the investigation into the beneficiation of the discard coal 

fines, the direct liquefaction of the float fraction obtained from the density separation and 

subsequent utilisation of the liquefaction residues are presented. This chapter is subdivided 

into six sections: background of coal utilisation globally and in South Africa, research 

problem statement, research aims and objectives of the study, research hypothesis, 

significance of the study, outline of the research and the scope of the thesis. 
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1.1 Background 

The economic development of any country is highly dependent on the availability of energy. 

Energy can be considered as the driving force in every growing and developed economy in 

the world. Globally, the three most extensively used energy sources are crude oil, coal and 

natural gas.1 Coal is arguably one of the most economical and abundant fossil fuels. Even 

though the world interest is drifting towards renewable energy, coal will remain an integral part 

of the energy supply.2,3 Coal boosts economic development via providing a reliable and cheap 

power source desired to meet the high demand for electricity. The significant problem 

encountered globally is the increasing population, which translates to an increase in energy 

demand. Therefore, the utilisation of coal plays an essential role in driving sustainable energy 

growth and development in the world at large. Regardless of the environmental worries related 

to the usage of coal, it has continued to gain more grounds as energy source choice for power 

generation and other utilisation processes. The development of clean coal technologies 

(CCTs) has helped to minimise the unwanted emissions of CO2, SO2, NOx and particulate 

matter linked with coal usage. The use of CCTs will continue to play a vital part in reducing 

the environmental impact associated with the utilisation of coal as an energy source. Studies 

have revealed that the use of coal globally accounts for about 64% of the total energy demand 

by source, with natural gas contributing 17%, and oil accounting for 19% of energy sources in 

the world.4  

The International Energy Agency (IEA)1 has reported that the global need for coal will still 

increase by about 2% each year until 2020. Globally, coal is the second-largest provider of 

energy after petroleum. The use of coal accounts for approximately 27% of the global energy 

need. This is after 33% contributed by petroleum, natural gas providing 21%, and the rest is 

distributed between nuclear, hydro, combustible renewable, waste and others as illustrated in 

Figure 1.1.8 Renewable energy technology is currently facing some constraint with regards to 

usage and storage. Even though the South African government is facilitating the use of 

biofuels to increase the growth of renewable energy sources, there are controversies around 

the use of biofuels globally, due to increased food demand and deforestation. This factor will 

invariably affect the energy system negatively because more energy is used to generate more 

fuel than being produced. The chance of having a solar energy plant is high in South Africa 

due to the high intensity of solar radiation.  
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Figure 1-1:         Global primary energy consumption by fuel type in 2016. Source: BP 

Statistical Review of World Energy.8 

Studies have shown that South African coal production is the sixth biggest globally, and the 

sales from coal in South Africa contributes about 20% of mineral sales to South Africa’s 

revenues.5,6 The  Eskom annual report7, has shown that South Africa has a projected 53 billion 

tonnes of coal reserves, and based on this prediction, it is estimated that these coal reserves 

will last up to 200 years.7 In South Africa, coal production is the country’s second-largest 

mining activity.7 According to a Fossil Fuel Foundation (FFF) report8, approximately 307 million 

tonnes of coal are produced annually in South Africa; 22% of these are exported, and the rest 

is utilised locally for various thermochemical industrial processes.8 With this production rate, 

South Africa is ranked as the fifth-highest exporter of coal behind  countries such as Colombia, 

Russia, Indonesia and Australia8, with annual exportation of about 67 Mt in 2015.8,9 

During the process of mining and utilisation of South African coals, coal fines of <1 mm particle 

sizes are generated. These coal fines accumulate over the years and increase as mining 

continues.10 With the current rate of production of these coal fines, it has been reported that 

as of 2014, South Africa has generated about a billion tonnes of discarded coal fines.11 

Annually approximately 60 million tonnes of coal fines are generated and discarded; the coal 

fines are the by-products obtained from mining, beneficiation, and utilisation of coal in South 

Africa.9 Studies by Reddick et al.12 and Matjie et al.13 have shown that the chemical and 

mineralogical properties of these discarded coal fines are similar to those of South African 

feed coals used during thermochemical processes.12,13 These coal fines are generally 
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regarded as low-rank coals, exhibiting relatively high ash yields with inferior quality in 

comparison to high-rank coals. The costs associated with the handling and discarding of the 

waste coal surpasses the market fuel values of these waste coals.12 The coal fines also impact 

the environment negatively. These negative impacts include acid mine drainage, dust and 

spontaneous combustion of coal fines, pollution, etc. Due to these problems, there is a need 

to develop a method to use the discarded coal fines, which in most cases are regarded as 

waste.  

 

Figure 1-2: South African coal production and consumption in 2016. Source: BP 

Statistical Review of World Energy.9 

Approximately 96% of the coal reserves in South Africa are made up of bituminous coal, 2% 

is metallurgical coal, and the balance is anthracite.14 Sasol gasifies about 33% (50 million 

tonnes per year) of South Africa’s low-grade coals into high-quality synthetic fuels, 

transportation fuel and petrochemicals, using the Fischer-Tropsch process. Sasol uses coal 

to liquid (CTL) technology and is the sole manufacturer of synthetic fuel in South Africa. Eskom 

uses about 53% of coal in South Africa in the production of electricity, while metallurgical 

industries and domestic uses account for 12% and 2%, respectively (Figure 1.3).7,9   

The mining of coal in South Africa is done in different provinces, based on the enrichment of 

this natural resource. The mining areas include Mpumalanga, Limpopo, KwaZulu-Natal and 

the boundary area with Botswana in the North-West Province.15,16 The coals in South Africa 

are found in different coalfields, such as Waterberg, Highveld, Ermelo and the Witbank 

coalfields in the Mpumalanga area, while the Klip River coalfields are located in the KwaZulu-

Natal Province.15,16 The Witbank, Highveld and the Klip River coalfields make up 

approximately 83% of coalfields in South Africa.17  The Witbank coalfield is the largest in South 
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Africa followed by the Highveld coalfield. Sasol predominantly mines the Highveld coalfields 

and utilises the mined coals in the production of petrochemicals and synthetic fuel.15,18 The 

Highveld coal seams are usually mined for export, and a small amount is used locally. The 

Waterberg coalfield is estimated to be the best source of mineable coal in the near future.15 A 

report by Cairncross17 has predicted that the Waterberg coalfield would be an essential source 

of mined coal in the near future, while the Klip River coalfield is the smallest in South Africa 

and produces anthracite and some of the coking coal.  

 

 

Figure 1-3: South Africa’s primary energy consumption in 2016. Source: BP 

Statistical Review of World Energy.9 

1.2 Problem statement 

South Africa has abundant coal reserves but falls short of gas and oil reserves. Hence, South 

Africa depends on its vast coal resources to meet its energy needs. The utilisation of coal in 

South Africa accounts for about 72% of its entire energy utilisation.15 It is estimated that South 

Africa has a crude oil reserve shortfall of approximately 15 million barrels per year19, 

especially, when compared with other African countries like Nigeria, Angola, and Algeria.20 

The dependence of South Africa on the importation of crude oil is high. 21-23 A report published 

by the South African Revenue Service in 2015 shows that South Africa imports about 425,000 

barrels per day (bbl/d) of crude oil.24 South Africa imports the majority of the crude oil used 

domestically from the Organization of Petroleum Exporting Countries (OPEC), with import 
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percentages for Saudi Arabia being 38%, Nigeria 31%, Angola 12%, and the deficit is 

distributed between other African countries, Central South America, Europe and other Middle-

Eastern Countries (Figure 1.4).  

Since South Africa generates a substantial amount of coal fine discards annually, there is an 

opportunity to beneficiate the coal fine discards via density separation, and subsequently, use 

it for the development of a coal-based fuel for transportation to meet local demand for 

transportation fuel and thus be less dependent on imported fuel.  

  

Figure 1-4: South Africa’s energy importation by country of origin in 2014 

(Adapted from Global Trade Information).24 

The density separation method may be a better way of beneficiating these coal fine discards 

and subsequently using the cleaned coal obtained from the density separation experiment for 

other thermochemical coal utilisation processes. The density separation of coal fine discards 

involves their beneficiation by decreasing the yield and increasing the reactive macerals’ 

content. Petrographic analysis has shown that liptinite and vitrinite are the predominant 

macerals in the lighter fraction (float), and the heavy components (sink) are inertinite-rich and 

mineral matter-rich, depending on the maceral content of the feed material before density 

separation.25-29 If the coal has a high vitrinite content, it may be possible to transform the coal 

into useful products by liquefaction due to its high reactivity. Studies have shown that coals 

rich in vitrinite and liptinite give better yields during liquefaction than coal abundant in 

inertinite.29,30 

38%
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12%

9%
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3%

1%

Saudia Arabia Nigeria Angola
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Thermo-chemical conversion of coal fines and their density separated fraction (float) to liquid 

hydrocarbons will be a better way to use this float fraction. This can be achieved through the 

following: pyrolysis, solvent extraction, direct coal liquefaction (DCL), gasification and indirect 

coal liquefaction.31,32 Liquefaction is the direct conversion of coal to liquids by the dissolution 

of coal in a hydrogen donor solvent in the presence of a catalyst under mild temperature and 

pressure conditions.31-34 Products obtained during direct coal liquefaction are gases, mixed 

oils and coal residue. Khare and Dell’Amico34 reported that approximately 60% of mixed oils, 

15% of gases and 35% of residue could be produced during direct coal liquefaction depending 

on the temperature and the solvent used. During coal liquefaction, the thermal disintegration 

of the coal structure generates organic free radicals, which combine with hydrogen supplied 

by either the solvent, the coal itself, or externally supplied hydrogen. This process produces 

oil fractions, gases, pre-asphaltenes, and asphaltenes as intermediates, together with a solid 

residue, that may be further processed into char or semi-coke. Residual solids can also be 

used for gasification processes. The optimisation of the liquefaction process with different 

operating parameters such as coal particle sizes and temperatures under inert atmosphere 

and the usability of the residue (solid faction) produced after liquefaction needs to be 

investigated. 

A mixture of oils is the dominant product obtained from liquefaction, which is usually referred 

to as synthetic crude oil, and it can be further processed by fractional distillation using different 

boiling points to produce transportation fuels, such as gasoline, kerosene, naphtha and diesel. 

The gaseous component can also be processed to produce hydrogen, which may be recycled 

back into the process; while the coal liquefaction residue may be used as a precursor for 

gasification due to the high fixed carbon content and some mineral matter, which could 

catalyse the gasification process. Studies by various researchers have shown that the 

chemical properties such as elemental composition (C, H, N, O) and calorific values of coal-

derived liquefaction residues are comparable to the feed coal used during the liquefaction 

process.35-36 However, the direct use of the coal liquefaction residue could be a problem, due 

to its high mineral matter content.  

Presently, South Africa relies heavily on indirect coal liquefaction, i.e. coal gasification for the 

production of synthetic gas and the Fischer-Tropsch synthesis to produce liquid fuels, 

augmenting the petroleum supply. However, this process involves high production costs and 

poses a negative impact on the environment, such as unwanted gaseous emissions (e.g. 

carbon dioxide and nitrogen oxides), and a significant amount of coal ash. This investigation 

will not only seek for the optimised utilisation of waste coal, but it will also assist in improving 

liquefaction technology by using the residue (waste) generated from liquefaction in 

thermochemical conversion processes. 
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1.3 Research objectives 

This study aims to investigate the products (gaseous, liquid and solid) produced from the 

liquefaction of float fractions (<1.5 g/cm3) generated from density separation of South African 

coal fines, and subsequent pyrolysis and gasification of the produced liquefaction coal 

residues, to evaluate the suitability of coal residues for use in a coal gasification process. 

Specific objectives of this study include the following: 

 Determine the physical, chemical and structural properties of the coal and its density-

separated fractions, and subsequently evaluate the suitability of this feedstock for the coal 

liquefaction experiment.  

 Estimate the influence of the liquefaction operating temperature on the efficiency of the 

process using tetralin as a solvent. 

 Determine the chemical composition of the liquid products from tetralin coal liquefaction 

using different conventional and advanced analytical methods.  

 Determine the composition of the tetralin liquefaction residue produced from the coal fines 

and the float fraction after density-separation.  

 Compare the liquefaction products of the coal fine discards and its low density-separated 

fractions. 

 Investigate and compare the different product yields from the float fraction samples, and 

their liquefaction derived residues. 

 Determine and compare the chemical, physical and structural changes of the subsequent 

chars after pyrolysis. 

 Conduct CO2 gasification reactivity experiments on the produced char samples on a 

laboratory scale under temperatures similar to fluidised bed operating conditions. 

 Investigate the influence of the chemical, physical and structural changes of the chars on 

the observed CO2 gasification reactivity of the density-separated (float fractions) char 

samples and the liquefaction residue char samples.  

 Fit the resulting gasification experimental data to existing gasification kinetic models. 
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1.4 Study hypothesis 

The following hypotheses were formulated for this study: 

 Density separation of the coal fines will assist in beneficiation of the coal fines, and the 

float fraction will be enriched with more reactive macerals and lower ash yields. 

 During liquefaction of coal fines and their density separated fractions (float fractions), 

organic species may dissolve in the selected solvent at different temperatures. 

 Higher extraction efficiencies may be achieved from the float fraction after density 

separation in comparison to the coal fines samples that were not density separated.    

 The oil yield produced during liquefaction can be improved by using the density-separation 

method to increase the percentage of reactive macerals in the starting material.  

 During liquefaction, the coal matrix undergoes dredging, which could lead to an increase 

in porosity – the larger porosity of the residues will influence the gasification reactions. 

 Coal liquefaction residues that contain relatively high contents of fixed carbon and 

hydrogen and relatively high calorific values may be used for coal gasification processes. 

 The liquefaction process of coal may improve the reactivity of the coal residues and may 

have an impact on the activation energy of the gasification reactions. 

1.5 Significance of the research 

 Based on the available literature, there are limited studies on the analysis of different 

density separated fractions of South African coal fine discards using conventional and 

advanced analytical methods. This study is unique, as it will be conducted on different 

density-separated fractions from South African discarded coal fines to be used in coal 

liquefaction.  

 Some investigators have studied the liquefaction of South African coal, but limited studies 

have been conducted using different density-separated float fractions generated from 

South African discarded coal fines. 

 This study will also be useful to understand the application of liquefaction residues.  

 The study will also focus on the influence of liquefaction on the char produced from the 

residue and its applicability and effectiveness during gasification. This is to understand the 

suitability of the liquefaction residues produced from different density-separated coal 

fractions in the thermochemical processes (gasification and pyrolysis). 
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1.6 Outline of the study 

This investigation is divided into four phases: 

Phase I: Sample preparation and characterisation study 

Samples of bituminous coals from Waterberg and Highveld coal fine discards were collected 

and used in the study. The coal fine discards were subjected to a density-separation method 

to produce float (<1.5 g/cm3), middlings (between >1.5 and <1.9 g/cm3), and sink (>1.9 g/cm3) 

fractions. The characterisation study of the coal fines and their different density separated 

fractions was performed using various analytical techniques, as shown in Figure 1.5. The 

characterisation study of the samples was conducted to determine the suitability of the 

different fractions for utilisation in the liquefaction process.  

 

 

Figure 1-5: Schematic of sample preparation and analysis. 

 

Phase II: Coal liquefaction experiments 

After the suitability of the density-separated fractions was asserted, the preferred fraction and 

the coal fines were used for the liquefaction experiments. The liquefaction experiments were 

carried out in an ASS316 high-pressure stainless steel autoclave (90 mm diameter, 150 mm 

height, and 950 mL capacity) under N2 atmosphere. The detailed schematic of Phase II of this 

investigation is shown in Figure 1.6, and the different liquefaction products were separated in 

this phase. The middling and the sink fractions of the density-separated coal fine discards 
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were not subjected to a liquefaction test in this investigation due to the relatively high 

proportion of ash yield, low carbon content values and calorific values. 

 

 

 

Figure 1-6: Schematic of the liquefaction experiment. 

Phase III: Determination of organic species in the organic liquids/extracts, including 

solvents, and analysis of the residual solids 

The third stage of this investigation involves the characterisation study of the different 

liquefaction products (extracts and the residues) using different conventional and advanced 

analytical techniques. The products obtained from the liquefaction experiments were 

characterised using the following analytical methods: proximate and ultimate analysis, solid- 

and liquid-state nuclear magnetic resonance (13C NMR), gas chromatography-mass 

spectrometry (GC-MS), calorific value and Fourier-transform infrared spectroscopy (FTIR) 

analyses. These are illustrated in Figure 1.7. These analytical techniques were all used to 

determine the concentrations of organic species in the organic liquids and concentrations of 

elements in the solid (PAA and residues) products. The processing, statistical analysis, and 

interpretation of obtained results were conducted in this phase of the investigation. 
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Figure 1-7: Schematic of the liquefaction product analysis. 

Phase IV: Gasification of the residues produced from the liquefied products 

The liquefaction residue from the preferred density-separated fractions based on the amount 

of fixed carbon was gasified using CO2, to determine the suitability of the liquefaction residue 

(char) produced from the different density-separated fractions in the char-CO2 gasification 

process. Firstly, the float fractions and its liquefaction residues were pyrolysed at 750 and 

920°C to produce chars that were used for the CO2 gasification tests. The resulting pyrolysis 

products (char and tars) were analysed using conventional and advanced analytical methods. 

Further gasification experiments were carried out on the pyrolytic char at different gasification 

temperatures:  880, 900, 920, and 940°C under CO2 atmosphere. The data obtained from the 

gasification experiments were analysed using different gasification reactivity and kinetic 

models. The schematic of the Phase IV investigation is presented in Figure 1.8. 
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Figure 1-8: Schematic of the pyrolysis and char-CO2 gasification experiment. 

1.7 Scope of the thesis 

Chapter 1 – Introduction 

The aims and objectives, problem statement and hypotheses are discussed in this chapter. 

Chapter 2 – Literature review 

This chapter contains a summary of previous work based on the available literature, research 

and publications related to coal utilisation. Literature regarding coal properties, formation, and 

composition is discussed, and different coal utilisation processes are explained in detail. This 

section also highlights already existing studies on liquefaction of coals from different countries 

and gasification of coal liquefaction residue chars.  

Chapters 3, 4, and 5 – Results and discussion  

These chapters are in the form of published papers and manuscripts. Results obtained from 

the experimental work are divided into three sections. 
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Chapter 3: Influence of density separation of selected South African coal fines on the products 

obtained during direct liquefaction  

In this paper, the analyses of the coal fines, the density-separated fractions, liquefaction of 

coal fines and different density-separated South African coal samples were discussed. After 

the liquefaction test, a comparison of the different liquefaction products derived from the coal 

fine discards and the float fractions is given. The analyses of all the liquefaction products are 

reported. 

Chapter 4: Pyrolysis of tetralin liquefaction derived residues from lighter density fractions 

produced from waste coals taken from waste coal disposal sites in South Africa  

In this paper, the pyrolytic products obtained from the float density separated coal fines 

fractions, and their liquefaction residues are described via detailed characterisation of the 

different pyrolytic products (tar and chars) using various analytical methods.  

Chapter 5: Gasification of chars from tetralin liquefaction of <1.5 g/cm3 carbon-rich residues 

derived from waste coal fines in South Africa 

Gasification of coal residues (chars) produced from liquefaction of coal and the density-

separated coal fractions are reported in this paper. Gasification experiments were done on the 

coal residues produced during liquefaction tests. The suitability and the influence of the 

liquefaction residues during gasification experiments were investigated and are reported on in 

Chapter 5.  

Chapter 6: Conclusions and recommendations 

This chapter is a summary of the most relevant results, confirming or rejecting the initial 

hypotheses. Future work to be done in this area of research covering any shortcomings during 

this study is highlighted in Chapter 6. 
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CHAPTER 2 LITERATURE REVIEW 

 

An overview of coal properties (maceral and mineral matter) and composition are presented 

in this chapter. This is followed by the different thermochemical processes used for coal 

conversion to synthetic fuel and chemicals with a focus on liquefaction of coal, using direct 

liquefaction technology. The utilisation of liquefaction residues for pyrolysis and gasification 

will also be discussed.  
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2.1 Coal composition 

Coal is an organic sedimentary rock material which originates from seam deposits. Coal is 

formed through the coalification process via the process of physical and chemical 

transformation of plant materials.1-5 Coal consists of high proportions of organic matter 

(macerals) and mineral matter (minerals and non-mineral inorganic elements). The organic 

components in coal contain a high carbon content, with small proportions of hydrogen, oxygen, 

organic sulphur and nitrogen.6,7 The organic part of coal consists of two structures, namely (a) 

the insoluble molecular phase, which is usually made up of condensed aromatic structures 

and hydrocarbon structures; and (b) the soluble phase or molecular phase. The latter phase 

is the fraction of coal that is soluble in a solvent. The soluble phase is made up of low molecular 

mass compounds, which usually comprise aliphatic hydrocarbons, polycyclic aromatic 

hydrocarbons (PAH), hydroxylated polycyclic aromatic compounds and heterocyclic 

compounds.8,9 The amount of aromatics in coal increases as the rank of coal increases, with 

anthracite having the highest aromaticity for coal. The number of side chains connecting the 

main macro-molecules in coal decreases as the coal rank increases.   

The inorganic components consist of compounds that form ash during thermal coal 

processing.10 The amount of mineral matter in coal is usually used to grade coal and partly 

determines the quality of coal.  

2.1.1 Organic components of coal 

The organic fraction of coal is generally referred to as macerals. These macerals originate 

from the physical and chemical modifications of organic matter, deposited during coal 

formation. Macerals have different structural and chemical properties, depending on the 

specific organic matter that they were formed from. Different macerals in coal will behave 

differently with regards to reactivity, char structure, swelling propensity, and amount of 

volatiles liberated.11 The components of different macerals in coal assist in the estimation of 

the chemical, physical and optical properties of coal.12,13 Coal is a heterogeneous mixture 

which contains three different classes of macerals, namely inertinite, vitrinite and liptinite.  

Inertinites are maceral groups, which have a high reflectance when compared to other maceral 

groups. Inertinite macerals can be subdivided into different sub-macerals, namely 

semifusinite, fusinite, macrinite, funginite, and micrinite.14 Inertinite is generally known to be 

carbon-rich, very aromatic and contains a lower amount of volatile matter and hydrogen than 

the other types of macerals. During thermochemical utilisation, inertinite macerals are 

relatively unreactive (inert); hence they are less suitable for liquefaction processes than other 

macerals.  
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Vitrinites are maceral groups which are made up of brightly coloured constituents known 

as vitrain. They are mostly regarded as the most reactive macerals.15 However, it has been 

established that all vitrinites are not reactive; and not all inertinites are inert.16,17 Vitrinite 

macerals are subdivided into different sub-macerals, namely vitrodetrinite, corpogelinite, 

telovitrinite, detrovitrinite, collotelinite, gelovitrinite, gelinite and collodetrinite.18 Vitrinite 

macerals consist of a moderate amount of hydrogen and volatile matter. These properties 

render vitrinite macerals suitable for hydrogenation and liquefaction processes.  

Liptinites are one of the maceral groups which are formed from non-humic plant material.19 

They are characterised by a high hydrogen content and low reflectance, compared to other 

maceral groups. Liptinite macerals are further subdivided into sub-macerals, such as cutinite, 

resinite, alginate, bituminate, subernite, litodetrinite and exsudatinite.20 Liptinite macerals 

contain a higher fraction of aliphatic carbons, and a higher amount of hydrogen and volatile 

matter than most other macerals, and are readily oxidised during thermochemical utilisation 

processes. Considering the higher amounts of aliphatics, hydrogen and volatile matter, 

liptinites are generally considered to be the most appropriate for the liquefaction process.  

The macerals differ in chemical, structural and physical properties. The macerals’ properties 

are essential in determining the behaviour of coal during utilisation processes. During coal 

solvent extraction, observations from previous studies have shown that vitrinite and liptinite 

abundant coals provide higher carbon conversion than coals that are inertinite-rich.21 The 

influence of maceral groups during thermochemical processes have been investigated by 

different researchers.22-25 Dyrka and Horwitz,22 and Choi et al.,23 found that liptinite is richer in 

aliphatic carbons than other macerals and vitrinite macerals are rich in phenolic compounds, 

while inertinite is rich in aromatic carbon. By density separation, it is estimated that liptinite 

predominates in the lighter fractions (float) and contains less mineral matter than in the higher 

density-separated fractions. Other researchers have also shown that where the coal contains 

different macerals after density separation, liptinite and vitrinite macerals are concentrated in 

the float fractions of the coal, while inertinite concentrates to a greater extent in the heavier 

fractions.17 The sink fraction usually contains a high concentration of the mineral matter of the 

coal.22   

2.1.2 Coal mineral matter 

Mineral matter in coal is categorised into three different forms, namely inherent (included) 

minerals, extraneous (excluded or discrete particles) minerals, and non-mineral inorganic 

elements (organically associated inorganic components, such as salts of carboxylic acid, 

inorganic element ions and water-soluble inorganic salts).26-29 For low-rank coal, the number 

of different inorganic element carboxylates (organically associated inorganic elements) may 
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be directly related to the amount of organic carbons and inorganic components in the coal.4 

Mineral matter, and inorganic elements  are detected by mineralogical and chemical analytical 

techniques such as XRD, QEMSCAN and XRF spectroscopy.6,30.31 

The inorganic species in higher rank coals are in the form of minerals, with a smaller 

percentage of carboxylic acid salts than in lower rank coal.4 The percentages of organically 

associated inorganic constituents vary with rank of coal, as with reducing coal rank, the 

fraction of organically associated inorganic components increases. 

The inorganic part of coal may contain over 125 minerals, mostly in microgram per gram 

quantities.32,33 Mineral matter and macerals in coal  are transformed or decomposed at 

elevated temperatures during the thermochemical utilisation of coal.34-41 Coarse coal 

feedstock fed to commercial gasifiers, for example, consists of rock fragments (sandstone, 

siltstone and mudstone particles) and carbon-rich particles. These rocks contaminate the 

carbon-rich particles through intra-seam bands, floor or roof layers. Some of the rock material 

can be liberated from the organic carbon particles during sample preparation using crushers 

and grinders.42-45 Mineral matter in coal has been shown to have a substantial influence during 

coal utilisation processes. The chemical structure of the mineral products is influenced by heat 

treatment.30,46,47 

Some minerals in coal have been shown to enhance the gasification process by serving as 

catalysts during coal utilisation processes.48-53  The addition of alkaline metallic compounds, 

such as Li, Na, K, Ca and Ba carbonates, oxides and hydroxides, has been used to enhance 

gasification. The catalytic reaction occurs through chemical and electronic interaction with the 

carbon matrix.48 The catalytic performance of these metallic compounds was shown to be 

dependent on various parameters, such as the concentration of the catalyst, the method of 

catalytic dispersion, and chemical form. Previous studies on South African coal have shown 

that K2CO3 addition enhances the gasification process.49 Wang et al.50 studied the catalytic 

behaviour of a blend of calcium hydroxide and potassium carbonate salts during gasification. 

They observed from their study that the addition of minerals to the char improved the 

gasification reactivity of the chars. In an investigation conducted by Zhang et al.51 on the 

reactivity of coal char using a Ca and Na doped catalyst, it was observed that the catalysed 

samples showed higher reactivities during steam gasification when compared to parent coal 

samples. Sakawa et al.52; Ye et al.53 and Hattingh et al.54 used the alkali index to examine the 

relationship between mineral matter content and reactivity. Results from their experiments 

showed that gasification reactivity increased with increasing alkali index.  
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2.2 Coal classification 

The degree of coalification or metamorphosis of coal from peat to graphite-like material is 

known as the rank of coal.12 The percentage of carbon content is usually used to evaluate the 

rank of coal and also used to evaluate the level of maturity of coal.55 There are different factors 

to be considered in identifying different ranks of coal; these factors include the heating value 

of the coal and the behavioural pattern of coal during the utilisation processes. Coal is 

generally categorised into different ranks namely: brown, lignite, sub-bituminous, bituminous 

and anthracite coal, with anthracite regarded as the highest rank coal and brown coal the 

lowest-rank coal.11,12 Higher rank coal can be differentiated by the following parameters: 

vitrinite reflectance and fixed carbon content; whereas, lower rank coal can be distinguished 

based on the amount of moisture, mineral matter content and calorific values of the coal.56 In 

practice, when a coal sample has a high ash yield and inherent moisture content, the heating 

value of such coal is low. Since anthracite is high-rank coal, it has a higher heating value when 

compared to the lower rank lignite coal.55 As the coal matures due to the loss of some organic 

components of coal, such as hydroxyl and carbonyl groups, the oxygen and moisture contents 

of the coal decrease. The elemental hydrogen content also reduces with increasing coal rank, 

and the elemental carbon content of coal increases as the maturity or rank of coal increases.57 

As coal ages, the carbon content, molecular cluster sizes, and aromaticity of the coal increase, 

with a considerable reduction in the volatile matter and moisture contents.58 The abstraction 

of aliphatic and the acyclic moieties of coal during coalification is attributed to the increase in 

aromaticity of higher rank coal.57-61 The organic part of coal contains carbon (70-95 wt. %), 

hydrogen (3-6 wt. %), oxygen (5-25 wt. %), and small percentages of sulphur and nitrogen.52  

The percentages of organic matter in coal depend on the coal rank.  

2.3 Thermochemical utilisation of coal 

Thermochemical processing of coal is the thermal degradation of organic components of coal 

to yield various products, which can be used as fuel or can be further processed to be used 

as fuel or chemicals. Thermochemical processes can be subdivided into four main categories 

depending on the operating conditions used. These are pyrolysis, gasification, combustion 

and liquefaction. 

2.3.1 Coal pyrolysis 

Pyrolysis is a thermochemical process which is conducted in a temperature range of 400– 

950°C in an inert atmosphere. During pyrolysis, carbonaceous material called char is 

produced. The temperature at which pyrolysis occurs is low when compared to the gasification 
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temperature. The products obtained during pyrolysis are gases, tars, water and chars. 

Pyrolysis involves the thermal disintegration of coal in an inert atmosphere such as N2, Ar, or 

He. Pyrolytic processes are complex and involve different reactions taking place; each of the 

reactions leads to the generation of different pyrolytic products. Products generated during 

pyrolysis include reactive solid (chars), liquids (water and tar), as well as gaseous 

compounds.62,63 The aromatic and hydro-aromatic units are the primary building blocks of coal 

and are held together by elements and functional groups such as oxygen, sulphur and 

methylene.64 During pyrolysis, the thermally labile compounds, which are weakly bonded to 

the coal matrix are liberated in the form of volatiles; the crosslink bridges rupture; and the 

building blocks in coal (aromatic and hydro-aromatic) are transformed into aromatic blocks.62,63    

Tars are generated during coal pyrolysis. The composition of the tar is influenced by factors 

such as the rank of coal, particle size, and mineral matter in the coal.65,66 The tars are 

estimated to make up approximately 50–80% of the total mass loss during pyrolysis of low-

rank coal samples.67  Light compounds in the tar comprise mainly benzene, xylene, toluene, 

cyclohexane, alkanes, olefins and some aromatic compounds.5,65 The heavy compounds in 

tars, which are regarded as the most valuable products, comprise mainly pyridine, cresols, 

naphthalene, phenanthrene, phenol, pyrene and biphenyl.5,66,68,69 These tar compounds need 

to be upgraded before they can be used commercially.5,46,70    

The gaseous products generated during pyrolysis of coal usually contain gases such as CO, 

CO2, CH4, H2, C2H6, and C2H4. These products can be upgraded using methanation to produce 

syngas that are used in the industry for the production of liquid fuel. 65,71,72,73   

The char, which is the main product generated during pyrolysis, primarily contains carbon, ash 

and a small percentage of hydrogen. These chars can be used in the gasification process 

owing to their high reactivity. 5,73-75 Conditions of the pyrolysis process determine, among other 

factors, the char reactivity during gasification. Studies have also shown that the char produced 

during pyrolysis can be used in the metallurgical industry as a reductant, in the production of 

carbon molecular sieves and activated carbon which are used in water treatment processes, 

gas separation and food processing.74,75 The structure of the char, char yield, and reactivity 

are dependent on parameters such as coal rank and grade, heating value, particle size, and 

residence time used during pyrolysis.  

Most studies have focused on the influence of pyrolysis conditions and analysis of products 

from South African coals.76-78  
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2.3.2 Coal gasification 

Gasification is the process whereby coal reacts under atmospheres such as air, CO2, steam, 

oxygen or a combination of these gases to produce synthetic gas (a mixture of CO and H2), 

that is used as fuel or feedstocks during chemical synthesis. The composition of gases 

generated during gasification depends on the gasifying agent, coal rank and its composition, 

the operating conditions and all these control the gasification reactivity.79 Entrain flow 

gasification and plasma gasification are conducted at temperatures exceeding 1500°C and 

2000°C respectively under controlled pressure. The products generated (mainly syngas) may 

be used directly in the production of electricity, or the production of chemicals.79 Gasification 

is sometimes referred to as incomplete or partial combustion because during gasification CO, 

and H2 are produced as compared to CO2 and H2O that are produced during combustion.80 

As an example of the industrial gasification process, a schematic presentation of the Sasol-

Lurgi fixed bed gasifier is given in Figure 2.1. Sasol uses a Sasol-Lurgi fixed bed dry bottom 

(FBDB) gasifier for the production of synthesis gas (syngas). The Sasol-Lurgi gasifier uses a 

variety of coal feedstock, such as high ash and high melting point mineral matter coal for the 

production of a H2/CO syngas.42 Coals fed from the top of the gasifier at a pressure of 30 bar 

in the presence of steam and oxygen as gasifying agents. From Figure 2.1, different reaction 

zones are observed from the top of the gasifier to the bottom. The different reaction zones 

are: (1) the drying zone, where moisture is released; (2) the devolatilisation zone, where 

pyrolysis occurs as the volatiles in coal are liberated; (3) the reduction zone, where the 

endothermic syngas producing reactions take place; and (4) the combustion zone, where 

oxidation reactions (exothermic) occur. The dry ash is discharged from the bottom of the 

gasifier.  

