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ABSTRACT 

 

 

CHARACTERIZATION AND REACTIVITY STUDIES FOR CHEMICAL 

LOOP GASIFICATION OF HIGH SULFUR LIGNITES  

 

Kanca, Arzu 

 

Ph.D., Department of Chemical Engineering 

Supervisor: Prof.Dr. Deniz Üner 

 

October 2013, 130 pages 

 

The objective of this study was to characterize and to determine the gasification 

reactivity of Tuncbilek lignites. The ultimate analysis of Tuncbilek lignite revealed that 

the elemental composition is 37.7% C, 3.6% H, 1.6% N, and 5.4% S, while the 

proximate analysis indicated 4.7 ± 0.9% moisture 27.9 ± 0.1% volatiles  and 37.9 ± 0.2% 

ash.  In this context, four different reactions during gasification namely, pyrolysis, 

oxidation, hydrogenation, and wet air oxidation were investigated separately.  Carbon 

residues of all these processes were analyzed by XRD, DRIFTS, and 
1
H and 

13
C (CP) 

NMR spectroscopy in order to associate between chemical structure and reactivity.  A 

semi-batch reactor system was used for pyrolysis, oxidation, and hydrogenation 

experiments, while a high-pressure batch reactor was used for wet air oxidation 

experiments.  Pyrolysis and oxidation experiments revealed that carbon conversion of 

Tuncbilek lignite is quite high in the presence of oxygen.  In addition, hydrogenation 

experiments displayed that the sulfur removal is the most efficient in the presence of gas 

phase hydrogen.  On the other hand, desulfurization yield of wet air oxidation reaction at 

5 bar and 150ºC, was lower than hydrodesulfurization yields.  The results of the 

experiments indicated that high pressure and temperature are necessary to enhance the 

yield.   

 

Co and Pb based pure and mixed metal oxides were investigated as oxygen source and 

sulfur trapping agents for chemical looping systems.  The oxygen transfer potential of 

Co-Pb metal oxides was monitored by TGA and the maximum weight loss was recorded 

when coal to metal oxide ratio is higher than 1.  Additionally, XRD revealed sulfur 

capturing ability of these oxides during both pyrolysis and oxidation processes.  A 

process flow diagram is proposed to utilize the mixed metal oxides as chemical looping 

agents for oxygen and sulfur transfer.   

 

 

Keywords: Coal characterization, coal gasification, chemical looping process, 

desulfurization, hydrothermal desulfurization, and high sulfur lignite. 
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ÖZ 

 

 

Y¦KSEK K¦K¦RT Ķ¢EREN LĶNYĶTLERĶN KĶMYASAL ¢EMBER 

GAZLAķTIRMA S¦RE¢LERĶ Ķ¢ĶN SINIFLANDIRMA VE TEPKĶME 

TESTLERĶ 

 

Kanca, Arzu 

 

Doktora, Kimya M¿hendisliĵi Bºl¿m¿   

Tez Yöneticisi: Prof.Dr. Deniz Üner 

 

Ekim 2013, 130 sayfa 

 

Bu ­alēĸmada, Tunçbilek linyitlerinin karakterize edilmesi ve bu linyitlerin gazlaĸtērma 

aktivitelerinin belirlenmesi amaçlanmēĸtēr.  Elementel analiz yöntemi, Tunçbilek 

linyitlerinin bileĸiminin %37.7 C, %3.6 H , %1.6 N ve %5.4 S olduĵunu ortaya koyarken 

proksimet analiz, %4.7 ± 0.9 nem, %27.9 ± 0.1uçucu madde ve %37.9 ± 0.2 kül 

oranlarēnē gºstermiĸtir.  Bu kapsamda gazlaĸtērma s¿recinde ger­ekleĸen dºrt farklē 

tepkime (piroliz, oksidasyon, hidrojenasyon, ve ēslak hava oksidasyonu) ayrē ayrē ele 

alēnmēĸtēr.  Reaksiyon testleri sonrasē arta kalan katē numunelerin XRD, DRIFTS, ve 
1
H 

ve 
13

C (CP) NMR gibi spektroskopik yöntemler kullanēlarak analiz edilmesi, linyitin 

yapēsē ve reaktivitesi arasēnda bir baĵlantē kurulmasēnē m¿mk¿n hale getirmiĸtir.  Yarē 

kesikli reaktör sistemi piroliz, oksidasyon ve hidrojenasyon deneyleri i­in kullanēlmēĸtēr.  

Islak hava oksidasyon deneyleri ise y¿ksek basēn­lē kapalē reaktor sisteminde 

yapēlmēĸtēr.  Piroliz ve oksidasyon deneyleri Tunçbilek linyitinin carbon dºn¿ĸ¿mlerinin 

oksijen varlēĵēnda y¿ksek olduĵunu ortaya koymuĸtur.  Buna ilaveten, hidrojenleme 

deneyleri linyit yapēsēnda var olan kükürtü en verimli uzaklatērmanēn hidrojen gazē 

varlēĵēnda m¿mk¿n olduĵunu gºstermektedir.  ¥te yandan yaklaĸēk 5 bar ve 150ºCôde 

ger­ekleĸtirilen ēslak hava oksidasyon reaksiyonunun s¿lf¿r¿ uzaklaĸtērma verimi 

hidrojenasyondan daha azdēr.  Bu reaksiyonun verimini artērmak i­in daha y¿ksek basē­ 

ve sēcaklēk ĸartlarē gerekmektedir.  Co ve Pb kaynaklē saf ve karēĸēk metal oksitleri 

kimyasal çember gazlaĸtērma sistemlerinde oksijen kaynaĵē ve aynē zamanda k¿k¿rt 

tutucu olarak kullanēlabilecegi incelenmiĸtir.  Co-Pb metal oksitlerinin oksijen transfer 

potansiyeli TGA ile izlenmiĸ ve analiz sonu­larē kömür metal-oksit oranēnēn 