For this investigation, the gasification process is simulated on a laboratory scale by producing 

a char from the starting material under pyrolysis conditions and then subjecting the produced 

char to heat treatment in a CO2 atmosphere.  
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Figure 2-1:           Schematic representation of a fixed-bed gasifier showing the four 

zones of reactivity (adapted from Hebden and Stroud81). 

2.3.3 Coal combustion 

Coal combustion is a process used in the production of electricity by the ignition of coal in a 

furnace.80 The reactant gases for combustion are air and/or oxygen. Coal combustion involves 

the breaking down of chemical bonds in coal to form mainly CO2 and H2O to liberate energy. 

Combustion is usually done at atmospheric pressure and high temperature (above 800°C).  

2.3.4 Coal liquefaction 

Transportation fuels currently in use are obtained from crude oil, which contains double the 

amount of hydrogen as coal. In order to obtain transportation fuels from coal, the coal needs 

to be converted to liquids. The process whereby liquids are extracted from coal is liquefaction.  

The process to produce transportation fuels must thus make provision for the conversion or 

extraction of liquids from coal to have a similar hydrogen content and properties to crude oil 

before it can substitute for crude oil. During the liquefaction process, carbon is removed from 

coal using a hydrogen-rich solvent.82 Liquefaction is performed under mild pressure and 

temperature conditions.  
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Coal has atomic hydrogen to carbon ratio ranging between 0.7–0.95, petroleum’s (crude oil) 

H/C ratio is approximately 1.5, and natural gas’ ratio is 4.83 One of the advantages of coal 

liquefaction is the production of liquid fuels with atomic H/C ratios ranging from 1.8–2.5. 

Hydrogen is added during liquefaction to obtain the higher H/C ratio, and in the process, some 

oxygen and carbon are removed from the coal matrix. The smaller liquid hydrocarbons formed 

during the liquefaction process concentrate in the liquid and gas phases. 

2.3.4.1 History of liquefaction 

Coal to liquid (CTL) industrial technology has been in existence for a long time.84 CTL 

technology was developed by a German scientist Friedrich K.R. Bergius in 1913. Indirect coal 

liquefaction technology was first employed by the Germans during World War II, due to the 

relative abundance of coal in Germany.83 The motivation for the development of CTL was the 

high demand for transportation fuels for military aeroplanes, tanks, and warships. The use of 

CTL met about 92% of Germany aviation fuel and some fraction of the petroleum needs during 

World War II. The initial stage of production generated up to 127,000 barrels of fuel per day 

from about 25 CTL plants.84 Direct coal liquefaction (DCL) has also been developed in other 

countries such as the United Kingdom, United States of America, Japan and China. A 

Synthetic Liquid Fuels Act was passed in 1944 by the United States for the production of fuel 

using CTL technology. The law was promulgated because of the oil shortage facing the US 

during the war. The passed Act promoted the manufacturing of liquid fuels from coal and other 

organic materials for five years.86 Nonetheless, excessive cheap oil after the war reduced 

attention to CTL. However, numerous developmental programmes continued in operation in 

the US and other countries.  

South Africa is one of the countries, which has implemented commercial CTL technology after 

the Second World War era. In the early 1950s, South Africa started supporting CTL technology 

development. The commencement of CTL technology in South Africa was partly due to fear 

that the importation of oil to South Africa may be sanctioned, because of policies carried out 

during the apartheid regime. At present, Sasol has more than 50 years of experience in the 

use of CTL technology to produce synthetic fuels. Approximately 40% of the gasoline 

consumed in South Africa is obtained from liquefied coal.86 Sasol uses CTL technology to 

produce gasoline, diesel, jet fuel and chemicals. This initiative was as an effect of the 

restriction placed on South Africa on the importation of oil from other countries by international 

arrangements. The oil shocks of the 1970s led to new attention to the process in the US, 

Japan and some of the countries that depend on the importation of crude oil. Still, again the 

accessibility of large amounts of cheap oil made the utilisation of large-scale CTL technology 

unsuccessful and unappealing. During the past ten years, the prices and the demand for 
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energy have astronomically increased, and CTL technology has returned to the global 

energy discourse. In 2009, a Chinese company Shenhua Energy Co. LTD developed the first 

commercial direct coal liquefaction plant.87 

2.3.4.2 Types of liquefaction 

Coal liquefaction is divided into direct coal liquefaction (DCL), solvent extraction and indirect 

coal liquefaction (ICL). The types of liquefaction differ from each other with regards to their 

operating conditions. A more detailed description of the different liquefaction processes will 

be given in this section.  

  Indirect coal liquefaction (ICL) 

Indirect coal liquefaction processes mostly involve gasification of coal to generate synthesis 

gas, a mixture of CO and H2 (syngas). This mixture is converted to liquid hydrocarbons by the 

Fisher-Tropsch process. The ICL process refers to coal that is not transformed directly into a 

liquid but has to undergo other processes before it is converted to liquids. ICL involves the 

gasification process, in which coal reacts with gasifying agents such as CO2, O2 and steam, 

or a combination of these gases, at a moderately elevated temperature (>1000 °C) to generate 

hydrocarbon and synthetic gases.88,89 The indirect liquefaction process as a first step thus 

deals with the direct breakdown of the coal macromolecular structure. Since the products 

obtained from indirect coal liquefaction and direct coal liquefaction have lower hydrogen to 

carbon ratio than those needed for liquid fuels, a hydrogenation process is required. Figure 

2.2 shows a typical pathway in which gasoline and other chemicals are produced using 

Fischer-Tropsch technology. This study focused on the direct liquefaction of coal, which will 

be described in more detail.  
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Figure 2-2: Scheme of the Indirect Coal liquefaction (ICL) process to produce 

transportation fuels using Fischer-Tropsch synthesis (adapted from Spath and Dayton, 90). 

Solvent extraction.  

The solvent extraction process involves the heating of coal in the presence of a non-reactive 

organic solvent. Solvent extraction differs from DCL, as for solvent extraction, a hydrogen-rich 

solvent is not required, and the temperature used for solvent extraction can range from 150–

400°C. This temperature range is subject to the boiling point of the solvent employed in the 

process.  

The solvents used in solvent extraction have been categorised into two classes.4 The first 

class of solvents can extract only about 10% of coal and includes acetone, chloroform, diethyl 

ether and benzene. The second class of solvents can dissolve about 40% of coal. Solvents 

such as pyridine, 1,2-diaminoethane and quinolone fall in this category. Studies have shown 

that at temperatures above 300°C, solvents such as phenol, anthracene, 2-naphthol and 

phenanthrene are useful for the extraction of up to 50% of coal depending on the coal type.4,91 

Different solvents used with the same coal can have different extraction yields and products. 

The extraction efficiency is also influenced by coal rank. With increasing coal rank, the 

effective solvent extraction decreases. Anthracite coals give a low yield irrespective of the 

solvent used in the process. The extraction yield also depends on other factors such as coal 

macerals, temperature and particle size of the coal.91 Higher carbon extraction efficiency can 

be obtained from coal containing higher amounts of vitrinite and liptinite, and lower extraction 
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yields are derived from coal with higher amounts of inertinite. When using the same solvent 

and coal type, extraction yields can be improved by elevating the liquefaction temperature and 

also by reducing the particle size of the coal used in the process.91 

  Direct coal liquefaction (DCL) 

DCL is a process that involves the treatment of coal with a hydrogen-rich solvent, with or 

without a catalyst, under a pressurised atmosphere at a moderate heating rate and final 

temperatures between 300–450°C.92 The solvent is essential because it also assists in mass 

transfer during chemical reactions. During DCL, the thermal disintegration of the coal 

generates free organic radicals, which react with hydrogen provided by the solvent, or 

externally supplied hydrogen gas (when hydrogen is used as atmosphere). The organic 

radicals react to assist in the production of different hydrocarbons ranging from lighter aliphatic 

to aromatic compounds. The hydrogen provided by the solvent helps in the thermal 

disintegration of aromatic rings in coal into smaller molecules or large paraffin hydrocarbons 

similar to those in crude oil. Carbon and oxygen are removed in the form of H2O, CO2 or CO 

during the liquefaction process. The DCL process produces oil fractions, gases, pre-

asphaltenes, and asphaltenes as intermediates, together with a residue that becomes further 

condensed into char or semi-coke. The residual solids from the process may be further used 

in gasification processes.92-96 The majority of solvents used during DCL include phenanthrene, 

methylnaphthalene, tetrahydrofuran, benzene, diethyl ether, pyridine, quinolone, 1,2-

diaminoethane, tetralin and cresol.  

DCL has been used by various researchers to investigate the liquefaction product distribution 

yields and carbon conversion efficiency.92-96 Many challenges and problems are associated 

with DCL technology, and these difficulties include unclear reaction mechanisms and kinetics 

that are associated with the liquefaction process.97 Direct liquefaction is needed by countries 

with shortages in crude oil reserves and dependency on coal, especially South Africa.   

The significant difference between DCL and ICL is that during the DCL process, the majority 

of the macro-structural components of the coal matrix remain unaltered, whereas, in the ICL 

process, the organic components of coal are broken down to generate a mixture of light gases 

such as CO, H2, CO2 and CH4.   

The dominant products generated from DCL are mixed oils, gases and a small quantity of 

solid residue, depending on the chemical, physical and petrographic properties of the coal and 

the solvents used. The mixed oils produced by the DCL process have to be upgraded before 

they can be used as transportation fuels. Upgrading is done through catalytic cracking and 

heating of the oil to generate different products such as vacuum gas oil, kerosene, naphtha, 
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and diesel. Products generated from the upgrading of DCL oil are similar to those of crude 

petroleum oil. The oil obtained during DCL is the most wanted product and influences the 

economy of the liquefaction process. A good quality coal or density-separated fractions of coal 

that will give high oil yields are vital for commercialisation of the liquefaction technology. The 

DCL process has the following benefits: the production of a variety of hydrocarbons; similarity 

of the oil product to that of crude oil; an increase in the economy of the country; and finally, 

some environmental benefits.  

Direct coal liquefaction is performed in three stages: (1) coal is first digested with a solvent 

rich in hydrogen, which also serves as a carrier; (2) coal is thermally dissolved under mild 

temperature and pressure; and (3) hydrogen is transferred to dissolve coal products. The 

schematic route for the DCL process is given in Figure 2.3.  

 

 

Figure 2-3:      Direct coal liquefaction route to transport fuel (adapted from Deutsche Bank 98) 

2.3.4.3 Factors affecting direct coal liquefaction 

Various factors that influence the yield of the different products during the direct liquefaction 

of coal have been pointed out by researchers. These factors are listed and discussed below.  

 Temperature  

Temperature is one of the main factors during liquefaction that affect the formation of free 

radicals and afterwards influence free radical reactions.  DCL involves, firstly, the dissolution 

of coal in a hydrogen-rich solvent, and secondly, the disintegration of the macromolecular 

components of coal into different radicals under mild temperature conditions. These 

compounds (radicals) are stabilised and hydrogenated to produce components with low 

molecular weights at temperatures between 350–450°C.92,99-101 Temperature helps in the 

thermal breakdown of the C-C bonds in the coal molecule and further increases the reaction 

rate. Elevated temperatures also assist in intensifying the natural breakdown of coal 

macromolecules into liquids. A further increase in temperature could disintegrate the 

macromolecular structure of coal, which will favour the formation of gases. 
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Several investigators have studied the influence of temperature during DCL.99--104 Flatman-

Fairs and Harrison100 studied the DCL of UK bituminous coal, Spanish lignite and a blend of 

both coals at 380–420°C. Their results showed that an increase in the liquefaction temperature 

from 380 to 400°C favoured the production of oil by increasing secondary cleavage reactions. 

They also found that a further rise in liquefaction temperature to 450°C favoured the formation 

of coke. Recently, Cai et al.101 studied liquefaction of lignite from China in a tube reactor under 

a CH4 atmosphere, at a temperature ranging from 400–800°C with a variation in residence 

time from 4.5 to 11.2 s and pressure from 10 to15 MPa without a catalyst. They observed that 

as temperature increased, the effectiveness of the DCL process increased. Their reported 

conversions were found to increase from 4.8% at 400°C to 25.4% at 750°C at a pressure of 

10 MPa CH4, with a residence time of 10.0 s. A decrease in the oil yield was observed when 

the temperature was increased from 750°C to 800°C. They concluded that temperature and 

residence time are important factors affecting the carbon conversion of coal and product 

distribution during the liquefaction process. In a similar investigation by De Marco et al.103 into 

the behaviour of Spanish sub-bituminous coal during liquefaction, using tetralin as a solvent, 

at temperatures ranging from 400 to 475°C, the authors found that an increase in liquefaction 

temperature led to an increase in the formation of free radicals. The optimal temperature for a 

high oil yield using the specific coal sample and conditions was found to be 420°C. 

 Solvent 

The efficiency of selective liquefaction depends not only on the rank of coal but also on the 

solvent types.105,106 The solvents used in coal liquefaction can be generally classified into four 

types depending on their effects on coal macromolecular structure. They are reactive, 

degrading, specific and non-specific solvents. 

Reactive solvents are those that can react with the coal matrix during the liquefaction process. 

The reactive solvents can be subdivided into two groups: non-donor solvents and donor 

solvents. Examples of a non-donor solvent include decalin, pyrene, and fluoranthene, while 

common donor solvents are tetralin, tetrahydrofluoranthene and dihydroanthracene.  

Degrading solvents are those solvents that decompose and produce hydrogen free radicals 

that react with the fragments from the coal matrix.  Degrading solvents can extract up to 90% 

of the available liquid part of coal at temperatures higher than 200°C. Degrading solvents are 

unique and different from other solvents because of the high percentage recovery of the 

solvent after liquefaction. Some commonly used degrading solvents include phenanthridine 

and anthracene. Liquefaction using reactive and degrading solvents are mainly performed at 

high temperatures. 
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Specific solvents can react with the coal macromolecular structure at low temperatures. These 

solvents include pyridine and n-methyl-2-pyrrolidone. Specific solvents can dissolve about 20–

40% of coal at 200°C. 

Non-specific solvents can dissolve coal structures at lower temperatures compared to specific 

solvents. Examples of non-specific solvents include alcohol, benzene, chloroform, and 

acetone. Both specific and non-specific solvents are electron donors, and both can dissolve 

coal macromolecular structures at low temperature. 

Some researchers have studied the effect of solvents during coal liquefaction.107-115 Sakata et 

al.114 investigated the role of non-donor solvents in the transfer of hydrogen during the 

liquefaction process using Australian brown coal. Three polycondensed aromatic hydrogen-

carbon solvents (pyrene, fluoranthene, and anthracene) were used in their study in 

combination with tetrahydrofluoranthene. Results from their research showed that non-donor 

solvents, pyrene and fluoranthene, gave a lower yield when compared to the yield achieved 

with tetrahydrofluoranthene, which is a donor solvent.  A higher yield was achieved when the 

non-donor and donor solvents were mixed, i.e. a mixture of tetrahydrofluoranthene with pyrene 

or fluoranthene. Sakata et al.114 concluded from their study that the higher yield obtained from 

the mixture of the two solvents could be a result of the non-donor solvent assisting in the 

swelling of the coal matrix, which would in turn aid in the distribution of hydrogen donor 

solvents into the coal and further dissolve the coal macromolecular structure.  

Similar research has also demonstrated some synergistic effects through the use of donor and 

non-donor solvents.106-109 Chiba et al.110 studied liquefaction of Yallourn coal using a binary 

system solvent. The two solvents used in their study were tetralin and a polynuclear aromatic 

compound (phenanthrene). From their study, they demonstrated that the addition of 

phenanthrene facilitated the hydrogen transfer reaction from tetralin to the coal fragments. 

Kuznetsov et al.108 studied the synergistic behaviour between a reactive donor solvent 

(tetralin) and a non-specific solvent (alcohol) using Ashinsk brown coal. They found that there 

were synergistic properties when the two solvents (tetralin and methanol) were mixed during 

liquefaction. They attributed the synergistic behaviour to the ability of the alcohol solvent to 

cause swelling of the coal structure, thereby enhancing the reactivity of the coal fragment to 

the reactive hydrogen donor, tetralin. 

Mochida et al.112 studied the role of donor solvents during liquefaction of Australian coal under 

1 MPa pressure and N2 atmosphere with poly-hydrogenated condensed aromatics using 

tetrahydrofluoranthene, octahydroanthracene, hexahydroanthracene, and 

dodecaherotriphenylene. Results from their study showed that the yield of oils and 

asphaltenes at 450 °C with a 5 min residence time and a liquid to solid ratio of 1:1 were 
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hexahydroanthracene, 35%; dodecaherotriphenylene, 40%; octahydroanthracene, 50%; and 

tetrahydrofluoranthene, 40%. In a similar study by Mochida et al.113, synergistic effects 

between solvents were investigated using Australian brown coal and a mixture of 

tetrahydrofluoranthene and octahydroanthracene.  

Non-donor solvents have been shown by Sakanishi et al.107 to be suitable during 

liquefaction. They investigated the liquefaction of brown coal and sub-bituminous coal using a 

NiMo sulphide catalyst. Tetralin (donor) and anthracene (non-donor) were used as solvents 

during the process. They found that the non-donor solvent achieved a higher conversion when 

compared to the donor solvent in the presence of the catalyst. Water has been proven by other 

investigators to be useful as a co-solvent during liquefaction and could assist in catalyst 

dispersion during the liquefaction process.115-117 

Tetralin has been proven as a useful solvent to convert high-mineral matter bituminous coal 

into useful products via liquefaction. However, most of these investigations were performed 

on a laboratory scale.92,96 Tetralin is an organic solvent, which serves as a hydrogen donor 

during liquefaction. It has high thermal stability and good hydrogen donor capabilities.  

The hydrogen that is donated by the solvent during the liquefaction process stimulates the 

liquefaction process through the stabilisation of the free radicals that are produced by the 

thermal cracking process.118 The solvent thus acts as a means of transferring hydrogen to coal 

during the liquefaction process.119  

 Pressure and atmosphere 

A high pressure during the coal liquefaction process has a significant influence because 

maintaining the pressure above the optimum pressure of the process will aid the dissolution 

and hydrolysis of the coal macromolecule. High pressures, however, assist in keeping the 

solvents and products in the liquid phase, preventing the accumulation of coke on the walls of 

the reactor, and facilitate hydrogenation reactions.  The density of the solvent may be 

increased at higher pressures, and this can aid in an even penetration and distribution of the 

solvent in the coal structure, thereby facilitating a better extraction efficiency. Some 

researchers have shown that when an appropriate solvent with a high boiling point and a 

catalyst are used during liquefaction, high pressures may be required.120-123  

Although an increase in pressure will favour the conversion of coal to liquid products, 

investigators have demonstrated that optimum pressure exists above which no further 

increase in the production of oil is observed.101,113,124 In a study by Mochida et al.113 on the role 

of donor solvents during liquefaction of brown coal from Australia, where they varied the 

operating pressure from 17.4 to 26.1 MPa, no changes in the oil yield and carbon conversion 
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were observed. In a similar study by Cai et al.101 on the rapid liquefaction of lignite coal 

between 10 and 15 MPa without a catalyst, they found that the oil yield at 10 MPa was 25.4% 

and 26.1% at 15 MPa.  

Different atmospheres (N2, H2, CO, CO-H2 mixtures, H2-H2O, CH4, CH4-H2 and syngas-H2O) 

can be used during DCL.113,124-129 Mochida et al.113 found in their study that the use of a 

N2 atmosphere in the presence of a suitable solvent could achieve high oil yields and 

conversions. However, most DCL processes are carried out in a high-pressure hydrogen 

atmosphere. Hydrogen is a good capping agent that can aid in preventing coke formation and 

assist in radical and fragment conversion to liquid products during liquefaction. The hydrogen 

bond in molecular hydrogen is very stable and can only break under severe conditions and in 

the presence of a catalyst. The H2 molecule can decompose into reactive atomic hydrogen 

using specific catalysts and conditions.127 Hata et al.125 studied the effect of a FeSO4 catalyst 

using syngas-water as a hydrogen source during liquefaction of low-rank coal. Results from 

their study demonstrated that a high product yield was achieved when a syngas-water mixture 

was used as a solvent in the presence of a catalyst. 

Water vapour used as an atmosphere during the liquefaction process has gained considerable 

interest, although some researchers have demonstrated that water could have an undesirable 

influence. This could be as a result of water being problematic to catalytic activity and further 

enhancing the formation of CO2. However, other researchers have disagreed and showed that 

water could be a suitable solvent during the DCL process.129 Watanabe et al.129 studied coal 

liquefaction in a syngas-water system in the presence of a synthetic pyrite catalyst. Results 

obtained from their study showed that a high carbon conversion could be achieved at lower 

liquefaction temperatures (375°C). They attributed the higher carbon conversion to the 

formation of hydrogen by the water shift gas reaction, where the hydrogen generated in-situ 

had a better reactivity for coal liquefaction when compared to the pressurised hydrogen.127-129 

Recently, Shui et al.127 studied the influence of different atmospheres on the liquefaction of 

lignite. They found that a high carbon conversion was achieved when water was used as 

solvent under CO atmosphere. Nonetheless, the conversion was low when compared to the 

results obtained when tetralin was used as solvent under N2 atmosphere. 

Methane has been established to be a useful atmosphere during coal liquefaction processes.42 

The co-presence of hydrogen can improve the utilisation of CH4 as a gas during 

liquefaction.130 Yan et al. 130 studied the reaction of coal with methane and a mixture of CH4-

H2 as atmospheres in the presence of a catalyst. Results from their study showed that a 43% 

carbon conversion was achieved when CH4 was used, and 51.5% carbon conversion was 

achieved when the CH4 was mixed with hydrogen. 
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 Catalyst 

The investigation of catalysts with high activity is vital for the development of DCL technology. 

Most inorganic elements in the periodic table have been studied and have shown to be active 

catalysts in the DCL process.131 Pyrite and other Fe-containing minerals in coal could catalyse 

the coal liquefaction process. Iron-containing catalysts (pyrite (FeS), troilite (FeS), pyrrhotite 

(Fe1-xS), iron oxides, iron sulphate, and iron hydroxide) have been widely used due to their 

lower environmental impact and low cost.96 The catalyst facilitates the production of active 

hydrogen atoms and promotes the circulation of hydrogen atoms during the liquefaction 

process.114 One of the factors influencing the activity of a catalyst is the coal particle size. 

Various investigators131,132-134 claimed that higher catalytic activity is achieved by finer 

particles, which leads to a better dispersion of the catalyst.  

Researchers have conducted studies on the effectiveness of catalysts on coal 

liquefaction.115,116,131,132,134-139 Ikenaga et al.131 investigated coal hydro-liquefaction using a 

highly dispersed catalyst, namely, organometallic carbonyl compounds: Fe(CO)5-S, Mo(CO)6-

S and Ru3(CO)12. Results from their investigation showed that higher conversions and oil 

yields were achieved when catalysts were used as compared to the un-catalysed process. Liu 

et al.133 investigated in-situ impregnation of the iron-based catalyst during the DCL process. In 

their study, the coal was mixed with a Na2S and FeCl3 solution. This step was accompanied 

by washing, filtration, and drying. Results obtained from their study showed that catalysed 

samples had higher conversions and high oil yields relative to un-catalysed reactions. 

Kaneko et al. 136 studied the transformation of iron catalysts into an active phase during coal 

liquefaction. They used five different iron-based catalysts (α-FeCOOH, γ-FeCOOH, 

ferrihydrite, limonite, and pyrite) that were transformed into pyrrhotite. From their study, they 

observed that γ-FeCOOH showed high catalytic activity and could transform into pyrrhotite 

with small crystalline sizes under the conditions used during the liquefaction process. 

Song et al.115 studied the dispersion of a bimetallic catalyst obtained from 

Mo2Co2S4(Cp)2(CO)2 (Cp=cyclopentadiene), also known as MoCo-TC2. Results obtained 

from their study indicated that the bimetallic catalyst produced from MoCo-TC2 had a higher 

activity when compared to those obtained from a mixture of metallic carbonyl compounds 

(Mo(CO)6 + Co2(CO)8) and sulphur. Song et al.115 concluded that the bonding between Mo, 

Co, and S could result in the bimetallic catalyst having a good catalytic activity. 

Hulston et al.137 studied the effectivity of a nickel molybdate catalyst on the hydrogenation of 

brown coal without solvent addition. They observed that pre-impregnation of aqueous nickel 

acetate and ammonium heptamolybdate into brown coal produced a high conversion of 



Chapter 2   

36 

approximately 92% at 400°C. They claimed that the catalysts could have a synergistic effect 

during coal liquefaction, leading to higher conversions and oil yields when used in 

combination. Similar studies have shown some synergistic effects between two catalysts such 

as SO4
2-/Fe2O3 and SO4

2-/ZrO2 during coal liquefaction.138,139 Wang et al.139 studied the 

catalytic behaviour of a SO4
2-/ZrO2 superacid catalyst. Liquefaction experiments were 

conducted at 400°C, 30 min of residence time with an initial pressure of 4 MPa. Their results 

showed that a carbon conversion of 76.3% and oil yield of 32.9% was achieved.138   

 Heating rate 

The production of liquid products during the liquefaction process also depends on the heating 

rate. Song et al.102 conducted a study on the effect of heating rate using the temperature-

programmed liquefaction (TPL) on lignite and sub-bituminous coal samples. The TPL process 

investigated involved soaking of the sample in the solvent at 200°C with a holding time of 15 

min, a slow heating rate of 7°C/min until the final temperature (300–425°C). The reaction 

mixture was held for 30 min at the final temperature. The main reason the authors used the 

TPL soaking method was to allow the solvent to penetrate the coal matrix before it was applied 

as a hydrogen donor. Results of their study showed that the conversion for the TPL process 

was 77.8–81% at 400°C for the lower heating rate, compared to the conversion of 71–72.5% 

obtained from fast heating.102 Song et al.102 concluded in their study that by using a lower 

heating rate for the TPL process, the coal efficiently liquefied and they attributed this to the 

rate at which the weaker bonds were cleaved while crosslinking of the free radicals were 

reduced. 

Huang and Schobert104 conducted a study using three methods, namely temperature-

programmed liquefaction (TPL), single-stage liquefaction (SSL), and temperature stage 

liquefaction (TSL), with ammonium tetrathiomolybdate as a catalyst with a non-reactive 

solvent. Results from their study showed that the TPL method achieved the highest conversion 

of 90.9%, while TSL and SSL had conversions of 89.5% and 84.4%, respectively. 

 Mineral matter in coal 

Mineral matter as an inherent part of coal has been recognised by various researchers to play 

an active role during DCL, by acting as catalysts for the transformation of organic matter.140,141 

Gray142 studied the effect of inherent mineral matter during hydrogenation of coal at 450°C in 

an autoclave at a hydrogen pressure of 10 MPa. Results of his study showed that mineral 

matter in the coal could facilitate the reduction in coal particle agglomeration, and 

subsequently facilitate diffusion of hydrogen to the areas of bond ruptures. In a similar study 

by Barraza et al.142 on the liquefaction of beneficiated (reduction of mineral matter 
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concentration) coal samples from Colombia, South America, they observed that there was a 

remarkable reduction in several liquefaction products (total conversion and oil yield) from the 

beneficiated coal in comparison to the parent coal sample. They attributed the decrease in the 

product yields to the removal of mineral matter by coal beneficiation.   

Mineral matter has been shown to play a useful role during DCL.142,144,145 Pyrite in coal could 

catalyse the DCL process. Gözmen et al.145 studied the effect of pyrite on coal samples that 

were demineralised with HNO3. They observed that the treated samples showed lower carbon 

conversion and oil yields when compared to the untreated coal samples. Their findings 

strongly support the catalytic effect of pyrite during the DCL process. Mukherjee and 

Chowdhury144 conducted a study to demonstrate the catalytic influence of mineral matter in 

coal during hydrogenation and observed that conversion and oil yield increased as the mineral 

matter content (Fe, Ti) increased. They also showed that kaolinite minerals in coal could be 

used as a catalyst during DCL. They demonstrated this by studying the correlation between 

kaolinite concentration and total carbon conversion during DCL and found that an increase in 

the concentration of kaolinite in coal led to an increase in carbon conversion and oil yield. To 

further illustrate the catalytic effect of kaolinite, Gray142 impregnated kaolinite in a coal sample 

before liquefaction. Results of this study showed that there was an increase in the total carbon 

conversion and oil yield. Based on this observation, it was established that the inherent mineral 

matter in coal could contribute to the breakdown of the coal structure, facilitate carbon 

conversion, and increase oil yield during DCL.  

Although mineral matter in coal could influence the product yields during liquefaction, it can 

also have a negative influence on DCL, for instance, it could have a catalytic poisoning effect 

and ash-related issues. 

 

 

 

   Macerals and coal rank 

The rank of coal and maceral content plays a significant role in the conversion and yield 

obtained during direct liquefaction of coal.146-148 As the coal rank increases, the solubility of 

coal in a solvent decreases, as carbon content increases from 85 to 89% (dry-ash-free-basis) 

regardless of temperature and solvent used.149 Low-rank (lignite, sub-bituminous and 

bituminous) coals have been shown to exhibit higher yields of oil and conversion during the 

liquefaction process when compared to anthracite coal. Similarly, the petrographic nature of 

the coal has been shown to have a vital influence on the product yields during liquefaction. 
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Various researchers150-153 have demonstrated that there is a direct correlation between the 

dissolution of coal in a solvent and the petrographic properties of the coal. Other investigators 

have shown that liptinite and vitrinite macerals in coal contain the majority of the extractable 

fractions, while the inertinite macerals in coal have a lower proportion of extractables.4,149,154 

The effectiveness of direct coal liquefaction significantly depends on the thermoplastic and 

dissolution properties of the reactive macerals.152 

2.3.5 Products from direct coal liquefaction 

The products obtained from direct coal liquefaction include mixed oils, which are the most 

wanted products, gases, asphaltenes, pre-asphaltenes and solid residues. A discussion of the 

various liquefaction products and some previous researches on liquefaction products are 

presented in this section.    

The carbon conversion and oil yields generated during coal liquefaction are dependent on 

parameters such as the petrographic of the coal, heating rate, temperature, etc. This study 

focuses specifically on the residues generated during the direct liquefaction of coal. A 

summary of previous studies conducted using direct coal liquefaction is presented in Table 

2.1. 
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Table 2-1:          Operating conditions, coal types, solvents used, carbon conversion, and oil yields during direct coal liquefaction. 

Solvent Temperature (°C) Coal type Carbon conversion (%wt.) Oil yield (%wt.)  Particle size Reference 

Phenanthrene  400 Float fraction of bituminous coal 86.7–92 – 0.5–1.0 mm Cloke et al.17 

Tetralin 385–445 

Vitrinite, liptinite and inertinite UK 

Elkhorn coal  34–84.4 5–33.7  100 µm Keogh et al.154 

Tetralin 350–425 Chinese brown coal 70–80 30–60 154 µm Yan et al.155 

Recycle oil  400–460 Chinese bituminous coal 65 – 90 30 – 65 – Li et al .156 

Tetralin 200–400 Australian brown coal 65 – 80 25 – 40 - Miura et al.92 

Tetralin 380–420 Sub-bituminous coal 51 – 70.2 17.6 – 32.7 - Shui et al.157 

Methylnaphthalene  360 Bituminous coal 60 – 80 48.5 – 57.6 150 µm Yoshida et al. 158 

Anthracene oil 380–420 Bituminous coal 70 – 80  - 75 µm Barraza et al. 143 

Tetralin 200–350 Chinese lignite 20.6 – 70.2 51.69 - Hao et al.159 

Phenol 320–360 Waterberg bituminous  49.5 26.3 150 µm Sehume et al.92 

Tetralin 380–430 Three Chinese coals (ranks) 79 – 87.1 54 – 76.4 212 µm Wang et al.160 
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 Mixed oil 

Mixed oils are the preferred products during direct coal liquefaction. The mixed oils produced 

during liquefaction need refining before they can be used as a transportation fuel. A summary 

of previous studies conducted using direct coal liquefaction and the resulting oil yields is 

presented in Table 2.1. Sehume et al.91 showed that an increase in liquefaction temperature 

led to an increase in the oil yield. The increase in the oil yield was attributed to the activation 

of the solvent at a higher temperature which produced a substantial amount of hydrogen atoms 

(hydrogen radicals - H*). Jin et al150 and Wang et al160 showed that there was a direct 

correlation between vitrinite macerals in coal and high oil yields. This indicates that a higher 

amount of vitrinite in coal results in a higher amount of oil when compared to coals with higher 

amounts of inertinite. 150  

 Gaseous products 

Gases are one of the groups of products obtained during coal liquefaction. These gases 

originate from molecular fragments that are weakly bonded to the coal matrix. The gaseous 

compounds are liberated at temperatures ranging from 200 to 375°C.  The DCL process at 

elevated temperature produces high gas yields, as a result of the rupture of lighter 

hydrocarbons and secondary reactions, such as cracking, methanation and steam 

reforming.161,162 The primary liquefaction gaseous compounds include H2, CO, CO2 and some 

hydrocarbon compounds (CmHn), such as methane, ethane, and propane. 

 Liquefaction residues 

Some estimations have shown that after the separation of liquefaction products, about 60% is 

mixed oil, 15% are gases, and solid residues represent approximately 25% of the liquefaction 

products.149,164 The product yields obtained after coal liquefaction are, as previously 

discussed, dependent on the physical, chemical and mineralogical properties of the parent 

coal. In liquefaction technology, solid residues generated after the liquefaction process, are 

generally regarded as waste. These residues, if not used, may cause environmental problems, 

such as dust, spontaneous combustion, acid mine drainage, etc.   

The useful utilisation of the solid residues produced after liquefaction will improve the economy 

of the process and decrease environmental pollution that would have been associated with 

the disposal of these residues. Converting coal liquefaction residues (CLR) to useful products 

and having an insight in the molecular, structural, chemical and physical compositions of the 

thermal processing products generated (liquid (tar) and solid (residue char)) from the residues 

are essential to understand the effective utilisation of CLR. Cui et al.165 investigated the 

relationship between operating conditions and properties of residues and observed that 
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temperature and residence time are the key factors that could influence these properties. 

Residue products from liquefaction processes and feed coal may have certain similarities in 

terms of carbon content, calorific value, and a low H/C atomic ratio. The residue’s composition 

may be different from coal due to the slightly higher concentration of asphaltenes adhering to 

the surface and mineral matter content when compared to the feed coal.166  

Table 2.2 summarises some of the proximate and ultimate analyses results for the residues 

produced from liquefaction of coal as reported by different researchers.91,164,165,172-178 This table 

shows that the coal liquefaction residues have a relatively high percentage of carbon, 

hydrogen, oxygen, slightly lower H/C atomic ratios and slightly lower percentages of organic 

sulphur when compared to their starting material. Proximate analysis also shows that the 

residues have a lower percentage of moisture, higher percentages of volatile matter and 

higher ash yields than those of the feed coal before liquefaction. The chemical properties such 

as fixed carbon content, volatile matter content and ash yields of these residues are similar to 

those of the feed material used for thermochemical processes.  

Chu et al.164 reported that liquefaction residues contained some quantity of organic matter with 

high boiling points similar to heavy oil and asphaltenes, and another quantity of a carbon-rich 

fraction, such as unreacted coal, minerals, high polymeric compounds and the remaining 

liquefaction catalysts. These residues thus contained a slightly higher amount of C, H, N, O 

and S, and mineral matter.165 Based on the chemical properties highlighted by other 

investigators (Table 2.2), these residues may be a suitable feedstock for further 

thermochemical processing (pyrolysis and gasification). 

Due to the high organic matter content, various investigators166,167,168 have conducted studies 

on the utilisation of the residue produced from the coal liquefaction process. Other 

investigators169-173 have studied the use of coal liquefaction residues focusing on the 

hydrogenation, synthesis and preparation of carbon nanofiber/carbon foam composite 

material.169-173 In spite of these studies, not much research has been done on the use of these 

residues for pyrolysis and gasification. Studies done on the utilisation of liquefaction residues 

during thermochemical processing (pyrolysis and gasification) are discussed in Section 2.4. 
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Table 2-2: Summary of reported proximate and ultimate analyses results and H/C atomic ratios of coal liquefaction residues 

  

Sample 

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

TMadb Ashdaf VMdaf C H N S O(diff.) H/C References 

DCLR (DCL pilot plant Shenhua) 0.1 14.9 36.9 89.8 5.2 1.0 2.3 1.7 0.7 Xu et al.172 

DLR (Shenhua 100 kg/day unit) 0.1 11.6 47.7 84.4 6.4 1.5 0.2 7.5 0.9 Chu et al.164 

DLR from Huolinhe lignite coal 3.7 9.1 43.4 67.4 4.7 1.2 0.3 26.4 0.8 Zou et al. 173 

DLR from Xilinguole lignite coal 0.2 15.8 40.8 61.7 3.8 0.7 0.8 33.0 0.7 Zou et al. 173 

DLR (0.1T/day DCL unit using SH coal)  0.4 11.9 50.8 84.5 5.7 1.2 1.7 6.9 0.8 Li et al. 174; Li et al. 176 

DLR (Chinese coal) 0.1 18.5 33.4 84.1 4.8 1.1 3.1 6.9 0.7 Xiao et al. 170 

DCLR (6 t/d DCL using Shenhua coal) 0.1 12.5 45.2 89.8 5.2 1.0 2.3 1.7 0.7 Xu et al. 175; Lv et al.176 

DLR (Using Wyoming sub-bituminous coal) 
 

27.0 
 

85.8 5.3 1.0 2.8 5.1 0.7 Sugano et al.178 

Chinese bituminous coal (Yanzhou) residue  0.8 12.7 33.0 75.4 3.7 1.4 3.8 15.7 0.6 Cui et al.165 

Chinese bituminous coal (Fenxi) residue  0.7 15.1 24.6 86.7 4.6 1.5 0.8 6.4 0.6 Cui et al. 165 

Bituminous South African coal residue 2.6 20.6 28.5 82.2 4.8 2 1.1 9.9 0.7 Sehume et al. 91 
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2.4 The utilisation of liquefaction derived residues in thermochemical conversion 

processes 

This section focuses on previous studies regarding the utilisation of liquefaction residues for 

pyrolysis and gasification processes. 

2.4.1 Summary of previous studies on the use of liquefaction residues for pyrolysis 

Luo et al.179 studied the effect of pyridine extraction on the tar properties during pyrolysis of a 

solvent extracted bituminous coal. In their study, the bituminous coal was first demineralised, 

and extraction was performed on the acid-treated bituminous coal sample using pyridine as a 

solvent. The pyrolysis of the coal and the solvent extracted residue was studied using a 

thermogravimetric (TG) analyser and a fixed bed reactor. Results of their study indicated that 

the pyrolysis tar yield of the residue was lower when compared to those obtained from the 

feed coal samples. When the samples were treated under H2 atmosphere, the residue’s tar 

yield was doubled in comparison to those obtained when N2 was used. Luo et al.179 attributed 

the increase in tar yield under N2 atmosphere to pore growth during pyridine extraction. The 

pyridine liquefaction assisted in the faster diffusion of the hydrogen gas into the pore structure 

of the coal residue matrix and decreased the formation of polycondensation reactions. 

Zou et al.173 studied the influence of tetrahydrofuran extraction on a lignite coal sample during 

pyrolysis. In their study, the pyrolysis of two lignite coal samples and their tetrahydrofuran 

extracted residues at 450–700°C was investigated. Their results showed that the 

tetrahydrofuran derived residues exhibited higher gas and char yields with a lower pyrolytic 

water and tar yield when compared to the feed coal samples. Also, results from their GC-MS 

and the solid-state 13C NMR analyses of the tars revealed that the tars generated from the 

residues contained more mononuclear aromatic, oxygen-containing groups, such as phenol, 

and higher aromaticity factors when compared to the feed coal samples.  

Zhu et al.180 examined the effect of the solvent extraction on the structure and pyrolysis 

behaviour of two Xinjiang coal samples. Before pyrolysis, pyridine solvent extraction was 

conducted on lignite and bituminous coal samples. Pyrolysis experiments were performed 

using a fixed bed reactor on the raw coal samples and their pyridine solvent extracted 

residues. It was observed from their structural analysis results that the pyridine-extracted 

residues’ char samples showed an increase in pore volume and improved porosity in 

comparison to the feed coal chars. Results obtained from the pyrolytic product distribution of 

their samples showed that the pyridine derived residues exhibited higher gas yields and 

significantly lower tar yields when compared to the feed coal samples. They ascribed the 

increase in the pore volume of the residues to the removal of extractable organics in the pores. 
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These organics may be transformed into volatiles and colloidal products during pyrolysis. They 

concluded from their study that the liquefaction process assisted in increasing the number of 

active pores that were formed in the solvent extracted residues.  

Xu et al.181 studied the pyrolysis characteristics and kinetics of residues from the China 

Shenhua direct liquefaction plant. The pyrolysis tests were performed using TGA equipment. 

Results from their investigation showed that the residues from the plant exhibited catalytic 

behaviour under pyrolysis conditions. Kinetic analysis was performed on data obtained from 

their experiments using the distributed activation energy model (DAEM). The activation results 

derived from their model showed that the residues’ samples followed a Gaussian distribution 

pattern with a pyrolysis activation energy of 87.6 kJ/mol.  

Various investigators172,175,177,182 have described co-pyrolysis of the liquefaction residues and 

coal. The liquefaction residues may act as a catalyst, an inhibitor, or show synergetic 

properties during co-pyrolysis. 

Li et al. 177 investigated the properties of semi-coke from co-pyrolysis of lignite and direct 

liquefaction residues produced from Shandong coal. The pyrolysis study was conducted in a 

fixed-bed reactor under atmospheric pressure. Results from their study showed that the 

liquefaction semi-coke residues and the lignite semi-coke bonded to each other during the co-

pyrolysis. The bonding of the two samples were ascribed to the melting and softening of the 

liquefaction residue during co-pyrolysis. It was also observed that the surface area and pore 

volume of the co-pyrolysed char samples increased when compared to the lignite semi-coke 

char sample. The co-pyrolysed samples showed an improved reactivity when compared to the 

lignite sample.  

Xu et al.172 investigated the effect of liquefaction residues on the physicochemical structure 

and combustion properties of chars obtained from co-pyrolysis of lignite with direct coal 

liquefaction residues (DCLR). Char samples of different proportions of lignite and DCLR were 

heated in a fixed bed reactor at 550°C. Results of their investigation revealed that the residues 

and lignite coal samples interacted, and both the yield of char and combustion reactivity of the 

co-pyrolysis samples were improved. The results of the char generated from the lignite 

samples, and the samples with added residues were compared. The results from the 

comparative method of studying showed that the dosing of the samples resulted in a higher 

aromaticity and ordered structure of the co-pyrolysis char than the lignite char. They also 

observed from their study that the reactivity of the residues improved when lignite samples 

were blended with the coal liquefaction residues. The improvement in the reactivity of the 

blended samples was attributed to the co-pyrolysis char having a unique structure which was 

different from the char obtained from the lignite.   
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Xu et al.175 examined the interaction and kinetics during co-pyrolysis of derived liquefaction 

residues with lignite coal. Different ratios (10:0, 8:2, 6:4, 2:8, and 0:10) of liquefaction residues 

to lignite were used in their investigation. Results from their experiments revealed that the 

volatile matter contents of the co-pyrolysed samples increased at lower temperatures (200–

500°C) and reduced at higher temperatures. The increase in the volatile matter contents of 

the co-pyrolysed samples was attributed to heavy oil molecules, and some of the asphaltenes 

were adhering to the surface of the liquefaction residue. They concluded in their study that the 

reactivity of the co-pyrolysed samples increased through the addition and mixing of the 

residues with the lignite samples.  

Li et al.177 examined the co-pyrolysis of lignite and Shandong coal liquefaction residues. Their 

study was aimed at increasing the tar yield and quality of the tars generated. Their co-pyrolysis 

experiments were conducted under atmospheric pressure using a fixed-bed reactor with 

residue dosages of 4, 7, and 15%wt. at 550°C. Results showed that there was an interaction 

between the residues and the lignite coal samples. This interaction aided in increasing the tar 

yields of the co-pyrolysed samples when compared to the lignite coal samples. They 

concluded from their investigation that the increase in the tar yield of the co-pyrolysed samples 

was attributed to a mass transfer process and hydrogenation of the organic constituents in the 

residues during the co-pyrolysis. 

2.4.2 Summary of previous studies on the use of liquefaction residues for 

gasification. 

Chu et al.164 studied the steam gasification properties of residues obtained after liquefaction 

of coal, and the solvent extracted residue chars were compared with the char from the feed 

coal. Results from their study show that the liquefaction residue char has a lower gasification 

reactivity when compared to the feed coal char. The lower reactivity of the char from the 

residue was attributed to the unreacted coal, heavy oil, and condensation products during 

liquefaction.  

Yan et al.155 investigated the direct liquefaction of Chinese brown coal (Yannan), and 

subsequent CO2 gasification of the residue under moderate conditions in a laboratory-scale 

autoclave. The effect of H2 pressure, temperature, and product distribution were studied. A 

thermogravimetric analyser (TGA) was used to study the CO2 gasification reactivity of the 

residues obtained from the liquefaction process. Results obtained from their liquefaction 

experiments showed that oil yield and carbon conversion increased as the temperature of 

liquefaction increases. The gasification results of the residue samples showed a higher 

reactivity during CO2 gasification when compared to the raw coal under the same conditions. 

The higher reactivity of the residue samples was attributed to the alkaline elements’ 



Chapter 2   

46 

enrichment. They concluded that their study would serve as an efficient way of improving the 

economy of direct coal liquefaction plants. 

Chu et al.183 examined the gasification reactivity of Shenhua liquefaction residues using steam 

and CO2. In their study, the reactivity of Shenhua coal char and Shenhua liquefaction residues 

was compared in two different gasification atmospheres (CO2 and steam) using a fixed-bed 

reactor. Their results showed that the reactivity of the coal char was higher in steam 

gasification when compared to the solvent extracted residue chars. The residue chars showed 

higher gasification reactivity in the CO2 atmosphere. They reported that the difference in the 

reactivities in the two atmospheres could be attributed to the fact that the reactivity in steam 

was influenced by coal rank, and the CO2 gasification reactivity of the residue chars was 

affected by the catalytic effect of the mineral matter.  

Liu et al.184 investigated the gasification and kinetics of char residues, extracted from the 

Shenhua direct liquefaction plants. A thermogravimetric analyser was used in examining the 

gasification kinetics. The gasification experiments were carried out on three coal residue chars 

using steam and CO2. Results from their investigation revealed that temperature played a vital 

role in the gasification of the residue chars. They reported that the gasification reactivity of the 

char residues was improved in comparison to that of the coal sample. This could be attributed 

to the reduction in the carbon content and an increase in the pore volume of the residues from 

solvent extraction. Results of their gasification kinetics study showed that the shrinking core 

model adequately fitted the reactivity data. The authors concluded that the experimental 

results from the CO2 and steam gasification of char residues could be well described by the 

shrinking core model. 

Liu et al.185 investigated the CO2 gasification of liquefaction residues and petroleum coke while 

varying parameters such as temperature (900–1050°C) and residue loading during co-

gasification. A kinetic study was undertaken to understand the influence of residue loading on 

the gasification reactivity of the petroleum coke. Results of their study showed that the 

gasification reactivity was improved by the addition of residue to the petroleum coke. The 

catalytic influence was enhanced when the gasification temperature was increased. They 

concluded that a high temperature under the condition of chemical kinetic control increased 

the catalytic effect of the coal liquefaction residue, and the influence increased as residue 

addition increased.  

Solvent extracted residues can also be used during hydrogenation. Li et al.168 studied the 

hydro-treatment of a direct coal liquefaction residue and its components. Results revealed that 

a significant proportion of heavy liquid was found in the residue. Their results also indicated 

that hydro-treatment of the solvent extracted residue resulted in more of the lighter products 



Chapter 2   

47 

and less of the heavy products being extracted during the hydrothermal treatment process. 

FTIR and 13C NMR analyses results showed an increase in hydrogen content and a decrease 

in the oxygen content of the hexane soluble fraction of the residue after hydro-treatment.  

In a similar study, Li et al.186 investigated the hydrogenation of heavy liquid from a DCLR 

produced from the Shenhua DCL plant using the Shenhua coal. They firstly investigated the 

stimulation of coal liquefaction in the presence of a Fe-based catalyst, and secondly, the online 

hydro-thermal treatment in the presence of a NiMo/Al2O3 catalyst. Results of their investigation 

indicated that the heavy liquids from DCLR could be hydrogenated using these two sets of 

experimental parameters, with the online hydro-treatment being more effective than the 

stimulated coal liquefaction. They suggested that hydrogenation of the toluene soluble and 

tetrahydrofuran soluble fraction of DCLR under the two conditions was possible, but the 

conversion to lighter products was undetectable under the coal liquefaction conditions.  
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CHAPTER 3: INFLUENCE OF DENSITY SEPERATION OF SELECTED 

SOUTH AFRICAN COAL FINES ON THE PRODUCTS OBTAINED 

DURING LIQUEFACTION USING TETRALIN AS A SOLVENT. 

R.C. Uwaoma, C.A. Strydom, R.H. Matjie, J.R. Bunt 

 

 

In this chapter, the density separation of coal fines, liquefaction of the coal fines and their float 

fractions as well as all the results of the analyses that were obtained from the liquefaction 

experiments of the samples using tetralin as a solvent at mild conditions are reported. 
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Abstract 

The liquefaction of two South African discarded coal fines and their density separated (float) 

fractions were carried out under moderate conditions in a laboratory autoclave. Liquefaction tests 

were carried out on both discarded coal fines and their float fraction samples at temperatures 

ranging between 380 and 420°C using tetralin as a solvent and an initial nitrogen pressure of 3 

MPa and a final pressure of 12 MPa. Oil samples produced from the liquefaction of coal fine 

discards and their float fractions were further characterised using Gas Chromatography-Mass 

Spectroscopy (GC-MS) and Nuclear Magnetic Resonance. The liquefaction tests results showed 

that the carbon conversion and oil yields were higher for the float fractions when compared to the 

discarded coal fines samples. The oils yields ranged from 24.4–37.2% (daf) for the oil produced 

from the float fractions of the coal fines and 19.1–29.3% for oils produced from the coal fines 

(daf). The oil and the gas yields of the float fraction samples were higher when compared to those 

of the coal fine discards. The higher carbon conversion and higher oil yields obtained from the 

float fractions demonstrated that density separation of the coal fine discards improved the overall 

carbon conversion and liquefaction yields. Coal fines discard and float fractions achieved 8%wt. 

(daf) and 10%wt. (daf) PAA yields at 420°C respectively. The Waterberg and Highveld coal float 

fractions had carbon conversions of 50.7%wt. (daf) and 52.7%wt. (daf) respectively, in 

comparison to less than 42%wt. (daf) carbon conversion of the initially discarded coal fines. GC-

MS results for the oil samples derived from coal fine discards and their float fractions showed that 

these oils contained 72 and 81%wt. naphthalene, respectively. Density separation of discarded 

coal fines is beneficial to produce a float fraction that may be used as feedstock for direct coal 

liquefaction. The analytical results indicate that density separation of the coal fines may be used 

to reduce high costs and volumes of discarded coal fines associated with the disposal and 

handling of discarded coal fines. Environmental problems are also addressed if discarded coal 

fines are utilised as a feedstock in industrial processes. 

Keywords: liquefaction, float fraction, reactive macerals, oil yield, discarded coal fines, density 

separation 
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3.1 Introduction 

South Africa is a developing country with abundant coal reserves but with a limited amount of 

crude oil reserves. Statistics from the Total petroleum company and other liquid production energy 

information,1 estimates that South Africa has crude oil production of approximately 15 million 

barrels per year.1 More than 160,000 barrels of fuel per day is produced by Sasol to meet the 

South African local demand.2 Sasol uses indirect coal liquefaction for the production of synthetic 

fuels.2 The proposed study will focus on direct liquefaction of discarded coal fines and their float 

fractions. The direct liquefaction process was chosen to investigate the possible application 

thereof to utilise waste material such as discarded coal fines.   

The South African coal mining industry produced about 310 million tons of bituminous coal in 

2016.2 Thermochemical processes utilise some of the coal for oil, petrochemicals and steam 

generation.  More than 60 million tons are discarded coal fines per annum, which are unavoidable 

by-products of the mining of South African coals. The discarded coal fines chemical and 

mineralogical properties are consistent with those of South African feed coals utilized in thermo-

chemical processes.3,4 These coals are low-rank coals that contain high ash percentage with the 

poor quality when compared with high-rank coals. Costs that are associated with the disposal and 

handling of the coal fine discards exceed the fuel value of these fines.4 In addition, the discarded 

coal fines have negative environmental impacts that include dust, spontaneous combustion and 

acid mine drainage. This paper deals with utilisation of the float fractions produced from discarded 

coal fines in the direct liquefaction process in order to produce fuels. Density separation of the 

discarded coal fines may enrich some of the fractions in terms of their appropriate chemical 

properties for direct coal liquefaction (DCL). Should density separation of discarded coal fines be 

of a benefit for liquefaction, the environmental impacts of coal fines may be reduced.  

Most South African coals are classified as low-rank bituminous coals. Density separation of, 

especially, lower-grade coal will enhance the properties by reducing the mineral matter contents 

and subsequently increasing the fixed carbon contents, calorific values and reactive macerals in 

the float fractions of the coal.  These density separated fractions differ from each other and the 

parent coal in chemical, structural and physical properties such as maceral content, reflectance, 

density, hydrogen content, heteroatom content, and aromaticity.  During DCL, it has been shown 

that coal-rich in vitrinite and liptinite provides higher carbon conversion than those rich in inertinite 

macerals.5 The influence of maceral groups during DCL processes have been reported by various 

researchers.5-7 
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Thermochemical conversion of coal to liquid hydrocarbons can be achieved through liquefaction. 

Thermochemical processes include pyrolysis, solvent extraction, gasification, DCL and indirect 

coal liquefaction.8, 9 Direct liquefaction is the conversion of coal to liquids by the dissolution of coal 

in a donor solvent (usually an organic hydrogen donor), or hydrogen as an atmosphere, in the 

presence or absence of a catalyst under mild temperature and pressure.9 During direct 

liquefaction of coal, most of the chemical structures present in coal are retained. During the 

indirect liquefaction process, organic structures are destroyed to produce a gaseous mixture of 

CO and H2. The products obtained during the direct liquefaction process include liquids (mixed 

oils), gases and residues. The dissolved hydrocarbon part (oil yield) can be further upgraded by 

thermal and catalytic cracking to naphtha, kerosene, vacuum gas oil, diesel, and these products 

are similar to crude petroleum oil. A high oil yield during the DCL process would make the process 

economically viable.  

For this investigation, the liquefaction process consists of mixing the coal samples with a 

hydrogen-rich solvent. The process is performed under mild temperatures and pressures. During 

the process, hydrogen is transferred from the solvent to the coal to obtain the products. During 

the liquefaction of coal, the extraction yield not only depends on the rank of the coal but also on 

the solvent type and extraction temperature10,11. Tetralin has been demonstrated as a useful 

solvent to convert bituminous coal into valuable products via liquefaction, although most of these 

studies were done on a laboratory scale.12-14 Tetralin is rich in hydrogen and can be converted to 

naphthalene during liquefaction.14 

Previous direct liquefaction studies using tetralin as a solvent were performed with coals from the 

Northern Hemisphere countries.5 Reactivities and yields differ during the different liquefaction 

processes.5,7 In a recent study done with South African Waterberg coal, phenol was used as a 

solvent during extraction experiments.15 The investigators used a beneficiated Waterberg coal 

that is vitrinite rich and had a low ash yield. A carbon conversion of 51.2 %wt. (daf) was reported. 

Other researchers studied the catalytic liquefaction of Waterberg coal using a mixture of 

hydrosulphide, sulphur and a coal/CO/H2O mixture.17 There is no literature on the direct 

liquefaction, using tetralin as a solvent, of South African discarded coal fines and their density 

separated float fractions.  

The DCL products formed from the float fraction after density separation of South African 

bituminous discarded coal fines may indicate the potential for utilisation of this fraction. The 

objectives of this paper are: (1) to produce float fractions from Waterberg and Highveld fine coal 

discards; (2) To characterise the coal fine discards and float fractions; (3) to perform DCL on 
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discarded coal fines and their float fractions; and (4)  to characterise and compare the different 

products (oil, PAA, residues) obtained after the DCL tests. 

3.2 Experimental procedures 

3.2.1 Materials 

A bituminous coal sample was collected from the dumping sites of discarded coal fines originating 

from the Highveld coalfield. This coalfield is situated in the Mpumalanga Province in the Republic 

of South Africa. A Waterberg bituminous coal sample used was obtained from stockpiles of 

discarded coal fines originating from the Waterberg coalfield in the Limpopo Province of the 

Republic of South Africa. Particle sizes of the coal samples ranged from a fine powder to 

approximately 20 mm. The samples were sieved to obtain the >0.5 mm coal particles for density 

separation. The coal samples were oven-dried and stored under nitrogen to prevent oxidation 

before density separation. Tetralin, n-hexane and tetrahydrofuran with a purity of >99.5% were 

used for liquefaction and the separation processes, respectively.   

3.2.2 Density separation 

The density separation experiments were conducted at Bureau Veritas Testing and Inspection 

and SGS inspection, verification, testing and certification laboratories in South Africa 

using mixtures of benzene, perchloroethylene and TBE (tetrabromoethane). The density 

separation was done with two coal fines samples to produce a float fraction (<1.5 g·cm−3), a 

middlings fraction (1.5–1.8 g·cm−3) and a sink fraction (> 1.8 g·cm−3). The density separation was 

performed using the procedure described by SANS/ISO 7936. The samples to be used in the 

liquefaction experiments were referred to as the Highveld coal fines (HR), Highveld float fraction 

(<1.5 g·cm−3) (HF), Waterberg coal fines (WR), and Waterberg float fraction (<1.5 g·cm−3) (WF). 

The middlings and sink fractions were not subjected to the liquefaction experiments in this study 

due to their lower macerals contents and relatively high ash percentages in comparison to the 

original coal fine discards and the float fractions. 

3.2.3 Liquefaction experiments 

Before performing the liquefaction experiments, the coal fine discards, and their float fractions 

were pulverised to obtain 100% particles passing 212 µm. The pulverised samples were dried in 

an oven at 80°C for 24 hours to reduce the inherent moisture contents. The direct liquefaction 

experiments were carried out in an ASS316 high-pressure stainless steel autoclave system (300 
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mL capacity, 90 mm diameter and 150 mm height) under an N2 atmosphere. The solvent used 

was tetralin (THN, purity ≥ 99.5%), which is a hydrogen donor solvent.5 A mass ratio of 3:1 solvent 

to coal was used in the experiments. The reactor was purged, sealed and pressurised with N2 to 

an initial pressure of 3 MPa.  The autoclave was heated to the operational temperature (380, 400, 

and 420°C) using a heating rate of approximately 4.0°C/min and kept for a holding time of 20 min. 

The solid-liquid mixture (consisting of the coal residue, extract and solvent) were collected from 

the autoclave. The mixture was subsequently weighed (to calculate the yield of gaseous 

products), and then vacuum filtered to separate the coal residue from the organic liquid phase.  

A series of solvent extractions were carried out on the liquid mixture using a reflux system at 85 

°C for 1 hour, using a solvent/liquid product ratio of 1:1. The experimental procedure involves the 

extraction with tetrahydrofuran (THF) and n-hexane in sequence, in order to separate the products 

from the organic liquids.15 The THF-insoluble part of the liquid residue was labelled THFI and 

represented the unreacted coal residue. The THF-soluble part of the liquid residue (THFI) was 

further extracted with hexane. The hexane-soluble (HS) product contained the oil part of the 

products and the solvent. The hexane-insoluble (HI) part of the extraction was labelled pre-

asphaltenes (PAA) products. All the product yields were calculated on a dry ash-free basis (daf). 

The unreacted coal residues (THFI) and PAA products were washed with a low-boiling point 

organic solvent (acetone), to remove the residual solvent. The solvent extraction products were 

then dried under vacuum at 80°C for 24 hours.  

The carbon conversions of the coal fines discard and float fraction samples during the solvent 

extraction processes were calculated as follows (all values indicated are masses): 

Ws = 
W1

WC
× 100%          3.1 

Wp = 
W2

Wc
× 100%          3.2 

C =   
Wc−W1

WC
× 100%          3.3 

where:  

Ws = Solid yield (%wt., daf) 

Wp =  PAA yield (%wt., daf) 

C =  Conversion  
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W1 = mass of (THF) insoluble fraction in g (daf) 

W2 = mass of (hexane) insoluble fraction in g (daf) 

Wc = mass of coal fines or density separated fraction in g (daf). 

Oil % = (Conversion – Wp – G)×100%.       3.4 

The masses of the coal fines or density separated fractions (daf) are the masses of the dry, ash-

free coal samples. G is the yield (%wt.) of the gaseous products which were obtained after the 

solvent extraction using a mass balance. The carbon conversion or extraction yields and 

intermediate products yields (PAA) are determined gravimetrically from the solvent-free dried 

residues. 

3.2.4 Analysis of coal fines, float fractions and extracted products after the liquefaction  

3.2.4.1 Coal fines discard, float fractions and extracted products compositions 

The proximate analyses of the coal fine discards, their float fractions, PAAs and residues obtained 

after the liquefaction experiments, were conducted using a U-Therm FC-TGA-D automatic 

proximate analyser. The ISO standard methods are given in Table 3.1. Ultimate and 

total sulphur content analyses for the oil samples were done at the coal laboratory of the Council 

for Geosciences (CGS), Silverton, Pretoria. Analyses of the solid samples (discarded coal fines, 

float fractions, residue, and the pre-asphaltenes) were conducted at the laboratory of Bureau 

Veritas Testing and Inspections SA (Pty) Ltd, Pretoria. Ultimate analysis data for the coals and 

the density separated-fractions were obtained using a CE 440 analyser. The ultimate and 

proximate analyses for each sample were done in triplicate, and the average values are reported 

in this paper. 

3.2.4.2 CO2 low-pressure gas adsorption analysis 

The CO2 low-pressure adsorption analysis (CO2-LPGA) was conducted using a Micrometics 

ASAP 2010 instrument. The discarded coal fines’ samples and their float fractions were dried in 

a vacuum oven at 105°C for approximately 3 hours. Approximately 0.3 g of each sample was 

placed in a sample tube. Before the CO2-LPGA analysis de-gassing of the samples were 

conducted at a temperature of 60°C and a pressure of 10 μm Hg for 48 hours. Carbon dioxide 

was used as the adsorbate gas, and an ice-water bath was used to keep the analysis temperature 

at 0°C. The isotherm data were acquired using ASAP 2020 v4.0 software in a relative pressure 

range of 0< P/P0 ≤ 0.032. The CO2 adsorption data was used to calculate the porosity of the 
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samples. All the adsorption experiments were repeated three times, and the final results are 

averages of three independent measurements from which experimental errors were calculated at 

a 95% confidence interval. Carbon dioxide low-pressure gas adsorption was done to determine 

the surface area of and the porosity of the discarded coal fines and their float samples.  

3.2.4.3 Petrographic analyses 

Petrographic analyses of the coal fines discard, and their float fractions were conducted at Bureau 

Veritas Testing and Inspection South Africa. The petrographic analysis was done according to 

the standard ISO 7404-2:2009. Maceral composition was determined using a Zeiss Axio Imager 

M2m with a magnification of ×50 under oil immersion, according to the ISO 7404-3 method. The 

coal rank determination was based on the ISO 11760 classification of coal. The group macerals 

in the coal fines discard and float fractions were measured by a 500-point count method following 

the ISO standard 7404-3:2009. The mass fraction of the mineral matter in the coal macerals is 

calculated using the following equation: 

Mineral matter = (1.08×ash yield %wt.) + (0.55×sulphur %wt.)                                                  3.5 

3.2.4.4 X-ray diffraction (XRD) and X-ray fluorescence (XRF) analyses 

The mineralogical and the chemical analyses of the coal fine discards and float fraction samples 

were conducted in the laboratories of North-West University (NWU) using XRD and XRF 

techniques. The discarded coal fines samples, along with the residues from the liquefaction 

experiments were subjected to mineralogical analysis using an X’Pert PRO PANalytical (Philips) 

– Unit 2 XRD instrument with anode material cobalt and Rietveld-based X’Pert HighScore Plus 

Software.17,18 Each solid sample was spiked with 20% Si (Aldrich, 99.9% purity) and was 

micronised in a McCrone micronising mill.  

Coal fines discard and float fraction samples were also subjected to XRF analysis. The solids 

were fused into a borosilicate disk19 and analysed using a PANalytical (Axios Max) WD-XRF 

spectrometer equipped with a 50 kV Rh-anode X-ray tube, six filters, a P10 gas purge facility and 

a high-resolution silicon drift detector. 

3.2.4.5 Inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis 

An Agilent 725 Radial ICP-OES instrument was used to measure concentrations of elements in 

samples before and after liquefaction experiments. This was done to investigate the effect of 
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inherent mineral matter on the conversion efficiency. The analysis methods were described 

elsewhere.20  

3.2.4.6 Gas chromatography-mass spectrometry (GC-MS) analyses 

The oily liquid products (HS) from the coal fine discards and their float fractions extracted during 

the liquefaction experiments were characterised by GC-MS using an Agilent 6890N gas 

chromatograph (GC) coupled with an Agilent 5975 mass detector. The GC was equipped with an 

Agilent 19091S column (30 m length, 0.25 mm diameter, 0.25 µm film). The column was heated 

to 290°C at a heating rate of 5°C/min for 30 min and kept isothermally until all the components of 

the samples have evolved. The National Institute of Standards and Technology (NIST) database 

was used for peak identification.  

3.2.4.7 Nuclear magnetic resonance (NMR) of HS products 

1H NMR measurements of the HS products were conducted at the Central Analytical Facility of 

Stellenbosch University (Republic of South Africa). The 1H NMR spectra were measured on an 

Agilent PUnityP Inova 400 MHz spectrometer at ambient temperature using deuterated 

chloroform (d-CDCl3) as a solvent. For the 1H spectra, a 60 s relaxation time was used for 

quantitative conditions. The tetrakis-(trimethylsilyl)-silane (TKS) peak was used as an internal 

reference. 1H NMR analyses were performed on the HS oil samples to determine the relative 

amounts of hydrogen-bonded to aliphatic carbon chains and aromatic rings. 

3.2.4.8 Solid-state 13C NMR analyses 

The CP-MAS 13C NMR analytical method was conducted at the Central Analytical Facility of 

Stellenbosch University (Republic of South Africa). The solid-state 13C NMR spectra were 

obtained from a Varian VN MRS 500 MHz two-channel spectrometer using 4 mm zirconia rotors 

and a 4 mm Chemagnetics™ T3 HX MAS probe. The power parameters were optimised for 

Hartmann-Hahn matches, and the radiofrequency fields were γCB1C= γHB1H≈ 56 kHz. The 

chosen contact time for cross-polarisation was 2 ms. A method described by other investigators 

were used for the Magic-Angle-Spinning (MAS), and Dipolar dephasing experiments.21,22  

The integration reset points and calculations were taken from other investigators.23,24 A 

combination of magnetic-angle spinning and cross-polarisation (CP-MAS 13C NMR) was 

employed during the analysis. The Mestrenova 11.0.2 software package was used to process the 

spectra, and integral pre-set tables are set up to ensure that the same regions are integrated 
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reproducibly.21,22  A correction factor of 1.3 was derived from the publication and used to correct 

the intensity of the bridgehead aromatic carbons (peak 135–90ppm for dipolar dephasing 

experiment) for the loss in magnetisation during the interrupted decoupling.23 

3.3 Results and discussion  

3.3.1 Coal composition   

The results of the proximate and ultimate analyses of the two discarded coal fines samples and 

their float fractions are presented in Table 3.1. The HR and WR samples exhibited slightly lower 

volatile matter contents and fixed carbon contents in comparison with other South African coals.4 

As expected, the ash yields of the two discarded coal fines samples were higher in comparison 

to their parent coal samples. The carbon and hydrogen concentrations of the discarded Highveld 

and Waterberg coal fines samples are similar to those described by Matjie et al.3 The calorific 

value of the coal fines was 17.7 MJ/kg for HR and 21.6 MJ/kg for WR. 

As expected, the float fractions from the density separated coal fines samples showed a slight 

increase in the volatile matter and carbon contents and the calorific values from the values for the 

coal fines (Table 3.1). The lower ash yields for the float fractions indicate that some of the 

excluded mineral matters reported to the sink and middlings fractions. There were not much 

differences in the moisture contents of the coal fine discards and the float fractions of both coal 

samples. The middlings and the sink fractions of both coals were thus less suitable for the 

liquefaction experiments, due to their relatively higher ash yields, lower volatile matter contents 

and lower calorific values. Detailed analyses of the middlings and the sink fraction samples were 

therefore not performed at this stage. 

The results of ultimate analyses are summarised in Table 3.1. Data in this Table show that the 

two coal fine discards (Highveld and Waterberg) and their float fractions contained relatively 

higher percentages of elemental carbon with lower nitrogen and sulphur contents. As expected, 

the oxygen contents of the float fraction samples were slightly higher when compared to the 

discarded coal fines samples. The ultimate analysis results for the samples evaluated in this study 

are in good agreement with those for other South African coals that were previously reported.3 

The sink fractions had relatively high sulphur and oxygen contents and lower proportions of 

carbon. The float fractions of the two coal samples showed lower sulphur contents when 

compared to the middlings and the sink fractions. This could imply that a high sulphur content in 
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the middling and sink fractions are associated with a high proportion of excluded pyrite contained 

in the rock fragments present in the sink fractions.  
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Table 3-1: Proximate, ultimate, calorific value, H/C, O/C, mass, and density separation yield results of coal fines and their density 
separated fractions 

Sample ID/Properties Method of Analysis HR HF<1.50 HF1.5-1.80 HS> 1.80 WR WF<1.50 WF1.5-1.80 WS> 1.80 

Mass (g)   
65000 

 
25250 18750 21000 

104020 
 

47560 38360 18100 

Yield (%)  100 38.9 28.9 32.3 100 45.7 36.9 17.4 

Calorific value HHV (MJ/kg) ISO 1928:2009 17.7 25.7 21.0 8.5 21.6 27.2 19.9 10.8 

Proximate Analysis (%wt., ad ) 

Inherent moisture ISO11722:1999 3.0 4.1 4.2 2.1 3.1 3.4 1.9 1.4 
Ash yield ISO1171:2010 42.0 11.8 27.7 65.8 30.2 13.4 34.2 55.6 
Volatile matter yield ISO:562:2010 17.7 29.4 19.3 13.7 25.7 31.2 24.2 17.9 
Fixed carbon (by difference) 37.3 54.7 48.8 18.4 41.0 52.0 39.7 25.1 

Ultimate Analysis (%wt., daf) 

Carbon ISO17247:2013 75.5 75.6 78.7 68.5 77.2 77.7 77.4 64.7 

Hydrogen ISO17247:2013 5.9 5.7 5.0 6.7 5.4 5.1 5.3 5.3 

Nitrogen ISO17247:2013 2.1 2.6 1.7 2.4 1.5 1.5 1.7 1.6 

Total sulphur content ISO 19579:2006 1.8 1.3 1.7 3.0 1.9 1.2 1.4 11.4 

Oxygen  (by difference) 14.9 14.7 12.9 19.4 14.0 14.5 14.3 17.0 

H/C atomic ratio  0.94 0.90 0.76 1.17 0.84 0.79 0.82 0.98 

O/C atomic ratio   0.15 0.15 0.12 0.21 0.14 0.14 0.14 0.20 

HR= Highveld raw, HF<1.5= Highveld float, HF1.8= Highveld middling, HS>1.8= Highveld sink; WR= Waterberg raw, WF<1.5= 
Waterberg float, WF1.8= Waterberg middling, WS>1.8= Waterberg sink.
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3.3.2 CO2 low-pressure gas adsorption analysis  

A summary of the surface areas and porosity properties of the samples as determined from the 

low-pressure CO2 adsorption analyses are given in Table 3.2. The different analytical methods 

and models used to obtain the results are also summarised in Table 3.2. As shown in this Table, 

the Dubinin-Radushkevich (D-R) micropore surface areas and the Brunauer-Emmet-Teller (BET) 

surface areas of the coal fine discards were found to be lower when compared to the surface 

areas of the float fractions. The increase in the surface area of the float fractions could be 

attributed to the removal of some of the minerals in the float fraction. The microporosities of the 

coal fine discards calculated from the CO2 adsorption data were also lower compared to those of 

the float fractions. There were no significant differences in the average micropore volumes of the 

coal fine discards and their float fractions. Due to the higher porosity and the surface area values 

for the float fractions in comparison to the discarded coal fines and the other density separated 

fractions, it is expected that the solvent will penetrate the structure of the float fraction more 

efficiently, leading to higher extraction efficiencies during the liquefaction experiments. 

Table 3-2: CO2 low-pressure gas adsorption analysis results of coal fines and their float 
fractions 

  HR HF<1.50 WR WF<1.50 

CO2 low-pressure gas adsorption analysis results 

BET surface area (m2/g) 61.8 ± 3.0  76.8 ± 1.9 66.0 ± 1.0  86.4 ± 1.2  

H-K average micropore diameter (Å) 3.870 ± 0.044 3.893 ± 0.014 3.859 ± 0.012 3.837 ± 0.011 

D-R micropore volume (cm3/g) 0.0396 ± 0.002 0.0525 ± 0.002 0.0418 ± 0.003 0.0561 ± 0.001 

Porosity (%) (3 Å ≤ dp ≤ 5 Å)  3.70 ± 0.36 4.24 ± 0.10 3.97 ± 0.15 5.26 ± 0.03 

D-R micropore surface area (m2/g) 98.7 ± 5.5 131.0 ± 5.2  104.3 ± 7.4  140.0 ± 2.4  

Note: D-R - Dubinin-Radushkevich; BET - Brunauer-Emmet-Teller; H-K - Horvath-Kawazoe; CO2 
ads data - CO2 adsorption data. 

 

3.3.3 Petrographic analyses   

The petrographic analysis results in Table 3.3 revealed that the two coal fine discards were 

inertinite-rich, with relatively lower vitrinite contents. The petrography analysis also reveals that 

the coal fine discards contained low percentages of liptinite. Comparing the petrographic analysis 

results for HR and WR samples with those for the float samples, it was observed that there was 

a slight increase in the vitrinite contents of the float fractions with a corresponding decrease in the 
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inertinite content. The liptinite contents of the float fractions also do not show much difference 

with that in the coal fine discards. The total volume of reactive (TV+TL+RSF) in the HR and WR 

samples were 59.6 vol.% (mmb) and 65.4 vol.% (mmb), respectively. As expected, these values 

slightly increased for the HF and WF samples as they have values of 74 vol.% 

(mmb) and 70 vol.% (mmb) respectively. The higher value of reactive macerals of the float 

fractions is a good indication that the float fractions may be a better feedstock for utilisation in the 

liquefaction experiments than the original coal fine discards. The petrographic analysis indicates 

that these coal fine discards samples may be classified as a typical medium rank C bituminous 

coal according to the ISO-11760:2005 method. Wang et al.25 stated in their study that liquefaction 

conversion decreases with an increase in coal rank, indicating that coal rank influences the 

performance of coal during the liquefaction process.  

 

Table 3-3: Petrographic analysis results of the HR and WR, and their float fractions (%vol., 

mmb) 

Sample Identification HR HF<1.5 WR WF<1.5 

Total vitrinite (TV) 34.9 58.4 39.3 51.6 
Total liptinite (exinite) (TL) 0.9 3.8 3.3 1.5 
Total inertinite (calculated) (TI) 41.8 24.7 40.7 37.8 
Reactive semifusinite (RSF) 23.8 11.8 22.8 17.7 
 Inert semifusinite (ISF) 15.3 10.8 14.2 13.2 
Fusinite + secretinite 2.2 2.1 3.7 6.9 
Mineral matter (calculated) 22.9 13.1 16.7 9.1 
Total reactives (TV+TL+RSF) 59.6 74.0 65.4 70.8 

Total inerts (calculated) 40.4 26.0 34.6 29.2 

Note: HR= Highveld coal fines, HF<1.5= Highveld float, WR= Waterberg coal fines, WF<1.5= 
Waterberg float.  
 
 

3.3.4 XRF analysis results  

XRF results (elemental composition reported as oxides) for the HR, WR samples and their 

respective float fractions (see Table 3.4) show that SiO2, Al2O3, CaO and Fe2O3 were the most 

abundant in the coal fine discards and their different float fractions. MgO and K2O were found to 

be present in smaller proportions. The XRF results obtained in this study are in a good agreement 

with the XRD results reported in Table 3.5. The significant difference between the coal fine 

discards and their float fractions is a relative increase in the CaO contents in the float samples. 

The higher Ca content in the coal float fractions can be attributed to the presence of the calcite 
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and dolomite cleats, and organic calcium in macerals in these samples.26 The base/acid (B/A) 

ratios of the coal fines samples are found to be smaller when compared to the float fractions.    

Table 3-4: Normalised XRF analysis results based on loss on ignition and B/A (base/acid) 
ratios for the HR and WR and their density separated float fractions (%wt.) 

 

Compound    HR    HF    WR    WF 

SiO2 50.4 51.6 63.0 52.0 
Al2O3 29.1 26.2 26.7 24.2 

Fe2O3 4.8 3.0 3.1 7.7 
TiO2 0.8 1.5 1.5 1.7 

P2O5 0.2 0.7 0.2 1.0 
CaO 3.9 12.6 2.5 9.0 
MgO 1.2 3.3 0.8 1.5 

Na2O nd nd nd nd 
K2O 0.4 0.9 1.9 0.9 
MnO 0.1 0.1 0.0 0.2 

SO3 0.5 0.2 0.3 1.8 
B/A ratio 0.12 0.24 0.07 0.24 

SiO2 + Al2O3 + Fe2O3 84.3 80.7 92.8 83.9 

Note: HR= Highveld coal fines, HF<1.5= Highveld float, WR= Waterberg coal fines, WF<1.5= 
Waterberg float.   

 

3.3.5 XRD analysis results 

The XRD analysis results of the coal fine discards and their float fractions are presented in Table 

3.5. The major crystalline minerals in the coal fines and their float fractions were kaolinite, quartz, 

and dolomite, with smaller proportions of gypsum, pyrite, muscovite, anatase, calcite and rutile. 

As expected, the concentrations of the amorphous phase (mostly organic carbon) of the float 

fractions were higher when compared to the coal fine discards.  

The presence of included clay minerals and clay mineral cleats in the float fractions may enhance 

the liquefaction process. Clay minerals, including kaolinite, have been shown by various 

investigators to act as a catalyst during coal liquefaction.27,28 The XRD results also showed the 

presence of pyrite (FeS2) in the coal fine discards and their float fractions. The pyrite mineral in 

the coal may show a catalytic effect during the liquefaction process, as a catalytic activity has 

been reported by other investigators.29,30 Some studies have shown that pyrite could decompose 

to pyrrhotite (Fe1-xS) during direct liquefaction, and that pyrrhotite is involved in the processes 

during the hydrogenation of coal.31  
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Table 3-5: XRD results of the coal fines and their float fraction (as % crystalline and 
amorphous phases) (%wt.) 

Mineral phases WR WF<1.5 HR HF<1.5 

Quartz  11.2 5.50 11.5 1.72 
Kaolinite  16.2 9.2 20.3 8.15 
Dolomite  3.2 0.01 5.5 0.48 
Calcite 1.3 0.17 - 0.25 
Pyrite 0.3 0.2 0.3 0.13 
Anatase  0.2 0.0 0.4 0.1 
Graphite 0.5 0.3 0.1 0.4 
Muscovite 0.9 - - 0.1 
Gypsum 0.6 0.1 0.9 0.2 
Periclase 0.2 0.1 - - 
Microcline - - 0.8 0.2 
Amorphous/organic carbon 65.4 84.42 60.2 89.23 

Note: HR= Highveld coal fines, HF<1.5= Highveld float, WR= Waterberg coal fines, WF<1.5= 
Waterberg float.   

 

3.4 Effect of coal maceral composition on liquefaction  

The liquefaction product distribution, which includes oil, gas, PAA and residues, obtained from 

the liquefaction tests of the discarded coal fines and their float fractions are given in Table 3.6 

and Figure 3.1. The results are reported on a 95% confidence intervals based on three repeats 

at each liquefaction temperature (380, 400 and 420°C). The oil yields and the carbon conversion 

under N2 atmosphere (Figure 3.1) decreased in the samples in the order HF>WF>WR>HR. These 

values may be correlated with the maceral compositions of the discarded coal fines and their float 

fractions (Table 3.3).  Vitrinite was enriched in the WF and HF float fraction samples, making up 

51.6% and 58.4% respectively (Table 3.3) of macerals. The inertinite content slightly decreased 

in the WF and HF float fraction samples to 24.7% and 27.8%, respectively (Table 3.3).  The lower 

oil yields of the coal fine discards may be explained by the higher amounts of inertinite in the coal 

fine discards (Table 3.3).  

Figure 3.1(d) summarises the results of carbon conversion for all the samples at 380 and 420°C 

liquefaction temperatures. Figure 3.1(d) shows that the float fractions gave higher carbon 

conversions when compared to the coal fine discards, due to the increase in vitrinite and total 

reactive macerals of the float fractions when compared to the coal fine discards (Table 3.3). As 

stated by other researchers,31 vitrinite usually has a higher amount of extractable aliphatic 

hydrocarbons, which are more easily broken during heat treatment than for the inertinite macerals. 

The oil yields and carbon conversions obtained from this study were lower when compared to 

values from the literature.33 The higher values of the oil yields that were reported by other 
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researchers could be attributed to the maceral composition, as the coal sample used by these 

authors contained vitrinite contents of close to 93.0%vol.32  

 

 
 
Figure 3-1: Percentage products distribution of coal fines and density separation fractions at 

(a) 380°C, (b) 400°C, (c) 420°C, (d) Coal conversion at different temperatures. Note: HR= 
Highveld coal fines, HF<1.5= Highveld float fraction, WR= Waterberg coal fines, WF<1.5= 

Waterberg float fraction.   

Figure 3.2 shows the correlation between the surface areas, total reactive macerals, and 

conversion. It is observed that there is a positive correlation between the surface areas, total 

reactive macerals, and conversion. This indicates that an increase in the surface area or the total 

reactive macerals as observed for the float fractions in comparison to the coal fine discards leads 

to an increase in conversion. 
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Figure 3-2: Correlation of (a) surface area vs carbon conversion, (b) Total reactive macerals 

vs conversion Note: HR= Highveld coal fines, HF<1.5= Highveld float fraction, WR= Waterberg 

coal fines, WF<1.5= Waterberg float fraction 

 

Table 3-6: Percentages products distribution of coal fine discards and float fractions at 
380°C, 400°C, 420°C, and coal conversion 

380°C 

  WR WF HR HF 

Residue 67±3.2 59.3±2.4 68.0±2.0 58.0±2.2 
PAA 11.2±0.7 12.8±0.8 10.3±0.7 12.5±0.3 
Gas 2.70±0.5 3.8±0.5 2.3±0.1 3.7±0.5 
Oil 19.1±1.6 24.4±2.7 19.4±1.9 25.8±2.4 

Conversion 33.00±2.8 40.70±3.5 31.60±3.0 42.00±3.9 

400°C 

Residue 60.5±2.4 52.60±2.3 63.1±2.0 51.5±2.9 

PAA 10.2±0.5 11.9±0.9 9.0±0.9 10.5±0.5 
Gas 5.0±0.3 6.7±0.5 4.0±0.6 6.8±0.6 
Oil 24.3±1.7 28.8±1.3 23.9±1.3 31.2±1.5 

Conversion 39.70±2.4 47.00±3.5 37.00±4.2 46.00±3.5 

420 °C 

Residue 57.0±2.1 45.70±3.3 58.30±2.8 44.8±1.2 

PAA 8.00±0.7 10.80±0.6 8.30±0.6 9.8±0.3 

Gas 6.00±0.6 8.7±0.5 5.5±0.3 8.2±0.6 

Oil 29.00±1.1 34.8±1.1 27.9±1.5 37.2±1.2 

Conversion 41.70±4.0 50.70±3.5 41.30±2.8 52.60±4.4 
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3.5  Effect of temperature on the product distribution  

3.5.1 Effect of temperature on carbon conversion  

The amounts of the direct liquefaction products of South Africa bituminous coal fine discards and 

their float fractions, using tetralin as solvent under N2 at temperatures between 380 and 420°C 

are presented in Figure 3.1. As expected, carbon conversion increased with an increase in 

temperature. This trend is consistent with the data from previously reported studies.15,16,33 The 

carbon conversion increased for the float fraction when compared to coal fine discards. This could 

be attributed to the higher vitrinite contents and low ash yields in the float fractions when 

compared to the coal fine discards.  Barraza et al. 33 obtained a higher carbon conversion of about 

85%wt. (daf) for density separated samples (float fraction) when compared to carbon conversion 

of the parent coal. They used bituminous coal from South America, which contained 92. 9%vol. 

vitrinite. Sofianos et al.16 obtained a carbon conversion 93.3%wt. (daf) using a higher vitrinite rich 

(84.9%vol.) beneficiated Waterberg coal and water as a solvent in the DCL experiments.  

3.5.2  Effect of temperature on products yields during the liquefaction tests  

The oil yield increased as the temperature of the liquefaction increased (Figure 3.1). The increase 

in the oil yield could be as a result of the further breaking down of the pre-asphaltenes and residue 

parts of the products at higher temperatures leading to the formation of more oil and gases. The 

oil production efficiencies of the float fraction samples were higher when compared to the coal 

fine discards. The increase in oil yield agrees with the decrease in the PAA as the temperature of 

the liquefaction increased.  

The PAA contents decreased with an increase in the liquefaction temperature (Figure 3.1). As 

described above, there was an increase in the percentage of oil at a higher temperature, with the 

corresponding decrease in amounts of PAA.  

The amounts of residue decreased as the temperature of the liquefaction increased (Figure 3.1). 

For instance, the HF residue reduced from 58% at 380°C to 45.7% at 420°C. The residue from 

the WF reduced from 59% at 380°C to 50% at 420°C. Comparing the values of the residues of 

the coal fine discards and their corresponding float fractions, it was observed that the float 

samples have lower amounts of residue than the coal fine discards. This follows the same trend 

as for the carbon conversions, amounts of oil and gases that were obtained from the coal fine 
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discards. As temperature increases, the coal macromolecular structure further depolymerises, 

producing more oil and gases with a corresponding decrease in the amounts of the residues.  

Figure 3.1 presents the gas yield results from the liquefaction experiments. During the liquefaction 

process, it has been observed by other investigators that the major liquefaction gas components 

include H2, CO, CO2 and some hydrocarbon compounds (CmHn) such as methane, ethane, and 

propane.15,32 The gas yield increased from 4.0%wt. (daf) at 380 °C to 6.7% (daf) at 420 °C for the 

WF sample, and 3.8%wt. (daf) at 380°C to 6.0%wt. (daf) at 420 °C for the HF sample. The higher 

temperatures cause rupture of lighter hydrocarbons. Secondary reactions, such as cracking, 

methanation and steam reforming, will subsequently result in higher gas yields. 34,35  

3.6  Analysis of liquefaction products 

3.6.1  Proximate, ultimate and ICP-OES analyses of residues, PAA and oils extracts  

The proximate and ultimate analyses results of the PAA and oil extracts and the residues from 

the liquefaction experiments are shown in Table 3.7.  An increase in the volatile matter, moisture 

and oxygen contents of the float fractions’ residues and PAA extracts in comparison to those of 

the coal fine discards was observed.  As expected, the float fractions residues showed relatively 

higher values of fixed carbon, volatile matter content and lower ash yields when compared to the 

residues obtained from the coal fine discards. The contents of fixed carbon and volatile matter in 

the residues from the float fractions and the coal fine discards were found to be lower than in the 

samples before liquefaction (Table 3.1). The low percentages of fixed carbon and volatile matter 

in the residues were attributed to the removal of organic matter in the coal matrix during 

liquefaction. The residue produced from coal fine discards contains a higher ash yield when 

compared to the float fraction residues, as expected. The PAAs produced from float samples 

showed a slight increase in fixed carbon, volatile matter and moisture contents in comparison to 

the PAA values for the coal fines samples.  

During liquefaction, some minerals such as pyrite may be transformed to form other compounds.36 

Alkali and alkaline element-bearing minerals were detected in the liquefaction product residues 

using mineralogical analysis. These minerals may act as catalysts during the gasification 

process.37 The ICP-OES analysis results for the residues and PAA parts of the liquefaction 

products are presented in Table 3.8. This Table indicates that the PAAs and residues produced 

from the liquefaction of the coal fine discards and their float fractions contained low amounts of 

Ca, Al, P, Mg, Mn, Ti and Fe compounds.   
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The calorific values (CVs) of the liquefaction residues from the float fractions were found to be 

higher than for the residues derived from the coal fine discards (see Table 3.7). The HS and PAA 

samples produced from all the samples had higher CVs compared to those of the residues. The 

O/C and H/C atomic ratios of the liquefaction residues from the coal fines and the float fractions 

do not show much difference. The H/C ratios of the HS oil products ranged from 1.03–1.08. The 

values of H/C of the HS products were higher when compared to those of the PAA and residue 

products. This could be attributed to the percentages of hydrogen that were extracted from the 

carbon matrix of the coal samples to form HS products during the liquefaction experiments. 

The HS fractions from the liquefaction of the coal fine discards and their corresponding float 

fractions were similar in terms of their ultimate and proximate analyses. The oil (HS) fractions 

obtained from this study were carbon-rich fuels containing a low amount of nitrogen and a trace 

amount of sulphur. The density of the oily products (HS products) at 20 °C varied between 0.83 

and 0.87 g/cm-3, while the viscosity ranged from 1.5 to 2.08 mPas at 20°C. The flashpoints of the 

derived oil products ranged from 20.9–24.2°C.  

Table 3-7: Proximate and the ultimate analyses results of DCL products (HS, PAAs and 
residues) 

Residue 

Proximate Analysis (%wt. air-dry basis) Standard method HR  HF WR WF 

% Inherent moisture content  ISO 11722: 1999 2.5 2.0 2.8 2.1 
% Ash yield ISO 1171: 2010 48.7 25.7 37.0 26.9 
% Volatile  Matter  (VM) ISO 5621: 2010 15.6 25.2 19.7 25.6 

% Fixed carbon (FC) (by difference)  33.2 47.1 40.5 45.4 

Fuel ratio (FC/VM)  2.1 1.9 2.1 1.8 

Calorific Value (MJ/kg)  15.6 22.7 16.8 25.7 

Ultimate Analysis (%wt.daf) ISO 29541: 2010         

Carbon  82.9 85.4 81.9 85.3 

Hydrogen  4.7 5.2 5.4 5.0 

Nitrogen  2.0 1.8 1.7 2.0 
Sulfur ISO 19579: 2006 2.3 2.3 2.2 2.0 
Oxygen (by difference) 8.03 4.3 8.8 5.6 
H/C (atomic ratio)  0.69 0.72 0.78 0.70 
S/C  0.01 0.01 0.01 0.009 
O/C  0.02 0.019 0.019 0.017 

PAA 

Proximate Analysis (%wt. air-dry basis) Standard method HR  HF WR WF 

% Inherent moisture content  ISO 11722: 1999 4.2 4.0 3.8 3.2 
% Ash yield ISO 1171: 2010 1.0 1.2 1.0 1.0 
% Volatile  Matter  (VM) ISO 5621: 2010 48.9 53.2 49.7 54.2 

% Fixed carbon (FC) (by difference)  45.9 41.6 45.5 40.0 

Fuel ratio (FC/VM)  0.9 0.8 0.9 0.7 
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Calorific Value (MJ/kg)  34.5 33.6 33.8 34.8 

Ultimate Analysis (%wt. daf) ISO 29541: 2010         

Carbon  86.4 87.4 86.1 87.7 
Hydrogen  6.2 5.91 6.0 6.24 
Nitrogen  2.0 2.1 1.9 1.7 

Sulfur ISO 19579: 2006 0.4 0.47 0.52 0.53 

Oxygen (by difference) 5.2 4.13 5.48 5.3 

H/C (atomic ratio)  0.9 0.8 0.8 0.8 

S/C  0.002 0.002 0.002 0.002 
O/C  0.045 0.035 0.048 0.045 

HS 

Proximate Analysis (%wt. air-dry basis) Standard method HR  HF WR WF 

% Inherent moisture content  ISO 11722: 1999 8.7 8.7 8.7 8.7 
% Ash yield ISO 1171: 2010 0.0 0.0 0.0 0.0 

% Volatile  Matter   ISO 5621: 2010 92.3 92.3 92.3 92.3 

%Fixed carbon (by difference)  0.0 0.0 0.0 0.0 
Calorific Value (MJ/kg)  41.5 43.4 41.2 41.1 

Ultimate Analysis (%wt. air-dry basis) ISO 29541: 2010         

Carbon  86.2 88.6 85.5 87.8 

Hydrogen  7.8 7.9 7.4 7.6 
Nitrogen  0.06 0.17 0.09 0.14 
Sulfur ISO 19579: 2006 0.2 0.21 0.17 0.2 
Oxygen (by difference) 5.7 3.2 6.8 4.4 

H/C (atomic ratio)  1.08 1.06 1.03 1.03 

Viscosity at 20°C (mPas) ASTM D7806 1.5 1.9 2.0 2.1 

Density (built-in u-tube cell) gcm-3 ASTM D7777 0.83 0.87 0.83 0.83 

Flashpoint (°C) ASTM D7806 21.5 24.2 20.9 21.8 
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Table 3-8: Trace and lighter elements contents as determined by ICP-OES analyses in the float fractions, and their liquefaction products: PAAs 
and residues  

 

Sample: HR HR-R HF Raw HF-R HF-PAA WR WR-R WF-Raw WF-R WF-PAA 

  ppm 

B  33.0 50.0 49.0 71.0 17.0 10.0 14.0 13.0 7.0 2.0 
Na  1161.0 1228.0 132.0 162.0 77.0 124.0 176.0 65.0 86.0 32.0 
Mg  2650.0 3581.0 409.0 642.0 39.0 2393.0 2644.0 614.0 653.0 48.0 
Al  11770.0 13540.0 2178.0 3248.0 53.0 7027.0 9586.0 1581.0 2102.0 108.0 
P  1650.0 1470.0 844.0 1123.0 59.0 1300.2 1523.0 479.5 799.0 65.0 
K  843.5 1991.0 286.0 400.2 63.1 798.0 1218.0 157.1 270.0 60.0 
Ca  14390.0 22190.0 6530.0 7430.0 365.4 11780.0 12380.0 5066.0 6556.0 252.0 
Ti  2300.0 2724.8 559.3 347 94.7 1054.0 1320.0 554.7 771.0 241.0 
Cr  230.0 280.2 66.7 149.2 55.9 250.2 265 55.3 124.2 45.1 
Mn  620.0 750.0 150.4 411.1 21.6 280.5 328.5 54.25 72.5 9.9 
Fe  5402.0 7221.0 2193.0 3340.0 266.0 14880.0 12880.0 1852.0 3224.0 222.4 
Pd  5.3 6.5 2.6 4.5 0.1 3.0 3.8 0.73 1.091 0.1 
Ag  17.2 20.2 3.2 5.2 1.2 5.0 6.4 3.93 4.395 1.0 
Ba  1200.0 1325.0 528.2 855.2 23.3 591 620.4 376.5 491.7 35.8 
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3.6.2 GC-MS analyses of the oily (HS) part of the liquefaction product 

The GC-MS results for the oil samples produced from the liquefaction experiments using the 

Waterberg and Highveld float fractions are given in Table 3.9. The GC-MS results show that these 

oil samples contained similar organic compounds. The oil samples produced from both the 

Waterberg float and Highveld float samples contained 76.5% and 82% naphthalene, respectively. 

As expected, the oil produced from the coal fine discards is characterised by a lower percentage 

of naphthalene when compared to those produced from the float fractions. The presence of 

naphthalene in the oil sample could be due to the dissolution of organic matter in tetralin during 

the liquefaction experiments of the coal fine discards and their float fractions, and due to the 

transformation of tetralin.  Other compounds that were detected by the GC-MS analysis include 

decalin, butyl benzene, methyl indane, phenol, trimethyl phenol, and o-cresol. Egiebor and Gray14 

in their study on the liquefaction of Highvale coal using argon as a reaction gas and tetralin as a 

solvent reported 94.5%wt. naphthalene in the oil part of their products.   
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Table 3-9: The GC-MS analysis results for the oil samples derived from HR, HF WR and 
WF at 420°C  

Mass, % 

Component  WR oil WF oil HR oil HF oil 

2,2-Dimethyl butane 0.1 0.0 0.0 0.0 
2-Methyl pentane 1.8 0.1 0.4 0.0 
3-Methyl pentane 2.0 0.0 0.0 0.0 
N-Hexane 3.0 2.7 7.5 1.1 
2-Methyl hexane 0.3 0.0 0.1 0.0 
Methyl cyclopentane 0.9 0.1 0.5 0.0 
Acetone 0.9 1.0 2.5 0.5 
t-Decalin 1.2 1.1 1.0 1.0 
c-Decalin 1.1 1.3 1.2 0.6 
N-Tridecane 0.3 0.4 0.3 0.2 
Butyl benzene 2.5 2.4 2.1 1.9 
Allyl benzene 0.2 0.2 0.1 0.2 
Methyl indan 9.5 9.5 8.2 7.3 
Ethyl indan 0.7 0.8 0.8 0.6 
Cyclopentyl indan 0.2 0.3 0.2 0.2 
Dimethyl indan 0.3 0.3 0.3 0.2 
Ethyl tetralin 0.2 0.2 0.2 0.3 
Naphthalene 72.1 76.5 71.0 81.9 
Butylated hydroxyl toluene 0.1 0.1 0.2 0.3 
Trimethyl phenol +O-cresol 0.8 1.0 1.0 0.8 
Phenol 0.3 0.3 0.3 0.6 
Trimethyl Phenol 0.2 0.2 0.2 0.1 
O-ethyl phenol 0.0 0.1 0.1 0.1 
2,5-Xylenol 0.1 0.1 0.1 0.1 
2,4- Xylenol 0.2 0.2 0.2 0.2 
P- cresol 0.2 0.3 0.4 0.5 

M- cresol 0.2 0.2 0.2 0.3 
Ethyl methyl phenol 0.5 0.5 0.6 0.5 
2,3- Xylenol 0.0 0.0 0.0 0.1 
P-Ethyl phenol + 3,5- Xylenol 0.2 0.2 0.2 0.3 
M-Ethyl phenol 0.1 0.1 0.1 0.1 
3,4- Xylenol 0.1 0.1 0.2 0.1 

 Total 100.0 100.0 100.0 100.0 
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3.6.3 1H nuclear magnetic resonance analysis results of oily (HS) liquefaction products 

The 1H NMR results are shown in Table 3.10. For quantification purposes, the spectra were 

divided into regions, as indicated in Table 3.10. The sharp peak at 2.7 ppm is assigned 

to naphthenic hydrogen, and the peak at 1.8 ppm represents the resonance peak from β-

CH2, which is as a result of a CH2 proton from tetralin.15 The peaks at 4.5 ppm and 9.5 ppm are 

assigned to the aromatic hydrogen.14,38 It was observed that the Har/Hal ratios for the oil obtained 

from the Waterberg and Highveld float samples were 2.2 and 2.6, respectively. These values 

were slightly higher when compared to the oil obtained from the coal fine discards. This implies 

that relatively more aromatic hydrogen is present in oils derived from the float fractions when 

compared to those of the coal fine discards. Table 3.10 shows the quantitative results of the 1H 

NMR. The oil sample produced from WF contained higher aliphatic and low aromatic hydrogen 

contents than those of oil from the HF sample. These results are in a good agreement with the 

GC-MS results for the float fractions when compared to those for the oil from the coal fine 

discards. The 1H NMR results obtained in this study are comparable with the results obtained by 

other researchers 14 for the liquefaction of Highveld coal using tetralin as a solvent.   
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Table 3-10: Proton NMR results of the oil samples derived from HR, HF, WR and WF at 420°C (ppm) 
 

  Symbol Peaks WR Oil  WF Oil  HR Oil  HF Oil  HC oil15    

Aliphatic proton 0.5–4.5 ppm HAl   36 30.9 39 27.5 28.5 

 Aliphatic H γ to an aromatics  Hγ 0.5-1.00 1.6 2.2 0.8 1.5 1.3 
 Aliphatic methyl β to an aromatics  Hβ1 1.0-1.6 2.9 3.4 3.5 2.4 4.4 

 Alicyclic H β to two aromatics  (naphtenic, methylene) Hβ2 1.6-2.00 9.2 8.2 10.2 7.8 6.70 
 Aliphatic H in methyl or methylene to aromatic and possible attached to another ring Hα1 2.0-3.0 17.2 14.2 18.4 13.5 16.0 

Aliphatic H in methylene to an aromatic ring and β to another or two rings HA, F 3.0-3.69 2.8 1.2 3.2 0.78 - 
 Aliphatic H in methyl or methylene to two aromatic rings  HD 3.69-4.5 2.3 1.7 2.9 1.5 - 

 Olefinic protons (4.5–6.3 ppm) Hol 4.5-6.3 - - - - - 

Aromatic protons (6.3–9.5 ppm) HAr   64 69.1 61 72.5 71.5 

Aromatic hydrogen HArUC 4.5-6.3 60.8 66.8 56.5 71.3 71.5 
Sterically hindered aromatic hydrogen (phenolic H) HArC 6.3-8.36 3.2 2.3 4.5 1.2 - 

    Total 100 100 100 100 100 

Har/Hal     1.8 2.2 1.6 2.6 2.5 

HC = values from oil obtained by Egiebor and Gray14 on the liquefaction of Highvale coal15 
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3.6.4 Solid-state 13C nuclear magnetic resonance results 

The NMR spectra of the coal fines discard, float fractions samples, residue and PAA samples are 

presented in Figure 3.3. The coal structural parameters were calculated as described in the 

literature.24,25 The spectra showed two distinct peaks with a pronounced peak in the region of 90–

200 ppm, which indicates the aromatic peaks and an aliphatic peak in a region of 0–90 ppm. A small 

spin sideband with low intensity, which indicates an aromatic ring, was observed in the region of 

200–240 ppm.21 The aliphatic carbon has methyl groups at 0–25 ppm; methylene carbon appears 

within the region of 25–50 ppm, methoxyl groups resonates at 50–65 ppm, while the ester group 

appears at 65–80 ppm.39,40  PAAs extracts of the float fractions and their residues gave similar 

spectra in the aromatic and the aliphatic regions. When comparing the peak intensities of the float 

fractions, residues and the PAAs, peak broadening was observed for the float fractions and the 

residues in the aromatic and the aliphatic regions.  

The NMR structural parameter results are shown in Table 3.11. It was observed that there was a 

slight difference in the fraction of aromatics (𝑓𝑎) between the coal fine discards and float fractions. 

The HF sample contained 76% aromatic carbon and 24% aliphatic carbon, while the WF contained 

78% aromatic carbon and 22% aliphatic carbon respectively. When comparing the aromatic and 

aliphatic carbon of the float fractions to the coal fine discards, it was observed that the aromatic 

carbon of the coal fine discards was slightly higher than those of the float fractions. The HR and WR 

samples contained 80% and 82% respectively of aromatic carbon. The residues produced from the 

float fractions showed a slight increase in the aromatic carbon contents and a corresponding 

decrease in the aliphatic contents when compared to those of the coal fine discards.   

The PAAs produced from the WF sample was made up of 74% aromatic and 26% aliphatic carbon. 

The PAAs produced from the HF contained 72% aromatic and 28% aliphatic. The PAAs of the WR 

was made up of 72% aromatic and 28% aliphatic. The PAAs produced from the HR contained 74% 

aromatic and 26% aliphatic. The NMR results indicated that the PAAs from the float fractions and 

the coal does not show much difference in the aromatic and the aliphatic carbon contents. Tetralin 

as a solvent during liquefaction of South African float fractions from the coal fine discards produced 

PAAs containing a higher proportion of aromatic carbon and a low percentage of aliphatic 

carbon.  Similar results were reported by other researchers during solvent extraction of Canadian 

low-rank coal and Montana sub-bituminous coal using non-polar organic solvents.41 
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Figure 3-3: 13C CP NMR spectrum of the float fractions and their liquefaction products:  residues 
and PAAs 
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Table 3-11: Structural parameters from solid-state 13C CP-NMR for the coal fines, float fractions and their liquefaction products:  
residues and PAAs 

  WR 
WR-PAA-

420°C 
WR-R-
420°C WF1.5 

WF-PAA-
420°C 

WF-R-
420°C HR 

HR-PAA-
420°C 

HR-R-
420°C HF1.5 

HF-PAA-
420°C 

HF-R-
420 °C 

Fraction aromatic  0.80 0.72 0.82 0.73 0.74 0.86 0.81 0.77 0.82 0.78 0.72 0.84 
Aromatic carbon  0.75 0.70 0.75 0.72 0.73 0.81 0.74 0.75 0.76 0.75 0.71 0.79 
Fraction of aliphatic 0.20 0.28 0.18 0.27 0.26 0.14 0.19 0.23 0.18 0.22 0.28 0.16 
Aliphatic carbons bonded to 
oxygen 0.05 0.04 0.07 0.03 0.03 0.02 0.042 0.03 0.06 0.038 0.04 0.05 
Carbonyl/carboxyl and amide 
carbons   0.09 0.02 0.07 0.06 0.03 0.03 0.07 0.02 0.05 0.07 0.01 0.04 
Fraction phenolics   0.10 0.06 0.09 0.08 0.06 0.02 0.10 0.07 0.09 0.09 0.06 0.04 
Fraction alkylated aromatic   0.16 0.13 0.15 0.16 0.14 0.16 0.16 0.14 0.15 0.16 0.14 0.15 
Fraction non-protonated 
aromatic carbons   0.50 0.51 0.50 0.54 0.51 0.56 0.56 0.55 0.51 0.54 0.51 0.62 
Fraction protonated aromatic 
carbons  0.22 0.19 0.25 0.21 0.22 0.25 0.19 0.2 0.25 0.2 0.2 0.15 
Aromatic bridgehead 
carbons  0.29 0.32 0.25 0.25 0.3 0.32 0.31 0.34 0.27 0.3 0.31 0.33 
Fraction of methyl groups in 
aliphatic   0.06 0.10 0.05 0.08 0.12 0.06 0.05 0.08 0.05 0.07 0.14 0.06 

Aliphatic CH and CH2 0.13 0.18 0.08 0.41 0.16 0.08 0.11 0.14 0.05 0.31 0.18 0.1 
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Summary 

This investigation studied the liquefaction of coal fine discards and their corresponding float 

fractions. Liquefaction was conducted using tetralin as a solvent under inert atmosphere (N2). 

Results of the liquefaction tests revealed that the float fractions achieved higher carbon 

conversions, oil yields and gas yields when compared to the coal fine discards. The higher oil 

yields and carbon conversions of the float fractions were attributed to the higher 

concentrations of the vitrinite macerals, higher surface areas, porosity, organic carbon 

contents and alkaline indices (catalytic effect) of the float fractions in comparison to the coal 

fine discards. The effect of temperature revealed that as temperature increased the yields of 

oil and gas increased, with a corresponding decrease in the amounts of PAA and residue 

samples, as expected. 

Analysis of the different liquefaction products were performed using traditional and advanced 

analytical techniques.  The analytical results of the liquefaction products showed that the 

residues produced from the float fractions have lower contents of FC and VM and lower CV 

than those of the coal fine discards, indicating better conversion for the float fractions. The oil 

yields of all the samples showed a high relative heating rate and high amounts of volatile 

matter. The GC-MS results for the oil samples show that this oil contained mainly naphthalene 

with lower amounts of other aliphatic and aromatic compounds. 

The oil produced from the float fractions contained higher contents of aromatic hydrogen and 

naphthalene when compared to the oil produced from the coal fine discards. The results 

obtained from the liquefaction test suggested that the beneficiated coal fine discards (density 

separated float fraction) will improve the carbon conversion and percentage oil yield during 

direct liquefaction processes. Also, the float fractions produced from the coal fine discards 

may be used as a feedstock for utilisation in the direct coal liquefaction process.   

3.7 Conclusions 

The direct liquefaction of South African coal fine discards and their float fractions were 

investigated with tetralin as a solvent, using a laboratory autoclave at a temperature ranging 

from 380–420°C under inert N2 atmosphere, with an initial pressure of 3 MPa. The results 

showed that density separation of coal fine discards produced a float fraction beneficial for 

direct liquefaction. Density separation of the coal fine discards provides a float fraction with 

the following enhanced properties in comparison to the coal fine discards before beneficiation:  
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 The float fractions show higher calorific values, surface areas, vitrinite contents and 

reactive maceral contents with a reduction in ash yield. These characteristics render the 

float fractions more reactive and more suitable for utilisation in direct coal liquefaction 

processes. 

 Higher carbon conversions were achieved from the float fractions with a corresponding 

decrease in the amounts of residues.  An increase in liquefaction temperature increased 

the carbon conversion and the yield of oil. These are attributed to the increase in the 

vitrinite contents in the float samples. 

 The oil produced from liquefaction of the float fractions contained a relatively higher 

amount of hydrogen-bonded to aromatic rings and a relatively higher percentage of 

naphthalene. 

 Proximate and ultimate analyses indicated that the oil and the PAA parts of the liquefaction 

products have higher calorific values and higher fixed carbon contents when compared to 

the residues, which have higher ash yields. However, the residue samples from the float 

fractions could be suitable as feedstock for the utilisation in combustion and gasification 

processes, due to relatively high calorific values and fixed carbon contents and lower ash 

yields when compared to residues from the coal fines. 

 Solid-state NMR results indicated that the Highveld float sample contained 76% aromatic 

and 24% aliphatic carbon respectively, while the WF contained 78% aromatic and 22% 

aliphatic carbon respectively. When comparing these to the coal fines, it was observed 

that the aromatic carbon of the coal fines was slightly higher than that of the float fractions, 

with the WF and HR samples having aromatic carbon contents of 80% and 82% 

respectively. Solid-state NMR results indicated that the HF sample contained 76% 

aromatic and 24% aliphatic carbon, while the WF sample contained 78% aromatic and 

22% aliphatic carbon. When comparing these to the coal fines, it was observed that the 

aromatic carbon of the coal fines was slightly higher than that of the float fractions. 

Density separation of coal fines is beneficial to produce a float fraction that may be used as 

feedstock for DCL. This paper showed that density separation of Highveld and Waterberg 

discarded coal fines leads to a float fraction that gave liquefaction products similar to that 

reported in the literature for other bituminous feed coals.15,16 The volumes of fine coal and high 

costs associated with the disposal and handling thereof may be reduced by utilising density 

separation to obtain a feedstock for direct liquefaction. This utilisation will also assist in 

reducing environmental problems (dust, spontaneous combustion and acid mine drainage). 
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CHAPTER 4: PYROLYSIS OF TETRALIN LIQUEFACTION DERIVED 

RESIDUES FROM LIGHTER DENSITY FRACTIONS PRODUCED OF 

WASTE COALS TAKEN FROM WASTE COAL DISPOSAL SITES IN 

SOUTH AFRICA. 

R.C. Uwaoma, C.A. Strydom, R.H. Matjie, J.R. Bunt, G.N. Okolo, D.J. Brand 

 

 

In this chapter, the pyrolysis of residues derived from tetralin liquefaction of the float fractions 
from the coal fines and the analysis of the different pyrolytic products (tar and char) are 

reported.  

 
 
The content of this paper was published in Energy & Fuels. 2019, 33(9):9074-86. 
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Abstract 

The lighter density (<1.5 g/cm3) fractions produced from two waste coals sampled from the 

waste coal disposal sites at thermochemical plants situated in South Africa were used as feed 

materials for liquefaction with tetralin. The liquefaction residues from the lighter density and 

untreated lighter density fractions were used in pyrolysis experiments. Pyrolysis of the lighter 

density fractions was carried out in a Fischer Assay oven at 750 and 920°C under an argon 

atmosphere. Advanced analytical techniques (gas chromatography−mass spectrometry and 

nuclear magnetic resonance (NMR) spectroscopy) were employed to characterise the 

pyrolysis products. Also, the lighter density fractions, liquefaction residues, and their chars 

were examined using conventional and advanced analytical techniques. The pyrolysis char 

yields of the liquefaction residues ranged between 74% and 76%, and those of the coal float 

fractions ranged between 67.0 and 71.5%. Gas pyrolysis yields ranged between 16.0% and 

20.0% for the residues and between 14.5% and 18.4% for the lighter density fractions, while 

the pyrolytic water and the tar products of the lighter density fractions were slightly higher than 

those of the liquefaction-derived residues. The proton NMR analysis of the tars from the 

residues shows marginally higher amounts of aromatic protons than those of the lighter density 

fractions. Chars which were generated after pyrolysis of the liquefaction-derived residues 

show higher porosity values than those from the pyrolysis of the lighter density fractions. The 

differences in the porosities are attributed to the opening of pores and extraction of some 

lower molecular mass aliphatic species from the coal matrix during liquefaction. The pyrolysis 

products distribution and analysis of the products showed that the residues (waste material) 

generated after tetralin liquefaction of the float fractions from the float−sink experiments of 

waste coals may be utilised for thermochemical processes (pyrolysis). 

Keywords: tetralin, coal float fraction, liquefaction residues, pyrolysis, density separation 
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4.1 Introduction 

Liquefaction of the lighter density (<1.5 g/cm3) fractions generated from the float−sink 

experiments of waste coal deals with the thermal degradation of coal organic matter in a 

hydrogen-rich solvent, under moderate temperature (<450°C) and pressure, to produce 

gases, mixed oil, and coal residues. Research studies have shown that residues produced 

during coal liquefaction contain a significant amount of organic matter. The high 

concentrations of carbon and hydrogen in these residues indicate a possibility for their 

utilisation for pyrolysis and gasification.1-6  

The liquefaction-derived coal residues properties results obtained from waste coals and their 

<1.5 g/cm3 lighter density fractions are similar to those of the feedstocks used during coal 

thermochemical processes.7 Discarding coal residues from liquefaction processes may have 

negative environmental impacts, including health risks and generation of polluting gases. The 

utilisation of these residues as a starting material for pyrolysis, gasification, or combustion 

processes may present an opportunity to produce valuable products and to reduce the 

negative environmental impacts of the waste material. 

Currently, the information with regards to the pyrolysis of coal residues produced from the 

liquefaction of density- separated fractions (<1.5 g/cm3 floats) is limited. Previous studies on 

pyrolysis of coal and analysis of the pyrolytic products focused on the use of bituminous coal 

liquefaction of South African lighter density fractions from waste from South Africa as a 

feedstock.8,9 Analysis of the pyrolytic products generated from the residues after coal 

liquefaction has not yet been reported in the literature.7,10 The utilisation of the residues 

produced after liquefaction of lighter density fractions may assist in decreasing the amounts 

of this waste material. 

This paper compares the pyrolysis products produced from the residues after liquefaction of 

the lighter density fractions (obtained from float−sink experiments of waste coals) to the 

pyrolysis products from the lighter density fractions. Analyses of the tars and chars were 

carried out using advanced and traditional techniques (solid-state 13C and liquid-state nuclear 

magnetic resonance (NMR), gas chromatography−mass spectrometry (GC−MS), CO2 low- 

pressure adsorption, Fourier-transform infrared (FTIR), proximate, and ultimate). 

Understanding the pyrolysis behaviour of the liquefaction residues with regards to different 

pyrolytic products (tars, water, gases, and chars) will give an insight into the usefulness of 

liquefaction-derived residues of the lighter density fractions from the waste coals for further 

thermochemical processing. 
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4.2 Experimental procedures and analytical methods 

4.2.1 Material 

The Highveld float (<1.5 g/cm3)  (HF) and Waterberg float (<1.5 g/cm3 ) (WF) fractions were 

produced via float-sink experiments of Highveld and Waterberg coal wastes as described 

earlier.7 The HF and WF samples stand for the lighter density fractions generated from the 

float-sink experiments of the waste coal according to the method described by Uwaoma et al.7   

The results of conventional  analyses (proximate and ultimate) of these samples were 

presented and discussed in the recent article by Uwaoma et al. 7 

4.2.2 Pyrolysis 

Pyrolysis of the samples was performed using two instruments: a thermogravimetric analyser 

(TGA) and in a modified Fisher Assay set-up, as described below.    

4.2.2.1 Thermogravimetric analyses 

The lighter float fractions and their liquefaction-derived residues were subjected to 

thermogravimetric analyses using an SDT Q600 TGA.  The procedure which was used for the 

thermogravimetric experiment has been reported.11 

4.2.2.2 Fisher Assay analyses 

The liquefaction-derived residues and the waste coal float fractions were air-dried and 

screened to −212 μm particle size. The samples were thoroughly mixed three times using a 

standard cone and quartering method (DD CENT/ TS14780:2005). This method was 

employed in order to obtain a representative sample that will be used for pyrolysis test. 

Pyrolysis of the samples was conducted using a modified Fisher Assay setup as described by 

Roets et al.8 and shown in Figure 4.1. The Fisher Assay equipment was designed to carry out 

experiments at temperatures above the ISO 647 temperature. Pyrolysis tests were conducted 

on the float samples from the untreated waste coals, and their liquefaction-derived residues 

from the lighter density fractions in an ASS316 high-pressure stainless steel reactor (50 g 

capacity, 55 mm diameter, and 65 mm height). The pyrolysis method of waste coal is stated 

elsewhere.8 The modified Fisher Assay setup can withstand temperatures up to 1000°C using 

stainless steel retorts. The equipment is also designed in such a way that the different fractions 

of the pyrolytic distribution products (char, tar, gas, and pyrolytic water) can be captured and 

quantified.8,12 The condensed volatiles and pyrolytic water were trapped in a scrubber solution 

containing toluene. A Dean−Stark distillation setup was used to isolate the pyrolytic water and 

the condensed volatile fraction from the mixture of condensed volatiles and gas liquor captured 
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by toluene. After removal of the pyrolytic water, the toluene was removed in a rotary 

evaporation setup at 60°C and pressure of 27 mbar by heating it for 20 min. Tedlar bags were 

used to capture the gases from the solvent scrubbers. 

 

Figure 4-1: The Fisher Assay setup (adapted from Roet et al.8) 

The pyrolytic water, tar, char, and gas yields were evaluated on a dry basis using the following 

equations: 

𝑃𝑦𝑟𝑜𝑙𝑦𝑡𝑖𝑐 𝑤𝑎𝑡𝑒𝑟,  %wt. :      
𝑊1×100

𝑊0
−  𝑀𝑎𝑑                                                                                                  4.1  

𝑇𝑎𝑟,  %𝑤𝑡. :      
𝑊2×100

𝑊0
;  𝑊2 =  𝑊𝑅𝑉,𝑓 −𝑊𝑅𝑉,𝑖                                                                           4.2 

𝐶ℎ𝑎𝑟,  %𝑤𝑡.      
𝑊3×100

𝑊0
                                                                                                             4.3  

𝐺𝑎𝑠,%𝑤𝑡. : 100 − (𝑐ℎ𝑎𝑟 + 𝑡𝑎𝑟 + 𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑡𝑒𝑟)                                                                                           4.4                                                                                             

Where W0 is mass of the coal (float fractions and residues) dry basis; W1 is mass of total water; 

W2 is mass of tar, which was calculated from the mass of the empty rotary evaporation flask 

(WRV, i) and the mass of the rotary evaporation flask after toluene removal (WRV,f); W3 is mass 

of char; Mad is moisture content, %wt., in the original sample on an air-dry basis (ad).  

4.3  Analysis of pyrolysis products  

4.3.1  Tar analysis 

 GC-MS and Gas Chromatography-Flame Ionisation Detection (GC-FID) Analyses 
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GC−MS and GC−FID analyses of tars generated from the pyrolysis test were carried out by 

using an Agilent 7890 GC equipped with an FID and an Agilent 7890N GC connected to a 

mass selective detector (MSD). Only semi-quantitative results were obtained from the GC−FID 

and GC− MS techniques. GC−MS was used first for peak identification before performing 

GC−FID on the samples for quantification of different components in the tar. Before GC−MS 

analysis, approximately 200 mg of tar samples were dissolved in 2 cm3 of dichloromethane 

(CH2Cl2). About 0.2 μL of the solution (tar and solvent) was inserted into the GC with a split 

ratio of 100:1. The procedure for the GC− MS analysis of the tar samples is reported in the 

literature.7 

  NMR analysis of tar 

An Agilent 600 MHz Inova spectrometer was used to conduct the liquid-state proton (1H) and 

carbon-13 (13C) NMR analyses using deuterated chloroform (CDCl3) as a solvent. The 

standard pulse sequences were modified in VnmrJ 4.2 to obtain semiquantitative NMR 

spectra. The modifications are for proton (onepul, 60 s relaxation delay) and carbon (onepul, 

gated decoupling, 15 s relaxation delay), respectively. Before the liquid-state analysis, 20 mg 

of the tar sample was dissolved in the solvent (CDCl3). Tetramethylsilane (TMS) was added 

to the samples and the signal used as the internal chemical shift reference and set to 0 ppm. 

The spectra were broadly divided into aliphatic and aromatic integral regions and further 

subdivided using the same reset points as set by other investigators.13,14 For the proton NMR 

aliphatic functional groups analysis, chemical shift values were defined from 0.5 to 5 ppm and 

the aromatic functional groups from 6 to 9 ppm. For the 13C NMR analysis, the spectral regions 

are respectively defined from 0 to 100 ppm (aliphatic compounds) and 100 to 160 ppm 

(aromatic compounds). 

 FTIR analysis of tar 

The FTIR spectra of the tars produced in this study were measured using a Spectrum 100 

FTIR spectrometer (Perkin Elmer) with a Pike Miracle detector. The FTIR analysis of the tar 

samples is reported elsewhere.15 A spectral resolution of 2 cm−1, 32 scans, and a wavenumber 

range of 4000−400 cm−1 was used to obtain qualitative FTIR results. 

4.3.2  Char composition 

 Proximate and ultimate analyses 

Proximate analysis was conducted on the lighter density fractions, their liquefaction residues 

and subsequent chars generated after the pyrolysis test, standard procedure was followed to 

obtained proximate results. The percentage inherent moisture content, ash yield, and volatile 



Chapter 4   

108 

matter content of all the samples were evaluated using the ISO standard methods reported in 

our previous study.7 The fixed carbon content was evaluated by difference. The ultimate 

analysis of the same samples submitted for the proximate analysis following ISO 29541: 2010 

standard procedure determines the percentages of C, H, S and N in these samples. The 

percentage of elemental oxygen was evaluated by difference. Chars were characterised using 

a CE 440 elemental analyser.  

 Solid-state 13C NMR 

The coal analysis utilised 13C CP and CP with Dipolar Dephasing (DD) NMR experiments 

(protonated carbon suppression) performed at 12kHz MAS as described elsewhere.16,17 This 

method is very cost-effective and still relevant today and was subsequently reinstated at the 

Central Analytical Facility of the University of Stellenbosch (Republic of South Africa). The 

model used for the spectra acquisition and the conditions employed in recording the spectra 

of 13C CP and CP DD has been reported in the literature.7 The same amount of transients was 

used for both the 13C CP and CP DD NMR experiments of a particular sample. These 

consisted of an HF char at 920°C, HF liquefaction residue char at 920°C, WF char at 920 °C 

and a WF liquefaction residue char at 920°C. The solid-state NMR experiments, processing 

and the calculation of different coal fractions have been reported extensively by the same 

investigators.16,17  

 CO2 surface analysis 

Micromeritics ASAP 2010 instrument was employed to conduct the CO2 low-pressure gas 

adsorption analysis (CO2-LPGA). The lighter density fractions, liquefaction residues and their 

char samples were dried in an oven prior to the (CO2-LPGA) analysis.  A detailed description 

of the procedure, the software used in obtaining the data and the pressure ranges used for 

CO2-LPGA analysis has been described elsewhere.7,18 The Dubinin- Radushkevich (D-R), 

micropore surface areas and BET surface areas were evaluated from the isotherm CO2 

adsorption data.19 The average micropore diameters and micropore volumes were deduced 

using the Horvart-Kawazoe (H-K) method.19,20 The porosity of the samples was calculated 

using the cumulative amount of CO2 adsorbed. 

4.4  Results and discussion 

4.4.1  TGA of coal float fractions and their liquefaction residues 

The weight loss and DTG curves are provided in Figure 4.2. From this figure, it is clear that 

the sample DTG peaks indicated distinctive peaks when using inert (nitrogen) and oxidising 

(air) conditions. The small peaks were displayed between 100 and 200°C due to the 
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dehydration of moistures from the samples during the DTG analysis. The pronounced peaks 

within the range of 300−550°C for all samples can be attributed to the fragmentation of lighter 

density particles due to the volatility of lighter organic species and gases contained in these 

coals.21 The lighter density fractions and their liquefaction-derived residue peak intensities 

differ in this region, with the lighter density fractions having higher peak intensities matching 

those of the liquefaction-derived coal residues. The lower peak intensity of the liquefaction 

residues in this region is ascribed to the removal of lighter organic species from the coal 

structure during the liquefaction tests. The third peak, occurring in the region of 800 °C, can 

be attributed to the partial transformation of inherent minerals (clays, carbonates, sulfides) 

contained in the coal chars due to the removal of hydration water and gases during pyrolysis. 

Approximately 10%wt. more chars are produced during pyrolysis from the liquefaction 

residues (78.2% for HF-R and 79.1% for WF-R) than their float fractions (68.9% for HF and 

69.8% for WF). This is expected as more of the smaller volatile compounds would have been 

extracted by liquefaction solvent, and the liquefaction-derived residues are thus likely to 

produce less volatile compounds during pyrolysis. 

After combustion at 900°C, the ash yields were as follows: HF 12.2%, HF-R 27.0% and WF 

15.0%, WF-R 24.6%). The results from TG analysis in air are consistent with the proximate 

analysis results reported in our previous study,7 which give an ash yield of 11.4% for the 

Highveld float fraction and 13.8% for the Waterberg float fraction with 26.9% and 25.7% for 

the liquefaction residues HF and liquefaction WF residues, respectively. 
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Figure 4-2: DTG and TG curves of (a) Highveld float fraction and residue in N2; (b) 
Waterberg float fraction and residue in N2; (c) Highveld float fraction and residue in air; (d) 
Waterberg float fraction and residue in air. HF N2 = Highveld float under nitrogen; WF N2 = 

Waterberg float under nitrogen; HF-R 420°C N2 = Highveld float residue under nitrogen; WF-
R 420°C N2 = Waterberg float residue under nitrogen; HF Air = Highveld float under air; WF 

Air = Waterberg float under air; HF-R 420°C Air = Highveld float residue under air; WF-R 
420°C Air = Waterberg float residue under air. 

4.4.2   Distribution of pyrolytic products 

The amounts of tar, pyrolytic water, gas and char generated during the pyrolysis of the lighter 

density fractions and their liquefaction-derived coal residues are given in Table 4.1 (results 

obtained from the Fisher Assay analyses). The results obtained from the three experimental 

repeats at 750 and 920°C used in this study are reproducible and accurate, with greater than 

90% confidence intervals. Table 4.1 indicates that the amount of tar that was generated from 

the lighter density fractions are higher (11%) than those of liquefaction residues at 750°C than 

at 920°C. However, the two coal float fractions produced similar tar yields at 750°C; the HF 

fraction produced a tar yield of 10.8% at 750°C, while the WF fraction produced a tar yield of 

10.5% at 750°C. Other investigators reported   similar   results   for   different   coal 

samples.22−24 

 

The HF and WF liquefaction-derived residues gave tar yields of 6.0 and 6.3%wt. at 750 °C 

after pyrolysis, respectively. At 950°C, the tar amounts were 3.8%wt. for the WF liquefaction- 
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derived residue and 3.2%wt. for the HF liquefaction-derived residue. As expected, the 

liquefaction-derived residues produced lower tar yields than those of the lighter density 

fractions. Tetralin liquefaction process removed smaller molecular compounds and some of 

the mobile phases in the coal samples. These compounds usually concentrated in the tar 

produced during pyrolysis, and thus less tar is expected for the liquefaction residues than for 

the float fraction samples after pyrolysis. Given et al.25 stated that coal is made up of two 

phases, a mobile (extractable) and stationary phase. These two phases may be separated 

during the liquefaction process. Some researchers have shown that the extractable phase is 

comprised of hydrocarbon and oxygenated compounds that are entrenched or free in the 

molecular structure of coal, with the extracted compounds having molecular weights of less 

than 500 amu.26,27 

Pyrolytic water yield:  Water can be formed through various steps during pyrolysis: by 

internal moisture in coal which evaporates at 100°C; by inherent moisture associated with 

carbon matrix that the coal gives off at 130−200°C and water of hydration associated with 

clays in coal that starts to dehydroxylate at above 300°C.28 Coal hydrolysis reactions may also 

occur at high temperatures. An increase in temperature from 750 to 920°C increased the yield 

of pyrolytic water by approximately 2%wt. (Table 4.1). This higher amount of water obtained 

at 920°C is attributed to dehydration of clay minerals above 700°C and the hydrolysis reactions 

of the coal matrix.29 The coal float fractions showed higher pyrolytic water yields than the 

liquefaction-derived residue samples, suggesting that tetralin-extracted organic molecules 

undergo hydrolysis in the float fraction samples. 
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Table 4-1: Normalised pyrolytic products distribution of coal float fractions and their 
corresponding liquefaction residues at 750 and 920°C (%wt.) 

Pyrolytic product distribution at 750°C 

Sample ID WF  HF  WF Residue HF Residue 

Char 71.5 ± 0.2 67.0 ± 0.6 76.0 ± 1.2 74.0 ± 0.2 
Pyrolytic water  3.5 ± 0.3 5.9 ± 0.2 1.6 ± 0.3 2.9 ± 0.5 
Tar 10.5 ± 0.9 10.8 ± 1.4 6.3 ± 1.9 6.0 ± 2.0 
Gas 14.5 ± 1.2 16.4 ±  1.2 16.0 ± 2.3 17.1 ± 1.6 
Total Volatiles  28.8 ± 0.5 33.0 ± 1.5 24.0 ± 2.4 25.5 ± 1.2 

Pyrolytic product distribution at 920°C 

Sample ID WF  HF  WF Residue HF Residue 

Char 70.8 ± 0.2 66.0 ± 1.7 73.9 ± 0.5 73.3 ± 0.3 

Water 5.5 ± 0.3 7.6 ± 0.4 4.4 ± 0.4 3.5 ± 0.1 

Tar 7.5 ±  0.9 8.1 ±  1.4 3.8 ± 0.1 3.2 ± 0.7 
Gas 16.25 ± 1.2 18.4 ± 0.1 18.0 ± 0.3 20.0 ± 0.8 

Total Volatiles  29.6 ± 0.7 33.1 ±  0.6 25.0 ± 0.8 28.3 ± 0.7 

Note: ID = identification; WF= Waterberg float (<1.5 g/cm3), HF=Highveld float (<1.5 g/cm3), 
WF Residue= Waterberg float liquefaction residue, HF residue = Highveld float liquefaction 
residue. 
 
Gas yield:  The gas yields for HF and WF were 18.4 and 16.3%wt. respectively, at 920°C 

(Table 4.1). These values increased for the liquefaction-derived residues with HF-residue 

producing 20.0%wt. and WF-residue 18.4%wt. of gas yields. The liquefaction residue samples 

generated gas yields approximately 2% higher than those produced from the lighter density 

fractions. The tetralin liquefaction process aided in creating a more porous surface, thus 

enabling better pyrolysis, with the result of more gaseous products being formed. The 

increased surface area will assist in the liberation of volatiles from the coal matrix during 

pyrolysis. This is indicated in the structural analysis results of the liquefaction residues 

(Section 4.4.4.3), where the physical properties of lighter density fractions and their 

liquefaction residues that are based on the measured porosity and surface area are presented 

and discussed. Similar results on the increase in porosity of the liquefied residues are reported 

for bituminous coal samples.30 

Char yield: As expected, the small reduction in the char yields of the lighter density fractions 

and their residues was observed as pyrolysis temperature increased. The char produced from 

the lighter density fractions had between 3 and 8%wt. lower char yield when compared to 

those generated from the liquefaction residues samples. The liquefaction-derived residues 

contain less lower-molecular-weight compounds and more macromolecular weight 

compounds, resulting in less degradation and thus higher char yields for the liquefaction 

residues than those of the lighter density fractions.28,31 

The XRD analysis33 was followed to qualify and quantify the concentrations of crystalline and 

amorphous phases contained in the lighter density fractions and their corresponding 

liquefaction residues, and the mineralogical results are presented in Table 4.2. From the XRD 
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results, it is clear that the most predominate minerals contained in these samples are quartz 

and kaolinite with a smaller quantity of dolomite, calcite, and microcline. Also, a high proportion 

of amorphous material (organic carbon) is contained in these samples. Other 

researchers15,35,33 found the presence of similar coal minerals in South African coals. The ash 

yields were higher for the liquefaction residues due to a decrease in organic matter, resulting 

in a relative decrease in the available volatile matter and fixed carbon. The mineralogical 

results of the 1.3 g/cm3 float fraction and its char samples when using automated X- ray-based 

QEMSCAN indicate that kaolinite and fusinite, which are contained in these samples, did not 

transform or decompose at 550°C to form meta-kaolinite during pyrolysis.33 Vitrinite and 

possibly carboxylic acid salts contained in these float fraction particles softened and formed 

agglomerates during the pyrolysis experiments.33 The kaolinite particles contained in the 

heavy density (>1.9 g/cm3) fraction undergo a partial transformation to produce meta-kaolinite 

and hydration water vapour. These transformation reactions caused bigger particles in this 

fraction to be cracked and broken into fragments during pyrolysis. High carbon concentration 

in the organic matter (macerals) in coals may contribute to the partial or no observed 

transformation of minerals during the pyrolysis of these coals.34,35 Other Investigators have 

shown that the addition of minerals such as pyrite and clays including kaolinite and silica, do 

not catalyse the pyrolysis reactions during South African coals pyrolysis.8 However, kaolinite 

may enhance the overall gas yield during pyrolysis.8 

Minor proportions (<0.5%) of carboxylic acid salts may contribute to catalysing the pyrolysis 

reactions in South African coals.32,33 The minor proportions of carboxylic acid salts, inherent 

minerals, and significant proportions of extraneous minerals contained in these coals do not 

contribute to the pyrolysis reactions at 450−550°C during pyrolysis of South African coals 

under an inert atmosphere. However, significant fractions of carboxylic acid salts contained in 

the overseas lignites may catalyse pyrolysis and gasification reactions.36 

The tetralin liquefaction experiments somewhat changed the product distribution after 

pyrolysis compared to those of the lighter density fractions (Table 4.1). The liquefaction 

residue derived samples contained slightly higher gas and char yields than those obtained 

from the lighter density fractions. However, the proximate analysis obtained from the 

liquefaction samples indicates that it may be utilised for pyrolysis and further thermal 

processing.7 The products obtained during pyrolysis were further characterised, and the 

results will be discussed in the next section. The results obtained from the pyrolysis study 

indicate that the liquefaction experiments help in the degradation and loosening of cross-link 

structure in coal, which resulted in more gases and chars from the liquefaction residues. 
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Table 4-2: Proportion of amorphous and total crystalline mineral phases of the float 
fractions, residues and their char samples from XRD analysis (%wt.). 

  WF WF-R HF HF-R 

Quartz 5.8 9.2 1.7 3.1 
Siderite 0.2 0.2 - - 
Kaolinite 9.4 14.3 8.2 15.3 
Pyrite 0.9 - 1.2 - 

Muscovite - 0.4 - - 

Dolomite - 0.1 0.5 1.1 
Calcite 0.2 0.4 0.3 0.7 
Magnetite - - - - 
Pyrrhotite - 0.4 - 0.3 
Microcline - - - - 
Amorphous/organic C 84.5 75.1 89.2 79.6 

 

4.4.3  Tar analysis results  

4.4.3.1  GC-MS analysis of tar samples 

The GC−MS results of the tars produced at 750°C during pyrolysis of the lighter density 

samples and their liquefaction-derived residues are provided in Table 4.3. The results of the 

tars that were detected by GC−MS at 920°C are not presented in this study, as the qualitative 

results were similar to those of tars produced at 750°C. The major tar components are oxygen-

containing monoaromatics, such as phenols, cresols, m, p-cresols, and polyaromatics 

(fluorine, methyl ethyl dibenzofuran, methyl fluorine, phenanthrene, and anthracene). All tars 

produced from the pyrolysis experiments contained methyl-substituted aromatics (significant 

components of the polyaromatics). Polyaromatic hydrocarbons (PAH) in tars are formed 

based on two models proposed by Frenklach and Wang.37 Direct combination of two aromatic 

rings, such as two benzene rings, may form a biphenyl compound, which further undergoes a 

reaction to produce a PAH. The second model describes the abstraction of hydrogen, which 

aids in the activation of the aromatic rings, enabling acetylene addition reactions. This leads 

to the formation of cyclisation compounds. Apart from the phenolic compounds and PAHs, 

aliphatics such as alkanes and alkenes were also detected in the tars. Similar GC−MS results 

were obtained for tar samples generated from the pyrolysis of lignite tetrahydrofuran 

liquefaction-derived residues.28 GC−MS results of the tars from the solvent liquefaction 

showed higher percentages of naphthalene, its compounds, and minor- aromatics 

compounds, such as phenolic groups favourably matching those of the tars generated from 

the lighter density fractions. The liquefaction process may assist in exposing latent oxygen in 

the coal structure, which may facilitate reactions to form oxygenated compounds, such as OH-

containing compounds.28,38 The GC−MS results matched those obtained from the 1H NMR 

analysis of the tar, which will be discussed in the next section. 
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Table 4-3: The GC-MS analysis results of the tar samples generated from the pyrolysis 
of lighter density fractions and their corresponding liquefaction residues at 750°C (tetralin 

free basis) 

  Mass % 

Component HF HF-Residue WF WF-Residue 

N-Hexane 0.52 0.12 0.82 0.00 
N-Octane 0.72 0.00 1.24 0.00 

Acetone 0.52 0.00 0.62 0.22 
THF 0.41 0.35 1.96 2.20 
N-Nonane 0.83 0.12 1.93 0.00 
1- Nonane 0.52 0.12 0.52 0.00 
Benzene 0.52 0.00 0.62 0.00 

N-Decane 0.52 0.12 0.52 0.22 
1-Decene 0.62 0.12 0.82 0.11 

N-Undecane 0.52 0.23 0.74 0.33 
Methyl thiophene 0.31 0.46 0.72 0.00 

Ethylbenzene 0.31 0.12 0.52 0.22 
1-Undecene 0.52 0.23 0.72 0.22 
Xylene 2.17 0.70 2.78 0.44 
N-Dodecane + Xylene 1.34 0.58 1.44 0.55 

C3 Benzene 2.58 0.93 2.99 1.21 
1-Dodecene 0.72 0.12 0.82 0.22 

N-Tridecane 1.14 0.23 1.24 0.44 
1-Tridecene 0.62 0.12 0.72 0.22 
Indan 0.72 0.23 0.72 0.33 

N-Tetradecane 0.93 0.23 1.24 0.44 
Methyl Indan 1.34 0.81 1.86 1.32 

1-Tetradecene 0.41 0.12 0.72 0.33 
N-Pentadecane 0.52 0.12 0.62 0.33 

Indene 0.31 0.12 0.21 0.22 
Benzofuran 0.21 0.00 0.21 0.33 
N-Hexadecane 0.41 0.12 0.52 0.33 

Methyl Indene  0.72 0.35 0.62 0.33 
Methyl Benzofuran 0.31 0.12 0.21 0.44 
Dimethyl Indan 0.41 0.23 0.31 4.41 

1-Hexadecene 0.21 0.12 0.21 0.22 
N-Heptadecane 0.52 0.12 0.52 0.33 
Naphthalene 2.58 8.46 2.37 10.68 
N-Octadecane 0.52 0.12 0.62 0.22 

Benzothiophene 0.52 0.00 0.41 5.73 
Methyl Naphthalene 2.37 3.36 2.27 0.00 

N-Nonadecane 0.52 0.12 0.62 0.44 

2,6-Xylenol 1.55 0.46 1.13 1.10 
Ethyl methyl Phenol 7.22 8.46 5.26 5.62 

Ethyl Naphthalene 0.72 0.46 0.52 0.88 
N-Eicosane 0.62 0.12 0.72 0.33 
O-Cresol 4.54 7.65 5.20 6.28 
Phenol 7.53 9.62 6.39 8.37 
Dimethyl Naphthalene 1.44 0.46 1.03 1.21 
O-Ethyl Phenol 1.34 0.46 1.24 0.77 
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N-C21 0.10 0.00 0.10 0.11 

2,5-Xylenol 2.99 4.87 2.06 1.87 
2,4-Xylenol 7.84 7.18 9.28 4.41 

P-Cresol 6.30 9.27 6.49 8.59 
M-Cresol 5.37 10.78 6.39 6.17 

2,3-Xylenol 1.14 8.46 0.72 0.88 
P-Ethyl Phenol + 3,5-Xylenol 6.19 1.85 5.57 3.85 

M-Ethyl Phenol 2.06 0.81 1.65 1.65 
3,4-Xylenol 2.89 0.81 1.96 1.87 

Dibenzofuran 0.72 0.35 0.52 0.55 
Fluorene 1.24 0.70 0.62 1.54 

Methyl Ethyl Dibenzofuran 2.99 0.70 2.17 1.10 
Methyl Fluorene 1.55 0.58 1.65 1.21 

Phenanthrene 1.14 0.46 1.20 0.88 
Anthracene 0.72 0.35 0.62 0.55 

Methyl Naphthalol 0.21 0.46 0.10 1.32 
Methyl Phenanthrene 1.96 0.58 1.03 1.43 

Methyl Anthracene 0.72 0.23 0.41 0.33 
Naphthalol 0.00 4.52 0.00 4.07 

 

4.4.3.2 NMR results of tar 

The 1H and 13C NMR spectra of the tar generated at 750°C pyrolysis temperature are 

presented in Table 4.4 and Figure 4.3. 1H NMR spectra in Figure 4.3(a) separates different 

types of proton functionalities in the tar, generated from the coal float fraction samples and 

their corresponding residues, according to their chemical shifts. The spectra are divided into 

two main chemical shift regions; the aromatic hydrogen (Har) (0.5–4.5 ppm) and the aliphatic 

proton (Hal) (6.3–9.5 ppm) regions. The Hal region is subdivided into Hγ, Hβ, Hα, Hδ regions, 

representing the aliphatic hydrogen regions. The aromatics are also divided into condensable 

aromatic (HArc) and uncondensable aromatics (HUArc).39,40 The tar generated from the 

liquefaction residue shows two main peaks in the aliphatic region between 2.7 ppm and 1.8 

ppm, whereas the tar produced from the lighter density fractions show one main peak (Figure 

4.3(a)). These peaks are ascribed to the naphthenic methylene and to β-CH2, which is 

assigned to the CH2 protons from tetralin.10 

Table 4.4 shows the quantitative distribution of proton classes in the tars produced during 

pyrolysis of the coal float fractions and liquefaction residues at 750°C. The calculated results 

from proton NMR analysis show that the percentage (normalised relative integral values) of 

aromatic protons were higher when compared to the aliphatic protons for all the samples, as 

is expected for a devolatilisation process because the aliphatic compounds combust before 

the aromatic compounds. The portion of uncondensable aromatics protons (HUArc) for all tars 

was higher (48.5–55.5%) when compared to the condensable aromatics protons (HArc) (Table 
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4.4). The uncondensable aromatics protons are phenol and its related compounds, while 

condensable aromatics protons occur in naphthalene and its substituents, anthracene, 

xanthene, phenanthrene.40 Similar compounds were observed during proton NMR analyses 

and GC-MS analyses of the samples. Proton NMR results of tars generated from the 

liquefaction residue showed a higher Har (< 60.5%) in comparison to those generated from the 

lighter density fractions Har (53.2–56.1%). The fractions of uncondensable aromatics proton 

and condensable aromatics protons of the liquefaction residues were observed to be more 

than those of the tars produced from the coal lighter density fractions. As expected, more of 

the aliphatic hydrogen-containing compounds are extracted from the coal matrix during 

liquefaction than aromatic hydrogen containing compounds.  
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Table 4-4: The liquid-state ((1H) and 13C) NMR analysis results obtained from the 
pyrolysis of lighter density fractions and their liquefaction residues at 750°C (ppm). Integral 
areas in the NMR spectra are all normalised to 100 and thus expressed as a percentage of 

all integral areas within each NMR spectra. 

Symbol Integral reset points WF  WF Residue  HF  HF Residue 

  Aliphatic protons (0.5–6.3 ppm) 

HAl  46.8 38.7 43.9 38.0 
Hγ 0.5–1.00 3.9 0.9 3.2 0.0 
Hβ1 1.0–1.6 10.0 3.5 11.0 2.8 
Hβ2 1.6–2.00 2.4 5.2 2.3 5.02 
Hα1 2.0–3.0 27.6 29.0 26.3 29.2 
H α2 3.0–3.69 0.9 0.03 0.2 0.1 
HD 3.69 – 4.5 0.01 0.01 0.0 0.02 
Hol 4.5 – 6.3 2.02 0.1 1.00 0.2 

Aromatic protons (6.3–9.5 ppm) 

HAr  53.2 60.5 56.1 62.0 
HArUC 6.3 – 8.36 48.6 54.5 50.3 55.5 
HArC 8.36 – 9.5 4.6 6.0 5.8 6.8 

  Total 100 100 100 100 
HAr/ HAl  1.1 1.6 1.2 1.6 

  Aliphatic carbons (13 ppm–49.3 ppm) 

CAl  25.9 21.5 25.4 21.5 
CH3 13.0 – 23.0 15.8 5.0 14.4 5.0 
CH2 23.0 – 29.5 1.3 15.1 1.5 14.6 
CA 29.5 – 34.0 8.9 1.0 9.4 1.7 
CF 34.0 – 39.5 0.11 0.24 0.02 0.2 
Cα2 39.5 – 49.3 0.0 0.01 0.0 0.01 

  Aromatic carbons (110 ppm–160 ppm) 

CAr  74.1 78.5 74.6 78.5 

CArP 110.0 – 118 3.6 0.1 4.1 0.9 
CAr1 118 – 122 1.1 0.1 1.4 0.4 
CAr2 122 – 124 0.1 0.0 0.0 0.1 
CAr3 124 – 133 56.5 65.3 57.0 61.8 
CAr4 133 – 140 9.7 12.8 8.9 14.4 
CArC 140 – 147 0.3 0.3 0.3 0.2 
CAr5 147 – 167 2.9 0.1 2.8 0.8 

Total   100 100 100 100 

CAr/CAl  2.9 3.7 2.93 3.7 
fa = CAr/CTotal  0.74 0.79 0.75 0.79 

HD = Aliphatic H in methyl or methylene attached to two aromatic rings, Hγ =Aliphatic Hγ to an aromatics, H  

α2=Aliphatic H in methylene attached to an aromatic ring and β to another or two rings, Hβ1= Aliphatic methyl β to 
an aromatics, Hα1=Aliphatic H in methyl and possible attached to another ring, Hβ2=Alicyclic Hβ to two aromatics 
(naphtenic, methylene), Hol= olefinic protons,  H α2=aliphatic H in methylene to an aromatic ring and β to another 
or two rings,  HArUC =aromatic hydrogen, HArC = sterically hindered aromatic hydrogen, CH3 = methyl carbons, CH2 
=methylene (CH2) and methine (CH) carbons or from aromatic ring (eg ethyl and propyl), CA = methylene (CH2) 
and methine (CH) carbons α to an aromatic ring and β to another, CF= methylene (CH2) and methine (CH) carbons 
α to two aromatic rings (fluorene type), Cα2 = methylene (CH2) and methine (CH) carbons α to two 
(disphenylmethane type), CArP =pericondensed aromatic- or protonated aromatic carbon, CAr1= Car-H ortho to Car-
OH, CAr2= Car-H para to Car-OH; Car-CH3 ortho to Car-OH, CAr3= quaternary aromatic carbons; Car-H meta to Car-
OH, CAr4= Car-CH3 para to Car-OH, CArC = CH  or CH2 meta to Car-OH, CAr5= Car-CH3; CH2 or CH para to Car-OH.7 

 

The qualitative and quantitative 13C NMR results of the tars produced at 750°C from the lighter 

density fractions and their liquefaction residues during pyrolysis are given in Figure 4.3(b) and 

Table 4.4. Two main regions (the saturated aliphatic region (13−49.3 ppm) and aromatics 

region (110−150 ppm)) were observed in the 13C NMR results, which are shown in Figure 
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4.3(b). The appearance of the peak at 77 ppm is as a result of the residual protonated CHCl3 

in the deuterated (CDCl3) solvent utilised during the 13C NMR analysis.28 The aromatic carbon 

region can be subdivided into four parts (CH2, CA, CF, Cα), while the aromatic region is divided 

into seven regions. The percentages of aromatic carbon of the different tars produced from 

this study were higher (74−78.5%) than the percentages of aliphatic carbon (Table 4.4). The 

results from the carbon NMR of the tars matched the GC−MS results (Table 4.3) and also the 

H NMR results. 

Andrésen et al.12 stated that tar generated at low pyrolysis temperatures are mainly made up 

of long aliphatic or acyclic chains, while those produced at 750°C are mainly characterised by 

smaller substituted branched aliphatics or alkyl-substituted aromatic carbon fractions. Results 

from Table 4.4, show that the percentage of aromatic carbons was higher when compared to 

the percentage of the aliphatic region in all the tars. Carbon NMR results of tars generated 

from the liquefaction residue showed a higher amount of Car (78.5%) in comparison to those 

generated from the lighter density coal fractions (74%). The fraction of aliphatic carbon (Table 

4.4), of the lighter density fraction, were higher than those of the liquefaction residues. The 

lower aliphatic carbon percentages of the tars obtained from the residues indicate that the 

liquefaction experiments lead to the production of residues with less and smaller aliphatic side 

chains. The methyl carbon makes up the aliphatic region of the tar generated from the coal 

float fraction samples. 

The aromaticity factors, 𝑓𝑎 = 𝐶𝑎𝑟/𝐶𝑇, were calculated from the 13C NMR data and were 

tabulated in Table 4.4. The fa of all the samples ranged from 0.74–0.79 with fa of the 

liquefaction residues were marginally higher when compared to those of the lighter density 

fractions. These results are in agreement with those of the samples previously presented and 

discussed in literature.28,40 
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Figure 4-3: 1H and 13C NMR spectra of tars produced from lighter density fraction and 
their residues at 750°C pyrolysis temperature: (a) 1H spectra, (b) 13C spectra (The y-axis in 

all cases is Signal Intensity (Arbitrary units)) 

. 

4.4.3.3 FTIR results of tar produced during pyrolysis at 750°C from coal lighter 

density fractions and their liquefaction residues. 

The FTIR spectra of the tars that were generated at the devolatilisation temperature of 750 °C 

for all the tar samples under investigation are provided in Figure 4.4. Peak absorption values 

of the functional groups of interest were assigned as described elsewhere.41 All the samples 

showed absorption peaks correlating to aromatic compounds at 750, 815, 3060, and 1600 

cm−1, and peaks corresponding to aliphatic compounds at 2850, 2922, and 2960 cm−1. The 

ratio between the aliphatic C−H stretching peak area (2920 cm−1) and the aromatic C−H 
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stretching peaks area (3040 cm−1) indicates the degree of aromaticity for the tars produced 

from coal float samples when compared to those from their liquefaction-derived residues. 

It was observed that in the aliphatic (2960, 2922, and 2850 cm−1) regions, the liquefaction-

derived residues’ tars peaks were lower than the float fractions’ peaks. The reduction in the 

peak heights of the liquefaction-derived residues’ tars in the aliphatic region can be attributed 

to the extraction of some aliphatic compounds during the liquefaction treatment. 

The phenoxyl ether stretching and carbonyl group peaks are assigned at 1100−1300 and 1700 

cm−1 respectively.41 The oxygen-containing functional compounds that were detected by the 

IR were given as C−O bands (1040 cm−1), aryl ethers peaks (1262 cm−1), and C=O peaks 

(1698 cm−1). The peak intensities of tars generated from the liquefaction-derived residues 

were lower than those of the tars generated from the lighter density fractions in these peak 

regions. The moderately lower peak intensities of the tar produced from the liquefaction 

residues in these regions can thus be attributed to the loss of carbonyl compounds in the form 

of gases like CO2 and CO during liquefaction. 

The presence of alcohols and phenols in the tar samples is evidence of the shoulder peak at 

3500 cm−1, which corresponds to O−H stretching vibrations. The peaks from 700 to 900 cm−1 

are assigned to out of plane aromatics C−H bending vibrations. These peaks indicate the 

existence of aromatics rings, which may be trans and cis saturated rings. The peaks of the 

tars produced from the coal float samples and their liquefaction-derived residues do not show 

much variation in the aromatic vibration regions. This indicates that the liquefaction mainly 

extracts the aliphatic components of the coal structure, with little influence on the aromatic 

part of the coal structure. FTIR analysis results for the tar samples matched the NMR and 

GC−MS results. 
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Figure 4-4: FTIR spectra of tars samples produced from the pyrolysis of lighter density 
fractions and liquefaction residues at 750°C charring temperature 

In summary, the tars produced from the liquefaction-derived residues contained slightly more 

aromatic components when compared to the tars from float fraction tars. The tars generated 

from the liquefaction-derived residues are comparable to tars produced during pyrolysis of 

bituminous and lignite coals.28,39−41 Regarding the tar composition, the liquefaction-derived 

residues thus seem to be suitable for further investigation as a starting material for gasification. 
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4.4.4   Chars composition 

4.4.4.1  Proximate and elemental analyses  

The proximate and ultimate analyses results for the lighter density fraction samples and their 

liquefaction-derived residues at devolatilisation temperatures of 750 and 920°C are given in 

Table 4.5. The proximate analysis results indicate that as pyrolysis temperature increases, the 

volatile matter content decreases with a corresponding increase in fixed carbon content and 

ash yields. Other researchers made similar observations with an increase in temperature.42,43 

The most significant differences between the chars produced from the lighter density samples 

and their liquefaction-derived residues were the percentage of ash yields and the fixed carbon 

content. The chars generated from HF and WF samples contain fixed carbon contents of 

80.9%wt. (adb) and 75.5%wt. (adb) respectively at 920°C with ash yield of 14.6%wt. (adb) for 

the HF char and 21.0%wt. (adb) for the WF char. Their corresponding liquefaction-derived 

residue chars showed a lower fixed carbon content and higher percentage ash yields. The 

fixed carbon contents for the liquefaction-derived residue chars from HF and WF were 

67.7%wt. (adb) and 69.20%wt. (adb) respectively, and an ash yield of 30.3%wt. (adb) was 

observed for the WF residue char and 29.8%wt. (adb) for the HF residue char. This can be 

attributed to the extraction of some aliphatic and aromatics components from the coal samples 

during the liquefaction experiments, leaving a lower initial carbon-based mass for pyrolysis. 

According to Suzuki al.44, coal with ash yields in the range 14.7−28 (%wt., adb) and fixed 

carbon content values in the range 70−90 wt.% (adb) may be utilised for gasification. 

Researchers45−47 reported that the ash yield in feed coals entering South African commercial 

gasifiers ranged between 22 and 30%. They indicated that the ash yield in feedstock for 

utilisation in South African commercial gasifiers must be less than 35%.45−47 The liquefaction-

derived residues thus show promise to be used as a feedstock for gasification. 

The ultimate analysis of chars indicated that an increase in temperature leads to higher carbon 

contents. Also, there are decreases in the oxygen and hydrogen contents of all the chars, as 

expected. The reduction in these parameters was attributed to hydrogen abstraction and loss 

of some volatile components during the devolatilisation at a higher temperature. The primary 

source of the hydrogen released at temperatures above 700°C is the removal of hydrogen 

attached to aromatic rings and condensation of aromatics groups in coal.48,49 The nitrogen 

contents of all the chars formed in this study do not show much difference before and after 

pyrolysis experiments. As expected, the sulphur contents decreased with increasing 

temperature from 750 to 920°C.  
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The chars from the lighter density fractions and their corresponding liquefaction residue chars 

do not show much variation with regards to ultimate analysis results, with the carbon contents 

differing by less than 2%. Results from this elemental analysis of all the chars generated 

during this investigation showed similar values to those described by other researchers.43,50 

The chars generated from all the samples in this investigation thus again compare favourably 

with those obtained from coal samples used for thermal processing. 



Chapter 4   

125 

 

Table 4-5: Proximate, ultimate, H/C, O/C, S/C analyses results of the lighter density fractions, liquefaction residues and char samples 
generated from the pyrolysis of coal float fractions and liquefaction residues at 750 and 920°C 

  WF 
WF-750 

°C 
WF-920 

°C  HF 
HF-750 

°C 
HF-920 

°C 
WF-R  

WF-R750 
°C 

WF-R920 
°C 

HF-R 
HF-R750 

°C HF-R920 °C 

 Proximate Analysis (%wt., air-dry basis) 

IM 3.4 1.7 1.7 4.1 2.6 2.6 2.1 1.5 1.4 2.0 2.1 2.0 

Ash 13.4 20.5 21.0 11.8 15.0 14.6 26.9 29.3 30.9 25.7 29.3 29.8 

VM 31.2 3.7 1.9 29.4 4.3 2.4 25.6 4.0 1.3 25.2 3.2 2.4 

FC (by diff.) 52.0 74.6 75.8 54.7 78.7 80.9 45.4 65.7 66.4 47.1 65.4 69.2 
Fuel ratio FC/VM 1.7 20.2 39.9 1.9 18.3 33.7 1.8 16.4 51.1 1.9 20.4 28.8 

  Ultimate Analysis (%wt., daf) ISO 29541: 2010 

C 77.7 93.4 94.2 75.6 93.4 95.0 85.3 93.8 94.5 85.4 92.8 93.7 
H 5.1 1.5 1.2 5.7 1.2 1.0 5.0 0.8 0.8 5.2 0.9 0.7 
N 1.5 1.8 1.4 2.6 2.2 1.7 2.0 1.8 1.2 1.8 1.7 1.5 
S                        1.2 1.0 1.2 1.3 0.8 0.5 2.0 1.2 1.2 2.3 2.4 2.6 

O (by diff.) 14.5 2.3 2.0 14.7 2.7 2.1 5.8 2.4 2.3 4.3 2.1 2.5 
H/C atomic ratio 0.9 0.2 0.15 0.8 0.15 0.13 0.8 0.1 0.1 0.8 0.1 0.1 
O/C 0.14 0.02 0.01 0.14 0.2 0.2 0.05 0.03 0.02 0.04 0.03 0.04 
S/C 0.0058 0.004 0.005 0.01 0.005 0.002 0.002 0.0048 0.0047 0.002 0.003 0.0023 

WF =Waterberg Float, WF-750°C = Waterberg Float char  at 750 °C, WF-920 °C = Waterberg Float Highveld Float char @920 °C, HF =Highveld Float, HF-750 °C = Highveld 
Float char @750 °C, HF-920 °C = Highveld Float char @920 °C,  WF-R = Waterberg Float residue, WF-R750 °C = Waterberg Float residue char @750 °C, WF-R920 °C = 
Waterberg Float residue char @ 920 °C, HF-R = Highveld Float residue, HF-R750 °C = Highveld Float residue char @ 750 °C, HF-R920 °C = Highveld Float residue char @ 920 
°C. 
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4.4.4.2 13C NMR analysis of the char produced during pyrolysis.  

A comparison of the 13C CP/MAS NMR spectra of the lighter density fraction samples, their 

liquefaction-derived residues, and their corresponding chars after pyrolysis is presented in 

Figure 4.5. The 13C NMR results of the char generated from the lighter density fractions 

exhibited slightly higher signal area integral in the aliphatic region than those of their 

corresponding liquefaction-derived residue chars. As described previously, the extraction of 

some of the aliphatic compounds occurs during liquefaction.  The peaks in the aliphatic region 

decreased for all the chars at 920°C in comparison to the lower temperature, with a 

corresponding increase in the aromatic peak heights. The aromatic peak region of all chars at 

920°C shows peak broadening, consistent with results obtained by another investigator.43 This 

is in line with the reduction in H/C ratios of the chars calculated from the ultimate analysis 

results (Table 4.5). 

Table 4.6 indicates the calculated NMR structural parameters of the lighter density fractions, 

their liquefaction-derived residues, and their corresponding chars generated at 920 °C. The 

lighter density samples and their liquefaction-derived residues showed a decrease in the 

aliphatic carbon fractions and an increase in the aromatic carbon fractions. The lighter density 

fractions and their residue chars showed a minimal difference in the fraction of aromatics 

carbon (fa). The Highveld lighter density fraction char contained 92% and 8% aromatic and 

aliphatic carbon contents respectively, while the Waterberg lighter density fraction contained 

91% and 9% aromatic and aliphatic carbons, respectively. The fraction of aromatic carbons in 

the liquefaction residue chars had approximately 4% higher than those of the lighter density 

fraction chars. The 13C NMR results are in line with the results of pyrolysis product distribution. 

The fractions of carbonyl, phenolic, esters, and aliphatic oxygen carbons decreased in all 

chars produced at 920°C (Table 4.6) in comparison to the material before pyrolysis. The 

decrease in these functional group fractions was attributed to the evolution of gases, the 

abstraction of aliphatics, loss of some phenolics, and carbonyl functionalities during the 

pyrolysis as also reported for the tars.   

The fractions of bridgehead carbons, non-protonated carbons and CH3 groups in the aromatic 

region increased for all the chars of coal float fractions and residues after pyrolysis, while a 

portion of protonated carbons and CH3 in the aliphatic region of all chars decreased. This 

happens because, protonated carbons have weaker C-C-bonds in comparison to non-

protonated carbons, and these bonds are more easily broken during pyrolysis.51 The fraction 

of carbons bonded to alkylated carbons do not show much change. The fraction of the 

bridgehead aromatic carbons increased for all chars after pyrolysis. The fraction of bridge 

aliphatic carbons decreased for all chars during pyrolysis.    
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The 13C NMR results of the lighter density fractions and their liquefaction-derived residues, 

and their corresponding chars show similar results as the other analytical methods employed 

in this study.   

Table 4-6: Structural and lattice results of 13C NMR of the lighter density fraction, their 
residues and pyrolysis char samples (produced at 920°C) 

Structural Parameter 

  WF<1.5 WF-R WF-920 °C 
WF-R-char-

920°C 
HF<1.5 HF-R 

HF- 
920°C 

HF-R-char-
920°C 

fa 0.78 0.86 0.91 0.95 0.78 0.80 0.92 0.96 
fal 0.22 0.14 0.09 0.05 0.22 0.20 0.08 0.04 
fal

O 0.03 0.02 0.01 0.01 0.04 0.05 0.01 0.00 
fa

CO 0.06 0.03 0.02 0.01 0.07 0.04 0.01 0.00 
fa

P 0.08 0.02 0.04 0.03 0.09 0.04 0.04 0.02 
fa

S 0.16 0.16 0.15 0.16 0.16 0.15 0.14 0.16 
fa

N 0.54 0.56 0.76 0.80 0.54 0.62 0.72 0.80 
fa

H 0.21 0.25 0.04 0.03 0.20 0.15 0.03 0.02 
fa

B 0.25 0.32 0.36 0.40 0.30 0.33 0.30 0.40 
fal

N* 0.08 0.06 0.04 0.02 0.07 0.06 0.05 0.03 
fal

H 0.10 0.08 0.04 0.05 0.11 0.10 0.04 0.02 

Lattice parameter 

  WF<1.5 WF R  WF-920 °C  
WF-R-char-

920°C  
HF<1.5 HF-R  

HF-920 
°C  

HF-R-char-
920 °C  

 P0 0.67 0.75 0.82 0.92 0.72 0.68 0.77 0.88 
 B.L 4.21 4.39 5.06 5.56 4.69 2.73 4.2 4.35 
 S.C 2.11 1.46 1.13 0.46 1.82 1.26 1.23 0.57 
 Xb 0.32 0.37 0.40 0.42 0.38 0.41 0.33 0.42 
 C 24.0 26.0 28.0 29.2 24.0 25.0 30.0 32.0 

σ + 1 6.32 5.85 6.19 6.02 6.51 3.99 5.43 4.92 
MW 475.6 425.7 389.6 390.6 488.8 439.5 412.5 429.3 
 MG 0.27 0.29 0.11 0.09 0.26 0.19 0.1 0.06 
 Mδ 28.66 18.14 8.16 6.22 29.9 33.78 9.12 8.79 

faH = fraction of protonated carbons, fal
O = aliphatic carbons bonded to oxygen, fa = total fraction of aromatic 

carbons, fal
H = fraction of protonated carbons and CH3 in aliphatic region fal = total fraction of aliphatic carbons, 

faN = fraction of non-protonated carbons and CH3 in aromatic region faCO = fraction of carbons bonded to carbonyls, 
fal

N = fraction of non-protonated carbons and CH3 in aliphatic region, faS = fraction of carbons bonded to alkylated 
carbons,  faP = fraction of carbons bonded to phenolic esters,  fa

B = fraction of bridgehead carbons, S.C.—number 
of side chains per cluster,  MG- fraction of aromatic ring carbons with a directly attached proton, C—average number 
of aromatic carbon atoms per cluster, MW—average molecular weight of the aromatic cluster, χb—mole fraction of 
aromatic bridgehead carbons, Mδ- average molecular weight of side chain or half-bridge mass, B.L.—number of 
bridges and loops per cluster, σ + 1—average number of attachments (bridges, loops and side chains) per 
cluster. 51   
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Figure 4-5: 13C CP NMR spectra at 12 kHz MAS of the lighter density fractions, residues, 
and their corresponding char samples 

 

4.4.4.3 Surface area analysis of samples 

The surface area and porosity results obtained for the samples using a low-pressure CO2 

adsorption analysis are given in Table 4.7. The surface area values of the liquefaction-derived 

residues were lower than those of the lighter density fractions, while the porosity, micropore 

diameter, and D−R micropore volumes increased in the liquefaction-derived residues 

compared to those of the lighter density samples. An increase in the porosity values of the 

liquefaction-derived residues can be attributed to the dissolution of the lighter molecular 

structures contained in the coal in the tetralin during the liquefaction experiments. Some of the 

pores may be closed or blocked as a result of blockage by the organic components due to 

dredging during the extraction experiments. The orientation and rearrangements of the pores 

may be influenced during liquefaction, which may lead to lowering of the surface area.52,53 The 

increased pore volumes for the liquefaction-derived residues show that new pores were 

developed during liquefaction. 
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The WF char had a D−R micropore surface area of 248.2 m2/g and 13.9% porosity, while the 

HF char showed a D−R micropore surface area of 288.2 m2/g and 15.9% porosity. The surface 

area of all chars increased with an increase in the pyrolysis temperature (Table 4.7). The 

increase in surface area as pyrolysis temperature increases could be attributed to the reduced 

volatile matter content and hydrogen abstraction volatilised at 920 °C. The softening, 

expansion and release of volatiles from coal matrix during devolatilisation resulted in the 

opening of closed pores and enlargement and transition of existing pores.54,55 

 

 

 

 



Chapter 4   

130 

Table 4-7: CO2 low-pressure gas adsorption analysis results of the lighter density fractions, their corresponding liquefaction residues and 
chars samples generated from the pyrolysis of coal float fractions and their corresponding residues at 750 and 920°C charring temperature 

  
WF 

WF-750 
°C 

WF-920 
°C 

HF 
HF-
750 
°C 

HF-
920 
°C 

WF
-R 

WF-R750°C 
WF-R920 

°C 
HF-R 

HF-R750 
°C 

HF-R920 C 

D-R micropore surface area (m2/g) 140.0 233.2 248.2 131.0 276.9 288.1 89.3 265.3 274 88.9 300.9 311.7 

BET surface area (m2/g) 86.4 158.0 160.2  76.8  200.7 194.2 60.3 180.0 187.6 51.3 189.7 204.9 
D-R micropore volume (cm3/g) 0.06 0.10 0.06 0.05 0.11 0.04 0.06 0.09 0.052 0.06 0.08 0.05 
H-K average micropore diameter (Å) 3.8 3.5 3.6 3.9 3.5 3.7 4.1 4.2 3.8 4.1 3.5 3.6 
Porosity (%) (3 Å ≤ dp ≤ 5 Å)  5.3 12.3 13.9 4.2 13.3 15.9 6.5 15.4 15.7 6.8 16.2 17.8 

WF =Waterberg Float, WF-750°C = Waterberg Float char at 750 °C, WF-920 °C = Waterberg Float Highveld Float char @920 °C, HF =Highveld Float, HF-750 °C = Highveld Float 
char @750 °C, HF-920 °C = Highveld Float char @9200 °C,  WF-R = Waterberg Float residue, WF-R750 °C = Waterberg Float residue char @750 °C, WF-R920 °C = Waterberg 
Float residue char @ 920 °C, HF-R = Highveld Float residue, HF-R750 °C = Highveld Float residue char @ 750 °C, HF-R920 °C = Highveld Float residue char @ 920 °C. 



Chapter 4   

131 

In summary, the chars produced from the liquefaction residues samples contained high values 

of surface area, porosity, and fraction of aromaticity values (from the solid-state NMR data). 

The results of the char obtained from the liquefaction-derived residues are similar to char 

produced by other investigators on pyrolysis of coal from South African bituminous coal.36,46 

Based on the char composition of the liquefaction-derived residues, the chars produced from 

these residues seem to be suitable as a starting material for further thermochemical process 

(gasification). 

4.5  Conclusions 

The lower density fractions produced by the float−sink separation of South African waste 

coals, and their tetralin liquefaction-derived residues were subjected to pyrolysis 

experiments at 750 and 920°C to investigate the possible utilisation of the liquefaction 

residues as starting material for further thermal processing (gasification). The amounts of 

char produced from the liquefaction residues were approximately 10% higher than the 

char produced from the lower density fractions (TG data). Under an oxidising atmosphere, 

the ash yields of the liquefaction samples were slightly higher than those of the lower 

density fractions, but that can be attributed to the loss of aliphatic compounds (see 

GC−MS, NMR, and FTIR results) from the coal structure during the liquefaction 

experiments. The pyrolysis product distribution of the liquefaction residues, as 

determined in the Fisher-Assay equipment, showed higher char and gas yields than those 

of the lighter density samples. The float fraction samples had more pyrolytic water and tar 

yields in comparison to the liquefaction residues. Again the lower tar yields observed for 

the liquefaction residues can be attributed to the loss of smaller organic molecules during 

the liquefaction experiments. CO2 low-pressure adsorption methods showed that 

liquefaction experiments change the pore structure of the coal and open up pores within 

the coal structure, which may favour the diffusion of free radicals and assist in the reactivity 

of the liquefaction residues. The pyrolytic products’ distribution and analysis results 

showed that the residues (waste material) generated after tetralin liquefaction of the float 

fractions from waste coals could be utilised during thermochemical processes (pyrolysis 

and gasification). The potential of utilisation of the coal liquefaction-derived residues in 

thermochemical processes may assist in decreasing both the amounts of waste coals and 

that of the residues from the liquefaction experiments. 
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CHAPTER 5: GASIFICATION OF CHARS FROM TETRALIN 

LIQUEFACTION OF <1.5 G/CM3 CARBON-RICH RESIDUES DERIVED 

FROM WASTE COAL FINES IN SOUTH AFRICA. 

 

R.C. Uwaoma, C.A. Strydom, R.H. Matjie, J.R. Bunt 

 

 

In this chapter, the gasification of residues derived from the tetralin liquefaction of float 
fractions obtained from the coal fines, the reactivities of the derived residue chars and the 

float fraction chars as compared in this paper, are reported. 
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ABSTRACT: The float-sink density separation method was used to produce a <1.5 g/cm3 coal 

density fraction. The sample was subjected to tetralin liquefaction and then pyrolysed to 

produce char samples. The <1.5 g/cm3 coal density fraction and its liquefaction carbon-rich 

residue char samples produced during the pyrolysis experiments were subjected to CO2 

gasification tests. The chars were characterised using a thermogravimetric analyser by 

heating the samples at isothermal temperatures between 880–940°C under a CO2 

atmosphere.  The results obtained from the gasification experiments revealed that the 

gasification reactivity values (Ri, Rs, Rtf, Rt/0.5) of the liquefaction carbon-rich residue chars 

were higher than those of the <1.5 g/cm3 coal density fraction chars. Some inherent mineral 

matter in the residues may play a catalytic role during gasification of South African lower 

density waste coals and their derived liquefaction residue chars. The initial reactivity of the 

liquefaction residue chars was observed to be approximately double those of the <1.5 g/cm3 

coal density fraction chars. Significant increases in the number of pores were associated with 

the liquefaction experiments of these carbon-rich particles, which aided in the acceleration of 

the gasification reactions. The increases in the number of pores assisted the reduction of the 

gasification activation energy values. The random pore model (RPM) was shown to fit the 

experimental data the best and was used to determine kinetic parameters. The gasification 

activation energy of the <1.5 g/cm3 coal density fraction chars was shown to be 190.5 kJ mol−1 

and 236.7 kJ mol−1 for Highveld float (HF) and Waterberg float (WF) chars, respectively. The 

values of the activation energy for the liquefaction carbon-rich residues from the same two 

<1.5 g/cm3 coal density fraction residue samples were 145.3 kJ mol−1 for the Highveld coal 

sample and 196.0 kJ mol−1 for the Waterberg coal sample. The gasification results obtained 

in this study indicate that there is a high possibility of utilising waste coal floats and their 

liquefaction carbon-rich residues during thermochemical processes (pyrolysis and 

gasification).   

Keywords: CO2 gasification, tetralin, <1.5 g/cm3 coal density fractions, liquefaction carbon-rich 

residue, float-sink separation 
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5.1 Introduction 

Liquefaction of coal is a process whereby the macromolecular structure of coal is broken down 

by the addition of a solvent under moderate temperature and pressure to produce clean liquid 

fuels1. These broken down and extracted molecules are subsequently used in the coal to liquid 

(CTL) process.1 Liquefaction of the <1.5 g/cm3 density fraction from discarded coal fines 

produces different products (oil, gases, pre-asphaltenes) and liquefaction residues (waste 

carbon-rich materials).2,3,4 The distribution of the liquefaction products is found to be 60% 

mixed oils, 15% gas, and about 25% of liquefaction residues (waste by-product).1,5,6   

Researchers have also shown that liquefaction residues contain slightly higher percentages 

of C, H, N, O, S and some inherent inorganic matter.1,2,3,7 Previous studies indicated that the 

calorific value and physical, chemical and mineralogical properties of the liquefaction carbon-

rich residues are similar to those of raw coal utilised for thermochemical processes.2,3 The 

residues produced from liquefaction do not only contain unreacted coal macerals and inherent 

mineral matter, but also some residual oil, asphaltenes, and pre-asphaltenes.3,8  

Liquefaction derived residues of coal have been used as feedstock for gasification,5,6,9 

pyrolysis10-13 and hydro-liquefaction.14,15 Literature reported that coal liquefaction residues 

produced from Chinese Shenhua coal were utilised in the production of advanced materials, 

such as a carbon nanofiber/carbon foam material using an oxidation and carbonisation 

process.16,17 Cui et al.3 showed that residues produced from coal liquefaction had a higher 

reactivity during CO2 gasification experiments in comparison to raw coal. Chu et al.4 

investigated the gasification properties of residues derived from liquefaction and found that 

the residue chars exhibited moderately higher reactivity in relation to the coal chars. Yan et 

al.5 investigated the liquefaction of Chinese raw coal, and subsequent CO2 gasification of the 

liquefaction residues obtained in H2 atmosphere at  425°C in an autoclave. Results from their 

investigation showed that the feed coal chars had lower reactivity than those of the derived 

liquefaction residues, during similar CO2 gasification conditions.  

Kinetic models for carbon conversion under a  carbon dioxide atmosphere have been 

established to quantify reactivity of coal.18-21 Most of the kinetic gasification studies with South 

African feed coals were performed with coals that are rich in vitrinite and inertinite.22,23 In a 

recent study,7 the physical, mineralogical, chemical, and petrographic properties, as well as 

the calorific value, of the <1.5 g/cm3 fraction and the liquefaction residues from this fraction 

were described for a South African discarded coal sample, and it was shown that these 

properties were similar to those of thermochemical process feed coals.  
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The gasification behaviour of liquefaction residues of South African coals has not yet been 

described. The CO2 gasification of the char produced from a <1.5 g/cm3 coal fraction and the 

liquefaction residues produced from the same fraction are compared in this paper. The <1.5 

g/cm3 coal fraction has been obtained from a South African discarded coal sample. The 

utilisation of residues from liquefaction of discarded coal may have economic benefits. 

Environmental issues that are associated with the disposal of significant amounts of waste 

coals may also be diminished if these discarded coals are utilised.  

The gasification reactivity of the chars produced from <1.5 g/cm3 coal density fractions and 

the carbon-rich char residues produced from liquefaction of the <1.5 g/cm3 density coal 

fraction were obtained using different gasification reactivity models as will be described and 

discussed in this paper. The influence of parameters, such as the pore structure, and the 

inherent mineral matter, was taken into account and will be discussed.     

5.2 Experimental procedures and analytical methods  

5.2.1 Materials and sample preparation for experiments and analyses  

The SANS/ISO 7936 method of the South African Bureau of Standards (SABS) was followed 

to recover the <1.5 g/cm3 density fractions from discarded coal samples from the Highveld and 

the Waterberg areas in South Africa. These wastes were sampled by NWU students and 

operators from the mines using the ISO 1988:1975 and ISO 13909-4:2016 sampling methods. 

The <1.5 g/cm3 density fractions (float fraction) were used in the liquefaction and pyrolysis 

experiments to produce liquefaction residues and pyrolysis chars at 920°C for the CO2 

gasification tests as described previously.2,24 The liquefaction solid residues and <1.5 g/cm3 

density fraction char samples  were homogenised separately (<75 µm) following a standard 

cone and quartering method (DD CEN/TS 14780:2005) to obtain a representative sample that 

was used for the CO2 gasification experiments.2 

Various analytical techniques, such as proximate and ultimate analyses, were performed, as 

previously described, with the samples and also the products of the gasification 

experiments.2,24  The chars produced from the <1.5 g/cm3 fraction of the Waterberg and the 

Highveld coal samples and their corresponding liquefaction residue samples were termed WF 

and HF, and WF-R and HF-R respectively.2,24 

5.2.2 Demineralisation of liquefaction residue chars 

The impact of mineral matter on the liquefaction residues in the CO2 gasification reactions was 

investigated through demineralising the residues, using an extraction process with 

hydrochloric (HCl, 10.2 M) and hydrofluoric (HF, 22.6 M) acid, as reported elsewhere.25,26 HCl 
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aids in the abstraction of some carbonates and acid-removable calcium, while HF removes 

most of the coal mineral matter (inherent mineral matter and extraneous minerals), including 

quartz and alumino-silicates.26,27 After demineralisation, distilled water was used to wash the 

samples until no evidence of acids was observed in the samples using a pH meter. The 

demineralised residues were referred to as Highveld float demineralised residue (HF-DR) and 

Waterberg float demineralised residue (WF-DR). The efficiency of the demineralisation, Ed, 

was quantified using the following formula: 

𝐸𝑑 = {
𝐴𝑜 −𝐴𝑑

𝐴𝑜 
}  × 100                   5.1 

where Ao denotes the % ash yield of the liquefaction carbon-rich residue before 

demineralisation and Ad is the % ash yield of the de-ashed residue  (%w., db). 

5.2.3 Composition of the chars of the <1.5 g/cm3 coal and its liquefaction residue 

samples 

All the char samples were analysed using proximate, ultimate, porosity and surface area 

analyses using the same equipment and under similar conditions, as described by Uwaoma, 

et al.24 Some of the results reported in our previous paper have been repeated in this paper 

for comparison with the values for the demineralised samples.24  

X-ray diffraction (XRD), as described previously2, was used to evaluate fractions of minerals 

and amorphous phases contained in the samples. The X-ray fluorescence (XRF) was used to 

detect the inorganic elements in the ash samples of the <1.5 g/cm3 coal density fractions, 

liquefaction carbon-rich residue, and char samples. All the analyses were performed as 

described previously.2,24   

5.2.4 Char CO2 gasification reactivity experiments. 

The CO2 gasification experiments with the chars from the <1.5 g/cm3 coal sample and 

liquefaction carbon-rich residues were conducted in a TA Instruments SDT Q600 

thermogravimetric analyser (TGA). Nitrogen gas was flushed through the set-up (furnace and 

sample) using a constant 100 cm3/min flow for 25 minutes to create an inert atmosphere. For 

each gasification test, an approximately 15 ± 1 mg char sample was loaded into a 90 μL 

alumina crucible, and the furnace was heated to the desired isothermal reaction temperature 

(880, 900, 920 and 940°C) under a constant flow of N2 gas (100 cm3/min) with a ramp rate of 

50°C/min. This was done to remove residual volatile matter before the gasification tests. Upon 

attaining the desired reaction temperature, CO2 gas at a flow rate of 100 cm3/min flushed the 

system until the reaction was completed. The experimental conditions were selected to ensure 

that the CO2 gasification reaction rate followed regime 1 kinetics.23 
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To quantitatively investigate the chars’ gasification reactivities, the fractional gasification 

conversion, X, of the fixed carbon in the residue chars, was evaluated using Equation 

5.2.22,23,29-32 The initial reactivity, Ri, and the specific or instantaneous reactivity, Rs, were 

deduced using Equations 5.3 and 5.4.30,32,33 
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                     5.4 

where: X is the fraction of gasification conversion; mo is the original mass of the lighter density 

char or residue char before gasification; mt is the remaining mass of char at time, t; mash is the 

mass of residual ash; t is experimental real-time; M is the mass of carbon that has reacted in 

the char at a specific reaction time t; mash is the mass of ash obtained after reaction.  

5.2.5 Char CO2 gasification kinetics 

The kinetic modelling and calculation of kinetic parameters of the gasification process were 

carried out using different gasification reaction kinetic models. These models include the 

volumetric reaction model (VRM), the random pore model (RPM), and the shrinking core 

model (SCM). The shrinking core model assumes that the gasification reactions occur on the 

external char surface and then penetrate the internal surface of the char matrix. The details of 

the shrinking core model are described elsewhere, and the describe equation is given below.34 

 𝑋 = 1 − (1 −
𝑡𝑓

3
)                                                                                                                                              5.5 

where: tf is the time factor evaluated using the SCM. 

The volumetric or homogenous reaction model assumes that the gasification reactions occur 

homogeneously throughout the outside and inside surfaces of the reaction environment. The 

homogenous equation is given, as postulated by Wen et al., below:35 

𝑋 = 1 − 𝑒𝑥 𝑝(−𝑡𝑓𝑡)                                                                                                                                          5.6 

where: tf is the time factor evaluated using the VRM. The time factor in the individual reaction 

models is evaluated using regression methods. 
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The random pore model (RPM) assumes a random pore size distribution and random 

orientation. The RPM is different from the other models because it explains changes in the 

structure of the char as the reaction proceeds. Liquefaction alters the pore structure of the 

coal matrix, and these structural changes will influence the reaction progress. The overall 

reaction rate using the RPM is given by Equation 5.7.36 The influence of the operating condition 

is considered by the addition of the intrinsic reaction rate, rs, to equation 5.7.39 The differences 

in the structure of the char as the gasification reaction advances are described by the 

introduction of the RPM dimensionless structural parameter,  , which is determined by char 

properties (such as porosity)  (Equation 5.8).22,23,31,32,36 
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The RPM conversion, X, at the real-time, t, is given in Equation 5.9.22,23 
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where 𝑡𝑓 is the time factor evaluated using the RPM. The structural parameter,  , can be 

estimated by linear regression, following the method proposed in reference 22, using the 

dimensionless time, t/t0.9 (Equation 5.10). t0.9 is the time required to reach 90% conversion. 
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The activation energy, Ea, was calculated using the slope of the graphical plot of ln(tf) against 

T-1. The lumped pre-exponential factor, 𝑘𝑠𝑜, was estimated from the intercept of the plot of 

ln(tf) versus T-1. By plotting ln tf against ln YCO2 at a constant temperature, the reaction order 

with respect to CO2 concentration, m, can be determined from the slope. The gas constant (R) 

is 8.314 J / mol·K.  The kinetic parameters were determined using the initial reactivity, Ri, or 

the initial specific reactivity, Rs, by substituting the tf term in Equation 5.11 with the appropriate 

reactivity term: 
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The quality of fit (QOF) was used to evaluate the fitting of the kinetic models. The QOF is 

defined by Equation 5.12 and has been used by other investigators to evaluate the kinetic 

models.28   

 

𝑄𝑂𝐹 (%) = 100 × 

(

 1 − 

∑
𝑋𝑐𝑎𝑙 − 𝑋𝑒𝑥𝑝
𝑋𝑒𝑥𝑝

𝑁
1

𝑁

)

                                                                                       5.12 

where Xcal and Xexp are the calculated conversions and experimental conversion obtained from 

the model, respectively, and the data points used for models are represented by N. 

5.3 Results and discussion 

5.3.1 Char analysis results 

5.3.1.1 The compositions of the <1.5 g/cm3 density fraction and liquefaction residue 

chars 

The proximate, ultimate, and CO2 adsorption results of the 1.5 g/cm3 density fraction and 

liquefaction residue chars are given in Table 5-1 (the already reported results2,24 obtained for 

the samples are repeated in the table to compare to those of the demineralised samples). The 

volatile matter contents of all the chars decreased after pyrolysis, as expected. The reduction 

in the volatile matter contents of these samples was attributed to the abstraction of hydrogen 

during the pyrolysis tests. The chars of the demineralised liquefaction residue showed a 

reduction in the ash yields and an increase in the fixed carbon contents, as expected. The 

demineralised liquefaction residue samples showed a similar demineralisation efficiency of 

89.4% and 89.8% for the Waterberg liquefaction residue and the Highveld liquefaction residue, 

respectively. 

The ash yield of the demineralised Highveld residue char was determined to be 3.0%wt., whilst 

that for the demineralised Waterberg residue char was determined to be 3.5 %wt. The fixed 

carbon contents of the demineralised chars were observed to increase slightly in comparison 

to the fixed carbon contents of the liquefaction carbon-rich residue chars. This increase in the 

fixed carbon contents of the demineralised chars was attributed to the removal of mineral 

matter from the samples. The proximate and ultimate analyses results for the chars produced 

in this study are similar to those of the coals, which are fed into South African gasifiers and 

boilers.37,38,39  
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The ultimate analysis results of the demineralised samples are presented in Table 5-1 along 

with a repeat of the relevant data from our previous paper.24 It was shown that the <1.5 g/cm3 

coal density fraction, their liquefaction carbon-rich residue, and demineralised residue chars 

were rich in elemental carbon (>75 wt.%, daf), rending the lighter density coal fractions and 

their residue chars suitable feedstock for gasification reactions.22,23  The ultimate analysis of 

the lighter fraction coals and their carbon-rich residues did not show much variation when 

compared to those of the demineralised carbon-rich residues. In essence, the only meaningful 

difference was in the sulphur contents. As expected, the demineralised carbon-rich residues 

showed a lower sulphur percentage when compared to the <1.5 g/cm3 coal fraction and the 

carbon-rich liquefaction residue samples.  
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Table 5-1:       Proximate and ultimate analyses results of the chars generated at 920°C from the <1.5 g/cm3 coal samples, their liquefaction 
carbon-rich residues, and the demineralised samples 

  WF char  HF char WF-R char @ WF-R (D) char  HF-R char HF-R (D) char  

  Proximate analysis data (%wt., air dry basis (adb))   

Inherent moisture 1.7 2.6 1.4 1.2 1.4 1.5 

Ash yield 21.0 14.6 30.2 3.2 29.5 3.0 

Volatile matter (VM) 1.9 2.4 1.3 1.5 2.4 2.0 

Fixed carbon (FC) (by difference) 75.8 80.9 67.1 94.1 66.7 93.5 
Fuel ratio (FC/VM) 39.9 33.7 51.6 62.7 27.8 46.7 
Ed (%) - - - 89.4 - 89.8 

  Ultimate analysis (%wt., dry ash-free basis (daf) ISO 29541: 2010    

Carbon 94.9 95.0 94.5 95.3 93.3 94.3 
Hydrogen 0.8 0.7 0.8 0.6 0.7 0.8 
Nitrogen 1.4 1.7 1.2 1.2 1.5 1.3 

Sulphur                        1.2 0.5 1.2 0.7 1.1 0.6 

Oxygen (by difference) 1.8 2.1 2.3 2.2 3.4 3.0 

H/C atomic ratio 0.1 0.09 0.11 0.08 0.09 0.1 

O/C atomic ratio 0.01 0.2 0.02 0.012 0.04 0.24 
S/C atomic ratio 0.005 0.002 0.0047 0.003 0.0023 0.0024 

Note: (D)- demineralized residue; WF Char at 920°C= Waterberg <1.5 g/cm3 coal density fraction pyrolysed at 920 °C; HF Char @920 °C = Highveld <1.5 g/cm3 coal density 
fraction,  pyrolysed at 920 °C; WF-R Char @920 °C= Waterberg liquefaction carbon-rich residue pyrolysed residue at 920 °C; HF-R Char @920 °C= Highveld liquefaction carbon-
rich residue pyrolysed residue at 920 °C. 
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5.3.1.2 XRD analysis 

Results from the XRD analysis of the <1.5 g/cm3 coal density fractions, their liquefaction 

carbon-rich residues and the chars generated at 920°C are summarised in Table 5-2. Samples 

contained high amounts of amorphous phases, with only small proportions of crystalline 

phases. The XRD results obtained for the <1.5 g/cm3 coal density fractions, liquefaction 

carbon-rich residues, and their char samples were consistent with values obtained by other 

researchers on South African coals.37,38 As expected, the amorphous phase (organic carbon 

and alumino-silicate) results of the <1.5 g/cm3 coal density fraction chars were higher (79.2–

85.5%) in comparison to those of the liquefaction carbon-rich residue chars (70.3–74.5%). 

The lower amorphous phase percentages of the residues were ascribed to a reduction in 

organic matter, leading to a drop in the percentages of volatile matter and fixed carbon. This 

was consistent with the high % ash yield values obtained from proximate analysis of the chars 

(Table 5-1). The XRD results revealed that the demineralised residue samples contained 

100% amorphous material, which mainly consisted of organic carbon.   

The XRD results (Table 5-2) show that the most abundant crystalline minerals in the <1.5 

g/cm3 coal density fractions, their liquefaction carbon-rich residue and subsequent char 

samples were quartz (SiO2), and kaolinite Al2[Si2O5](OH)4 with small amounts of siderite 

(FeCO3), pyrite (FeS2), dolomite (CaMg(CO3)2, and calcite (CaCO3). Kaolinite minerals were 

found in the Highveld <1.5 g/cm3 coal fraction and the Waterberg <1.5 g/cm3 coal fraction 

samples, but their mode of occurrence in these two fractions differed as described by other 

authors38,39,40 that have investigated South African coals. The kaolinite contents decreased 

with an increase in temperature in all char samples produced in this study (Table 5-2). 

Kaolinite transformed at 400–528°C to form meta-kaolinite (amorphous phase) during the 

dehydration of kaolinite.41 Microcline of <3.5% was found in all the char samples. The products 

from the disintegration of kaolinite could undergo further reactions with K2O to generate 

microcline at around 500–800°C.42 Taking into account the decreased organic matter in the 

liquefaction residue samples, the mineralogy of the chars produced from the coal density 

fractions <1.5 g/cm3 and their liquefaction carbon-rich residues did not differ significantly from 

each other. The only significant difference observed was the presence of pyrite in the <1.5 

g/cm3 density fraction and pyrrhotite in the liquefaction residue samples. Pyrite transforms to 

pyrrhotite (Fe1-xS) under inert atmosphere during liquefaction and pyrolysis.  
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Table 5-2: XRD analysis results of the chars generated at 920°C of the <1.5 g/cm3 coal 
samples, their liquefaction carbon-rich residues, and the demineralised samples (%wt.) 

Mineral phases WF 
WF 
char  

WF-
R 

WF-R 
char  

WF-R 
(D)  

HF 
HF  

char 
HF-
R 

HF-R 
char  

HF-R (D) 
char 

Quartz 5.8 13.3 9.2 21.3 - 1.7 4.1 3.1 9.2 - 
Siderite 0.2 0.1 0.2 - - - 0.2 - 0.4 - 
Kaolinite 9.4 4.4 14.3 5 - 8.2 7 15.3 8.4 - 
Pyrite 0.9 - - - - 1.2 - - 0.1 - 
Muscovite - - 0.4 - - - - - - - 
Dolomite - - 0.1 - - 0.5 0.5 1.1 1.1 - 
Calcite 0.2 0.3 0.4 0.2 - 0.3 0.3 0.7 0.4 - 
Magnetite - - - - - - - - 0.1 - 
Pyrrhotite - 0.8 0.4 0.9 - - 0.7 0.3 1.7 - 

Microcline - 1.5 - 2.4 - - 1.6 - 3.2 - 

Amorphous 
phase/organic C 

84.5 79.2 75.1 70.3 100 89.2 85.5 79.6 74.5 100 

  

5.3.1.3 XRF analysis  

The XRF analysis results of the ash samples are presented in Table 5-3. The ash samples of 

the <1.5 g/cm3 coal density fraction, their liquefaction carbon-rich residues and their 

subsequent chars consisted mainly of Si, Al, Ca, and Fe and minor proportions of P, Mg, T, 

Na, and K which were all reported as elemental oxides. The XRF results obtained in this study 

compared well with those of the ash samples of South African coals and chars.38,39,40 There 

were no significant differences between the XRF results of the ash samples of the <1.5 g/cm3 

coal density fractions and their liquefaction carbon-rich residues.  

Table 5-3: XRF results of the ash samples of coal density fractions of <1.5 g/cm3 and 
their liquefaction carbon-rich residue chars on LOI free basis (%wt. lfb) 

Elements WF 
WF char 
at 920 °C 

WF-R 
WF-R char at 

920°C 
HF 

HF  char at 
920°C 

HF-R 
HF-R char 
at 920 °C 

Fe2O3 5.0 4.8 5.2 5.2 5.6 4.7 5.4 5.2 
SiO2 57.6 56.3 57.3 58.2 40.7 44.9 42.8 44.5 
Al2O3 26.2 25.5 26.3 26.3 29.5 31.4 28.8 29.2 
K2O 0.7 0.8 0.7 0.8 0.5 0.6 0.5 0.6 
P2O5 1.6 1.4 1.5 1.5 1.4 1.4 1.3 1.3 
MnO 0.1 0.1 0.1 0.1 0.1 0.2 0.3 0.2 
CaO 5.1 4.6 5.4 5.2 12.3 10.1 12.0 11.6 
MgO 0.6 0.7 0.8 0.8 2.3 2.8 3.4 3.5 
TiO2 1.6 1.5 1.6 1.6 1.5 1.6 1.4 1.5 
Na2O 0.1 0.1 0.1 - 0.4 0.4 0.6 0.6 
SO3 1.4 4.3 1.1 0.3 5.7 1.9 3.3 1.8 

Total (wt.%,lfb) 100.0 100.1 100.1 100.0 100.0 100.0 99.8 100.0 
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5.4 Char-CO2 gasification results 

Figure 5-1 presents the mass loss curves obtained from the CO2 gasification experiments for 

the Highveld <1.5 g/cm3 density fraction, the Waterberg <1.5g/cm3 density fraction, and their 

liquefaction residue chars at 940°C. A rapid reduction in mass was observed in the early stage 

of the gasification reaction for all the char samples, until an equilibrium point with no further 

mass loss. The final equilibrium mass corresponded to the remaining ash and a small 

percentage of carbon that was not converted during the gasification steps. The remaining 

mass percentages in all cases were less than 5% more than the ash yields determined for the 

samples (Table 5-1), and the value of 23% was close to the % mass loss observed during the 

CO2-gasification experiments, which indicated that the % carbon conversion efficiency of the 

<1.5 g/cm3 density fraction chars and the liquefaction residue chars, differed from each other. 

The difference in the carbon conversion efficiency of the samples was accredited to the 

liquefaction test abstracting some organic components of coal moiety.  

The Highveld and Waterberg <1.5 g/cm3 density fractions achieved 81.2% and 78.1% mass 

loss efficiencies respectively, while their corresponding residues achieved 69.6% mass loss 

for the Highveld residue char and 67.4% mass loss for the Waterberg residue char. Similar 

trends were observed for the liquefaction residue samples. The time needed for mass losses 

of the residues chars to stop (completed reactions) was nearly doubled when compared to 

that of the <1.5 g/cm3 density fraction chars, under the same gasification conditions of the 

experiments. 
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Figure 5-1: Char-CO2 isothermal gasification mass loss results for the char samples at 

940°C 

The data obtained from the TGA experiments were normalised to exclude the ash yields. It 

was assumed that no gaseous products were produced from the mineral decomposition 

reaction with CO2 according to Equation 5.3.22,23,29-32 The fraction conversion plots using the 

normalised results obtained from the TGA experiments are presented in Figure 5-2.  

 

Figure 5-2:         Normalised gasification fractional carbon conversion curve of the char–
CO2 gasification experiments at 940°C for WF, HF, and their liquefaction carbon-rich 

residues 
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5.5 Effect of temperature on the gasification conversion 

Figure 5.3 indicates that the gasification reactions followed Arrhenius type reactions, where a 

rise in gasification temperature increased the conversion. Other investigators have reported 

similar trends on the effect of temperature during gasification of South African coals.22,23,43 The 

increase in the rates of reaction as temperature increased showed that the reactivities 

increased with temperature.   

 

 

Figure 5-3: Effect of temperature on fractional conversion for: (a) Highveld coal density 
fractions <1.5 g/cm3, (b) Highveld liquefaction carbon-rich residue, (c) Waterberg coal 
density fractions <1.5 g/cm3, (d) Waterberg liquefaction carbon-rich residue sample 

5.6 CO2 gasification reactivity of the chars 

As presented in Table 5-4, at a lower gasification temperature of 880°C, the HF raw and the 

WF raw chars showed 90% carbon conversion after 189.2 min and 467.2 min, respectively. 

The liquefaction residue chars reached 90% carbon conversion faster when compared to the 

<1.5 g/cm3 density fractions, with the HF residue char reaching 90% carbon conversion after 

69.9 min and the WF residue char reaching 90% conversion after 203.8 min at 880°C 

gasification temperature. Table 5-4 also shows that as the temperature of gasification rose, 

the time for 90% conversion of all the samples decreased. The observed faster gasification 

rate of the liquefaction residue chars could be attributed to: (1) the influence of the surface 
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area and porosity, which were altered during the gasification process – the surface area and 

porosity of the chars used in this study were reported in our previous paper24; and (2) the 

inherent mineral matter in the residues could have played a catalytic role during the 

gasification test.  

The gasification reactivities of the lighter density float chars and the liquefaction residue chars 

were established using the initial reactivities (Ri) of the samples (Equation 5.4),30,32,33 while the 

specific or instantaneous reactivities (Rs) of the samples were calculated using Equation 

5.5.32,33 The determination of Ri was attained by plotting a graph of the rate of reaction, dX/dt, 

against the gasification fractional carbon conversion, X. The initial reactivities of the <1.5 g/cm3 

coal density fractions and their liquefaction carbon-rich residue chars were obtained from the 

carbon conversion versus time plots at time t = 0. A plot showing the different reactivity values 

of the lighter density fraction and their residue chars are presented in Figure 5.4.  The times 

for attaining 50% (t0.5), and 90% (t0.9) carbon conversion are listed and used as indicators of 

the reactivity.  

 

Figure 5-4: Comparison of the reactivities of the four samples: dX/dt as a function of 
carbon conversion at 940°C 

It is evident from Table 5-4 that the <1.5 g/cm3 density fraction char samples exhibited lower 

reactivity than those of their corresponding liquefaction residue char samples. Both the t0.5 and 

t0.9 of the liquefaction residue char samples were observed to be significantly higher than those 

of the lighter density fraction char samples by a factor ≤ 2.2 for WF-R and ≤ 3.5 for WF-R.  
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Table 5-4:          Gasification reactivities of the char samples from the <1.5 g/cm3 coal 
density fractions and their liquefaction carbon-rich residue samples 

 

Temp. Sample ID t0.5,(min) t0.9, (min) Rt0.9 Rt0.5 Ri, (min-1)  Rs,(g/g·min) 

880°C 

HF Raw 62.69 189.16 0.0048 0.0080 0.0087 0.0087 

HF Residue 30.97 69.90 0.0129 0.0161 0.0148 0.0148 

WF Raw 131.53 467.20 0.0019 0.0038 0.0039 0.0040 

WF Residue 57.85 203.77 0.0044 0.0086 0.0097 0.0097 

900°C 

HF Raw 45.00 137.55 0.0065 0.0111 0.0120 0.0120 

HF Residue 23.93 54.28 0.0166 0.0209 0.0188 0.0188 

WF Raw 84.32 298.35 0.0030 0.0059 0.0064 0.0064 

WF Residue 41.31 138.78 0.0065 0.0121 0.0131 0.0131 

920°C 

HF Raw 31.40 93.46 0.0096 0.0159 0.0171 0.0171 

HF Residue 18.41 41.43 0.0217 0.0272 0.0244 0.0244 

WF Raw 56.65 197.88 0.0045 0.0088 0.0093 0.0093 

WF Residue 29.26 93.23 0.0097 0.0171 0.0178 0.0178 

940°C 

HF Raw 23.48 68.19 0.0132 0.0213 0.0218 0.0218 

HF Residue 14.88 33.15 0.0271 0.0336 0.0305 0.0305 

WF Raw 37.88 128.09 0.0070 0.0132 0.0139 0.0139 

WF Residue 20.13 61.41 0.0147 0.0248 0.0254 0.0254 

 

The reactivities of the chars produced from the <1.5 g/cm3 coal density fractions and their 

liquefaction carbon-rich residue samples increased with temperature, as expected. The 

liquefaction carbon-rich residue chars showed significantly higher reactivities in comparison 

to those of the <1.5 g/cm3 density fraction samples in all investigated cases. The higher 

reactivity values of the liquefaction carbon-rich residue chars may have been due to an 

increase in porosity during liquefaction. The liquefaction process creates a larger surface area 

and consequently produce more active carbon sites. Inherent minerals in the residues may 

also have had a catalytic effect on gasification (especially alkali compounds).    

5.7 Effect of porosity on gasification reactivity of <1.5 g/cm3 density fraction and 

carbon-rich residue chars 

The relationship between the D-R micropore surface area and the porosities were compared 

to the initial CO2 reactivity of the <1.5 g/cm3 density fraction chars and liquefaction residue 

chars and are presented in Figure 5.5. The detailed surface analyses of the char samples 

have been reported in our previous study.24 The initial reactivity of all the chars increased with 

an increase in porosity at the different gasification temperatures used in this investigation. The 

liquefaction residue chars had higher reactivity than those of the lighter density coal chars, as 

already described, and they also had larger surface area and porosity than those of the <1.5 

g/cm3 coal density fractions. More new pores were formed during liquefaction, as some micro 
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and macromolecular fractions were abstracted from the coal matrix. Similar results were 

obtained by Liu et al.9 from the gasification tests of residue chars from the Shenhua direct 

liquefaction plant. They suggested that the reactivity improvement of the residue chars may 

be ascribed to the reduction in the amount of carbon and an increasing number of new pores 

that were formed in the residue during liquefaction.  

 
Figure 5-5:  Influence of some surface parameters on the initial reactivity of the samples: 
(a) Influence of porosity; (b) Influence of micropore surface area. (WF= Waterberg float char, 
HF= Highveld float char, WF-R= Waterberg float residue char, HF-R= Highveld float residue 

char 
 

5.8 Influence of mineral matter on gasification reactivity of lighter density fraction 

and residue chars 

During the liquefaction of coal, the inherent mineral matter was enriched in the liquefaction 

residues. This was due to the extraction of organic matter during the liquefaction tests. The 

coal liquefaction carbon-rich residue chars were demineralised, and the proximate analysis 

results of the liquefaction residue chars before and after demineralisation are reported in Table 

5-1. As established in the char reactivity tests (Table 5.4), the char reactivity of the liquefaction 

residues was higher than this of the <1.5 g/cm3 density fraction chars. A part of the increase 

in the reactivity of the liquefaction residue chars could be attributed to the inherent mineral 

matter enrichment in the residues. The inherent minerals in the liquefaction residues may have 

interacted and transformed during the CO2 char gasification experiments. The interaction of 

the salts of carboxylic acid and the transformation of the included minerals may have catalysed 

the pyrolysis and gasification reactions.44 To investigate these claims further, the liquefaction 

residue chars were demineralised. The CO2 gasification results of the residue chars and the 

demineralised residue chars are given in Figure 5.6. The weight loss percentages of 

the demineralised residue char samples showed a mass loss to less than 3.0 wt.% (ad).  This 

implied that the inherent mineral matter in the liquefaction residue chars was minimal due to 

the demineralisation experiments. The demineralised liquefaction residues showed a 

reduction in the char-CO2 gasification reactivity. The initial reactivity of the Highveld 
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demineralised liquefaction residue char and Highveld liquefaction residues (HF-R) coal were 

0.0148 min-1 and 0.0026 min-1, respectively at 880°C. The Waterberg liquefaction residue 

chars and the demineralised Waterberg residue chars achieved reactivity of 0.0097 min-1 and 

0.0024 min-1 at 880°C, respectively. As expected, the reactivity of 

the demineralised liquefaction carbon-rich residue chars, was lower than that of the 

liquefaction residue chars. Similar results for the demineralised chars of residues generated 

from the liquefaction of Shenhua feed coal were reported by other researchers.9 

 
Figure 5-6:          Mass loss and carbon conversion of the chars from the liquefaction 
residues and demineralised liquefaction residues during CO2 gasification at 880°C 

 
 

5.9  Kinetic modelling using the random pore model volumetric reaction model 

The random pore model and the volumetric reaction model were employed to determine 

parameters such as the time factors, tf, (using regression method) and the structural 

parameters, ψ (Equations 5.6 and 5.9 respectively). The shrinking core model was not 

reported in this investigation because it did not fit to the experimental data. Uncertainty 

parameters were used to evaluate the accuracy of the two models used in this investigation. 

These parameters, which are the quality of fit (Equation 5.12) and error sum of squares (ESS), 

were determined from the model fitting as presented in Figure 5.7.   

The summary of the RPM and VRM determined time factors and the structural parameters at 

different temperatures for the <1.5 g/cm3 coal density fraction and their liquefaction carbon-
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rich residue char samples are presented in Table 5-5. From the determined RPM and the VRM 

reactivity values, tf, reactivities for the <1.5 g/cm3 density fraction and liquefaction residue 

chars favourably compared with the initial reactivity and the specific reactivity values. The 

structural parameters, ψ, of the <1.5 g/cm3 coal density fraction chars and their liquefaction 

carbon-rich residue chars were found to increase with an increase in isothermal experimental 

temperature, similar to the data of other investigators.22,23  As expected, the time factors 

obtained for the <1.5 g/cm3 coal density fraction chars, and their liquefaction carbon-rich 

residue chars were also observed to increase with an increase in the isothermal experimental 

temperature. These results are comparable to data previously published for South African 

bituminous coals.22,23 The structural parameter, ψ, for the lighter density fraction chars 

indicated that only pore coalescence occurred during the early phase of the gasification 

reaction, with ψ < 2. Hence, the surface areas of the chars of the <1.5 g/cm3 coal density 

fractions decreased with increasing carbon conversion. The residue chars, however, 

underwent pore growth (ψ > 2) at the initial stages of the gasification reaction, which was 

characterised by increasing surface area with increasing carbon conversion.  

Fitting experimental conversion data to the RPM and VRM models gave a satisfactory fit for 

the <1.5 g/cm3 density fraction chars and their liquefaction carbon-rich residue chars (Figure 

5.7). The RPM, however, gave a better fit for all the samples used in this investigation when 

compared to VRM. The RPM gave a QOF of 97–98%, while the VRM gave a QOF of 87–94% 

for all samples. The evaluated uncertainty parameters in Table 5 showed that the RPM 

exhibited a higher QOF and a lower ESS for all the samples when compared to a lower QOF 

and higher ESS obtained when using the VRM. The fitting of the data obtained during the 

experiment to the RPM and VRM models indicated that the CO2 gasification reactivity of the 

chars from the <1.5 g/cm3 density fractions and their liquefaction carbon-rich residue were 

under chemical reaction control (Regime I).
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Table 5-5         RPM and VRM determined time factors, tf, structural parameter, ψ, quality of fit, and error sum of squares 

Temperature Sample ID RPM tf (min-1) RPM ψ (-) QOFRMP ESSRMP VRM tf (min-1) QOFVRM ESSVRM 

880°C 

HF Raw 0.01003 0.512 98.91 0.00082 0.01160 92.74 0.01225 

HF Residue 0.01250 3.650 99.40 0.00044 0.02122 92.50 0.04722 

WF Raw 0.00620 0.196 98.73 0.00143 0.06672 94.20 0.00915 

WF Residue 0.00950 0.712 98.34 0.00138 0.00994 95.02 0.00652 

900°C 

HF Raw 0.01330 0.844 98.68 0.00093 0.01603 94.92 0.01803 

HF Residue 0.15780 4.140 99.30 0.00740 0.02770 90.16 0.06324 

WF Raw 0.08940 0.237 98.09 0.00250 0.00820 95.06 0.01882 

WF Residue 0.01350 0.82 98.15 0.00211 0.14670 94.02 0.0823 

920°C 

HF Raw 0.01670 1.209 98.46 0.00095 0.20560 94.69 0.01379 

HF Residue 0.01850 4.920 98.73 0.00114 0.34160 87.18 0.07942 

WF Raw 0.01290 0.380 97.30 0.00352 0.01430 95.68 0.00882 

WF Residue 0.01900 1.152 97.72 0.00323 0.02130 93.42 0.01023 

940°C 

HF Raw 0.02260 1.420 98.50 0.00082 0.03058 92.61 0.03178 

HF Residue 0.02197 5.440 98.95 0.00011 0.04178 87.95 0.07804 

WF Raw 0.01842 0.510 97.30 0.00343 0.02118 95.49 0.01113 

WF Residue 0.02557 1.354 97.43 0.00422 0.03061 95.33 0.01441 
RPM tf = random pore model time factor, RPM ψ = random pore model structural parameters, QOFRMP =random pore model quality of fit, ESSRMP = random 
pore model error sum of square, VRM tf = volumetric Reactive model time factor, QOFVRM = volumetric Reactive model quality of fit, ESSVRM = volumetric 
Reactive model error sum of square
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Figure 5-7: RPM and VRM fitting to experimental data of (a) Highveld <1.5 g/cm3 density 
fraction, (b) Highveld <1.5 g/cm3 density fraction residue, (c) Waterberg carbon-rich residue, 

(d) Waterberg carbon-rich residue sample 
 

5.10 Determination of activation energy and pre-exponential factor 

Using the Rt0.5, Ri, Rs, RPM tf, and the VRM tf, Arrhenius plots were constructed to estimate the 

apparent activation energy and the lumped pre-exponential factor of the gasification reactivity 

of the different samples following Equation 5.11. The Table 5-6 present the parameters from 

the grapy that was used to obtain the activation energy and the pre-exponential factor values 

(linear equation used in obtaining the activation energy, R2, slope and intercept) for the five 

reactivity model during CO2 gasification of all the char samples. 
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Table 5-6           Activation energies (kJ/mol) and lumped pre-exponential factors (min-1) for 

CO2 gasification as determined from the various reaction reactivity models  

HF Raw 

Reactivity model Equation R² Slope Intercept Ea kso 

Rt0.5 y = -23136x + 15.232 0.999 -23136 15.232 196.0 4.12E+06 

 tf(RPM) y = -22459x + 14.821 0.997 -22459 14.821 192.0 2.73E+06 

 tf(VRM) y = -21922x + 14.55 0.995 -21922 14.55 182.3 2.08E+06 

Rs y = -21759x + 14.132 0.996 -21759 14.132 190.0 1.37E+06 

Ri y = -21770x + 14.142 0.996 -21770 14.142 190.5 1.39E+06 

HF Residue  

Rt0.5 y = -17230x + 10.82 0.999 -17230 10.82 147.4 5.00E+04 

 tf(RPM) y = -16732x + 10.253 0.999 -16732 10.253 141.6 2.84E+04 

 tf(VRM) y = -16752x + 9.7715 0.998 -16752 9.7715 139.3 1.75E+04 

Rs y = -16983x + 10.511 0.999 -16983 10.511 145.3 3.67E+04 

Ri y = -16982x + 10.511 0.999 -16982 10.511 145.3 3.67E+04 

WF Raw 

Rt0.5 y = -28911x + 19.505 1.000 -28911 19.505 234.4 2.96E+08 

 tf(RPM) y = -27885x + 18.841 1.000 -27885 18.841 235.0 1.52E+08 

 tf(VRM) y = -27953x + 19.157 0.999 -27953 19.157 232.4 2.09E+08 

Rs y = -28917x + 19.567 0.998 -28917 19.567 236.0 3.15E+08 

Ri y = -29122x + 19.738 0.997 -29122 19.738 236.7 3.73E+08 

WF Residue 

Rt0.5 y = -24557x + 15.531 0.998 -24557 15.531 205.0 5.56E+06 

 tf(RPM) y = -24952x + 16.056 0.997 -24952 16.056 207.6 9.40E+06 

 tf(VRM) y = -23547x + 15.024 0.998 -23547 15.024 195.8 3.35E+06 

Rs y = -22340x + 14.722 0.997 -22340 14.722 196.6 2.48E+06 

Ri y = -22339x + 14.722 0.997 -22339 14.722 196.0 2.48E+06 

 

Table 5-6 shows the activation energies of all the reactivity models used in this study. From 

Table 5-6 it was observed that the activation energies obtained for all the reactivity models 

showed the same trends, with the residue char showing lower activation energy values when 

compared to the higher activation energies for the float fraction samples. For instance, the 

estimated apparent activation energy of the gasification reaction evaluated when using Ri was 

190.5 kJ/mol for the HF char; 145.3 kJ/mol for HF residue char; and 236.0 kJ/mol for the WF 

char and 196.6 kJ/mol for WF residue char. The reported activation energy values of the lighter 

density fractions are comparable to values obtained for CO2 gasification of coal chars by other 

investigators.23,24,33,36 The liquefaction residue chars had lower activation energy than that of 

the lighter density fraction chars. This follows the same trend and reasoning as that for the 

gasification reactivity as described earlier in the article.   

 

The activation energy, which was calculated using the initial reactivity, Ri, and the initial 

specific reactivity, Rs, was similar for all the chars described in this investigation. The lumped 



Chapter 5    

161 

pre-exponential factors were lower for the residue chars than for the <1.5 g/cm3 density 

fraction chars. However, the lumped pre-exponential factor for the <1.5 g/cm3 density fraction 

char was comparable to those stated by other investigators.23,24  

The experimental data and the predicted model data (from the RPM) were compared using a 

dimensionless plot of the carbon conversion, X, versus reduced time, t/t0.9, for the lighter 

density fraction and residue chars (Figure 5-8). Reduced time values were calculated from the 

RPM equation. The results obtained from the comparative study showed that the estimated 

structural parameter values were suitable to describe the data obtained from the CO2 

gasification experiments of the lighter density fraction chars and their residue chars. 

 

 

Figure 5-8: Carbon fractional conversions as a function of reduced time for chars from (a) 
Highveld <1.5 g/cm3 density fraction, (b) Highveld residue, (c) Waterberg <1.5 g/cm3 density 

fraction, (b) Waterberg residue 
 

 

5.11 Conclusions 

In this study, <1.5 g/cm3 coal density fractions generated from the float-sink density separation 

method applied to South African discard coals and the liquefaction carbon-rich residue of the 

<1.5 g/cm3 density fractions were subjected to CO2 gasification at 880–940°C.  Reactivity and 

kinetic analysis results showed that the liquefaction of the discard coal samples influenced the 

gasification results significantly. Based on the gasification results, the following conclusions 

were deduced:  
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 The liquefaction residue chars showed higher reactivity than those of the <1.5 g/cm3 coal 

density fraction chars using all the reactivity parameters (Ri, Rs, Rtf, Rt/0.5).  

 The apparent activation energy values for the gasification reactions of the liquefaction 

residue chars were lower than those of the <1.5 g/cm3 density fraction chars. The 

activation energy of the <1.5 g/cm3 density fraction chars were 190.5 kJ·mol−1 and 236.7 

kJ·mol−1 for the Highveld and the Waterberg coals, respectively, while the activation 

energy for the liquefaction residue chars were 145.3 kJ·mol−1 for the Highveld coal and 

196.0 kJ·mol−1 for the Waterberg coal. 

 After demineralisation of the liquefaction residue chars, the demineralised chars showed 

lower reactivity values than those of liquefaction residue chars, indicating an influence 

caused by the inorganic compounds in the samples. 

 The higher porosities of the liquefaction residue chars in comparison to the chars from 

the float fractions coal samples aided in increasing the reactivity values (for all the models 

used) of the residue chars. 

 The experimental data for both the waste <1.5 g/cm3 density fraction chars, and their 

corresponding liquefaction carbon-rich residue chars satisfactorily agreed with the RPM 

and VRM model predictions, with the  RPM giving the best fit for all samples used in this 

investigation. This implies that the gasification reactions were under regime I (chemical 

control regime).  

 The liquefaction residue chars exhibited a relatively higher RPM structural parameter than 

those of the <1.5 g/cm3 density fraction chars. 

The chars from liquefaction derived residues of the <1.5 g/cm3 coal density fractions generated 

from South African discard coal fines may be utilised for CO2 gasification. Utilising the 

liquefaction waste material may decrease the costs that are linked to the handling and disposal 

of coal waste material and improve the adverse health and environmental issues associated 

with the waste materials. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

 

This chapter contains a summary of significant findings and conclusions of the experimental 

results obtained from this investigation, as well as some recommendations for future studies 

based on the thermochemical utilisation of South African coal fines and its density separated 

fractions. 
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6.1 Introduction 

The efficiency of beneficiating South African coal discards and utilisation of the float fractions 

generated from density separation during a thermochemical process (liquefaction, pyrolysis and 

gasification) were investigated in this study. The main aims and objectives of this investigation 

were outlined in Chapter 1 and are compared to the outcomes of the investigation in this chapter. 

6.2 Conclusions regarding the objectives of the study 

The objectives of this study, as outlined in Chapter 1, are given below with the conclusions made 

regarding the objectives. 

 Determine the physical, chemical and structural properties of the coal and its density-

separated fractions, and subsequently evaluate the suitability of this feedstock for a coal 

liquefaction process.  

Two samples of coal fine discards from the Highveld and Waterberg coalfields were beneficiated 

using a density separation technique. Three fractions were obtained: float (<1.5 g/cm3), middlings 

(1.5 > x < 1.9 g/cm3) and sink (>1.9 g/cm3). The analysis of the different density fractions and the 

feed material showed that the float fraction had more fixed carbon and volatile matter, higher 

calorific value, porosity, and surface area than the other fractions. The float fractions also 

exhibited lower ash yields compared with the middlings and the sink fractions. Petrographic 

results of the samples revealed that the float fractions were richer in vitrinite and total reactive 

macerals when compared with the raw coal fines. These results for the float fraction rendered it 

more reactive and suitable for further utilisation than the original coal fines samples.  

 

 Estimate the influence of the liquefaction operating temperature on the production efficiency 

during liquefaction using tetralin. 

Liquefaction tests were conducted with fine coal discards, and their float fractions at 380–420°C 

in an autoclave. The starting materials (float fractions and coal fines) were compared to 

investigate the influence of their physical and chemical properties on the liquefaction products at 

various temperatures. Results from the liquefaction tests showed that as the temperature of 

liquefaction increased, carbon conversions and oil yields increased, with a subsequent reduction 

of the liquefaction residues. The float fractions showed higher oil yields and conversion at 

elevated liquefaction temperature when compared to the coal fine discards at the same 

temperatures. This was attributed to the relatively higher vitrinite and reactive macerals in the 

float fractions compared with those found in the coal fines.  
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 Determine and compare the chemical composition of the liquid products from tetralin coal 

liquefaction of the float fractions and the coal fines using different advanced and traditional 

analytical methods.  

Liquid-state NMR results of the oils obtained from the liquefaction study revealed that the float 

fraction samples contained a relatively higher amount of hydrogen-bonded to the aromatic rings 

and a higher proportion of naphthalene when compared with the coal fines. 

 

 Determine the composition of the tetralin liquefaction residues produced from the coal fines 

and the float fractions.  

The solid-state 13C NMR analysis results of the liquefaction residues from the coal fine discards 

and the float fractions indicated that the float fraction residues contained 78% aromatic carbon 

and 22% aliphatic carbon. In contrast, a slight increase in the aromatic carbon was observed for 

the coal fines. The composition of the residues was established and described in detail using 

techniques such as CO2 low-pressure adsorption NMR, proximate and ultimate analyses. 

 

 Compare the liquefaction products of the coal fine discards, and its low density separated 

samples. 

The liquefaction product yields obtained from the coal fines and the float fractions were compared, 

and the residues from the float fractions showed higher carbon conversion and oil yields 

compared with the coal fines. While the oil yields of the float fraction ranged from 24.4–37.2%wt. 

(daf), 19.1–29.3%wt. (daf) were obtained from the coal fine discards. Carbon conversion of 50.7–

52.7%wt. (daf) was achieved for the float fraction in comparison with < 42%wt. (daf) for the coal 

fines. The coal float fractions achieved higher carbon conversion and oil yields due to the higher 

percentage of vitrinite and reactive macerals in these samples, and lower ash yields. 

 

 Investigate and compare the different product yields from the float fraction samples, and their 

liquefaction derived residues. 

 

Proximate and ultimate analyses of the liquefaction product generated after the heat treatment 

revealed that the oil and the pre-asphaltene products had higher fixed carbon contents, higher 

calorific values and significantly lower ash yields in comparison with the liquefaction residues that 



Chapter 6 Chapter 6 CONCLUSIONS and Recommendations 

171 

contained less fixed carbon, and had higher ash yields in comparison to the liquid products. 

Comparing the fixed carbon contents and ash yields of the liquefaction residues derived from the 

float fractions and the coal fines samples, it was observed that the float fractions contained more 

fixed carbon (HF-R- 47.1%wt. (daf) and WF-R- 45.4%wt. (daf)) and had lower ash yields (HF-R- 

25.7%wt. (daf) and WF-R- 26.9%wt. (daf)). The coal fines residues contained less fixed carbon 

(HF-R- 33.2%wt. (daf) and WF-R- 39.5%wt. (daf)), and more ash (HF-R- 25.7%wt. (daf) and WF-

R- 26.9%wt. (daf)) when compared with the residues from the float fractions. In general, the 

chemical properties of the liquefaction residues obtained from the float fraction were found to be 

close to those of the fines coal samples. The float fraction residues thus may be suitable as a 

starting material for pyrolysis and gasification processes.  

 

 Measure and compare the chemical, physical and structural changes of the subsequent chars 

after pyrolysis. 

The pyrolysis product distribution of the float fraction and liquefaction residues as determined 

from the Fisher–assay analyses showed that the char yields of the liquefaction residues ranged 

from 74.0–76.0% and that of the coal float fractions were between 67.0% and 71.5% at 750 °C. 

Gas pyrolysis yields ranged from 16.0–20.0% for the residues and 14.5–18.4% for the coal float 

fractions. Higher char and gas yields obtained from the liquefaction residues in comparison to the 

float fraction samples were attributed to the changes in the pore structures and decreased in ash 

and volatile matter contents of the liquefaction residues. The pyrolytic water and the tar yields of 

the coal float fractions were slightly higher compared with those of the liquefaction residues. 

 

Proton (1H) NMR analyses of the tar produced at a pyrolysis temperature of 750°C, showed a 

higher amount of aromatic protons, ranging from 60.5–62.0 ppm for the liquefaction residues in 

comparison with < 56.0 ppm for the coal float fractions. The amounts of aliphatic protons of the 

tars generated from the coal float fractions were higher when compared to those of the 

liquefaction residues. It was also observed from the GC-MS analysis data that the residues 

contained more phenolics and monoaromatics when compared to the tars from the coal float 

fractions. This was attributed to the liquefaction process aiding in ring-opening, which assisted in 

exposing oxygen that facilitated the reaction between ether and –O–, making it possible to be 

converted to OH during pyrolysis. 

 

The chars produced after pyrolysis of the liquefaction residues showed higher porosities when 

compared with those from pyrolysis of the coal float fractions. The porosities of the chars 

produced from the liquefaction residues ranged from 15.5–16.3%, in comparison with <14% after 
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pyrolysis of the coal float fractions. CO2 low-pressure adsorption methods showed that the 

liquefaction process changed the pore structure of the material and opened up pores within the 

coal structure, which may have favoured the diffusion of free radicals and assisted in the reactivity 

of the liquefaction residues. 

 

 Conduct CO2 gasification reactivity experiments with the produced char samples on a 

laboratory scale at temperatures similar to those prevailing in fluidised-bed gasification and 

investigate the influence of the chemical, physical and structural changes of the chars on the 

observed char–CO2 gasification reactivity of the density separated float fractions and the coal 

fines liquefaction residue char samples. 

Results from the char–CO2 gasification experiments showed that the liquefaction residues had 

higher reactivities for all the reactivity models (Ri, Rs, Rtf and Rt/0.5) used in this study when 

compared with the float fraction chars. The reactivities of all the samples were observed to 

increase as gasification temperatures increased, as expected.  

 

The estimated activation energies of the liquefaction residue chars were observed to be lower 

than those of the float fraction chars. The activation energy of the liquefaction residue chars were 

found to be between 145.3 kJ·mol-1 and 196.0 kJ·mol-1; whereas the float fraction chars’ activation 

energy values were between 190.5 kJ·mol-1 and 236.7 kJ·mol-1. The lower activation energy 

values of the residue chars were attributed to slightly higher inherent mineral matter contents and 

also to liquefaction opening up pores, which increased the reactivity of the liquefaction residues 

during gasification. 

 

 Apply the resulting gasification experimental data to already existing gasification kinetic 

models. 

The experimental data were compared to those obtained from the random pore model (RPM) and 

volumetric reaction model (VRM), and both models gave satisfactory agreements, with the RPM 

being better. The results obtained from the model fitting of the liquefaction residues’ chars and 

the float fractions’ chars indicated that the gasification reactions were under a chemically 

controlled regime (Regime I).  

6.3 Conclusions regarding the hypotheses of the study 

Some hypotheses were formulated for the study in Chapter 1 and are now evaluated as follows: 
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 Density separation of the coal fines will assist in beneficiation of the coal fines, and the float 

fraction will be enriched with more reactive macerals and lower ash yields. 

This hypothesis was proven. The coal fines were density separated, and the float (<1.5 g/cm3) 

fractions showed higher fixed carbon and vitrinite macerals contents and lower ash yields than 

for the coal fines samples. 

 During liquefaction of coal fines and their density separated fractions (float fractions), organic 

species may dissolve in the selected solvent at different temperatures. 

This hypothesis was proven. The solvent, tetralin, a suitable hydrogen-rich solvent, dissolved 

some of the coal molecular structure and facilitated good extraction yield efficiencies at the 

temperatures used during the liquefaction experiments.  

 Higher extraction efficiencies may be achieved from the float fraction after density separation 

in comparison to the coal fines samples that were not density separated.    

This hypothesis was proven. Higher carbon conversion and oil yields were achieved from the 

float fractions (<1.5 g/cm3) at tetralin liquefaction temperatures between 380–420°C.   

 The oil yields produced during liquefaction can be improved by using density-separation 

methods to increase the percentage of reactive macerals in the starting material.  

The float fractions (<1.5 g/cm3) contained higher contents of vitrinite and total reactive 

macerals and lower amounts of inertinites. These resulted in higher carbon conversion and 

oil yields during tetralin liquefaction when compared with the coal fines.  

 During liquefaction, the coal matrix undergoes dredging, which could lead to an increase in 

porosity. The larger porosity of the residues will influence the gasification reactions. 

This hypothesis was proven. The liquefaction process opened closed pores and may have 

created new pores, as the porosities of the liquefaction residue samples were increased in 

comparison to the coal fines samples. The increase in the porosity as a result of liquefaction 

process enhanced the gasification reactivity of the residue chars. 

 Coal liquefaction residues that contain more fixed carbon and hydrogen and have higher 

calorific values may be used for coal gasification processes. 

The residues contained a reasonably high percentage of fixed carbon and had relatively high 

calorific values. Literature indicated that the proximate analysis results and the calorific values 
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of the liquefaction residues were comparable to those of coal used for thermochemical 

processes (gasification and pyrolysis).  

 The liquefaction process of the coal may improve the reactivity of the coal residues and may 

have an impact on the activation energy of the gasification reactions. 

This hypothesis was proven. The liquefaction residue chars had higher gasification reactivities 

and lower activation energies when compared to the coal fines float fraction (< 1.5 g/cm3) 

chars.   

6.4 General contributions of the study 

 This investigation provides useful information for the separation of South African coal fine 

discards using float-sink density separation techniques. It also provides a comparison of the 

chemical, mineralogical, structural and physical analyses of the coal fine discards, and their 

density separated fractions.   

 This study contributes to research and development of the effective utilisation of coal fine 

discards, and their density separated float fraction (<1.5 g/cm3) during coal liquefaction to 

produce liquid fuel and other value-added chemicals. 

 The study provides valuable insight into the influence of different parameters, such as 

temperature and petrographic structure, during liquefaction of the coal fine discards, and their 

density separated float (<1.5 g/cm3) fractions.  

 The study provides an understanding of the use of different analytical techniques such as 

CPMAS 13C NMR, proximate, ultimate and low-pressure gas adsorption analytical methods to 

track the effect of liquefaction on the generated residues.  

 The study shows that the residues (waste) generated after liquefaction can be used further to 

generate pyrolytic products. Waste utilisation is essential to decrease the impact on the 

environment. 

 This research helps in providing a comparison of the chemical and physical analysis of the 

tars produced during pyrolysis of the float fractions and their liquefaction residues using 1H 

and 13C liquid and solid-state NMR, GC-MS and FTIR analytical techniques. 

 A comparison of the gasification reactivity of the float fraction chars and their liquefaction 

residues chars was described in this study. 
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 A correlation of different parameters such as surface area and porosity on the gasification 

reactivity of the float fraction chars and their residue chars was accomplished in this 

investigation. 

 This investigation provides useful insight into the use of the random pore model and the 

volumetric reaction model into simulation of the CO2 gasification process of liquefaction 

residues.  

 The investigation contributes to the effective utilisation of carbon-rich residues generated from 

the liquefaction of density separated coal fine discards as a suitable feedstock for coal 

utilisation processes (pyrolysis and gasification). Beneficiating and using the coal float 

fractions for liquefaction and subsequently using the residues from the liquefaction for 

pyrolysis and gasification purposes will help in closing the liquefaction process gap and 

improve the economy of the liquefaction process and value chain.  

 The utilisation of coal fine discards will assist in reducing the volume of coal fines and the high 

cost associated with handling and disposal of these fines. The utilisation of coal fines will 

assist in minimising environmental problems, such as dust, spontaneous combustion and acid 

mine drainage, caused by discarded coal fines.  

6.5 Recommendations for future research 

The results obtained in this investigation lead to the following recommendations for future 

investigations: 

 The middlings and sink fractions produced after density separation of the coal fine discards 

could be further demineralised and investigated for suitability for further thermochemical 

processes. Should this be possible, all waste from coal fines will be utilised. Valuable minerals 

may also be extracted from these fractions. These materials could also be evaluated for the 

production of aluminium sulphate using the sulphuric acid leaching technology. 

 The liquefaction product yields obtained from the float fractions may be improved through the 

use of liquefaction catalysts and other hydrogen-rich solvents or a blend of hydrogen-rich 

solvents. 

 Economical and feasibility studies on the liquefaction of density separated float fractions may 

be investigated.  

 The influence (possible catalytic activity) of inherent mineral matter and extraneous minerals 

on the liquefaction and pyrolysis processes of the float fraction and the liquefaction residues 
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needs to be investigated. This will give an insight into the specific mineral matter in the coal 

matrix that may enhance the product distribution yields during liquefaction, pyrolysis and 

gasification. 

 Investigation of the gasification of the residues using a combination of gases such as H2O, 

O2, H2, CO2, and air may benefit the industry. This may clarify the effect of the gasifying agent 

either as an inhibitor or a promoter during the gasification of residues produced after 

liquefaction of the float fractions generated from density separation of South Africa coal fines. 

 Economic and feasibility studies on the utilisation of liquefaction residues for combustion and 

gasification processes may be undertaken. This will aid in the understanding of the industrial 

applicability of the processes to utilise the liquefaction residues. 

 Co-pyrolysis and co-gasification studies of the carbon-rich residues and coal fines may be 

investigated. This will assist in understanding if the residues have synergistic effects on coal 

utilisation processes. 

 The economic feasibility of density separation and the subsequent use of the liquefaction 

residues for pyrolysis and gasification need to be investigated. This will aid in understanding 

the financial aspects and potential economic advantages and disadvantages of the proposed 

processes.  




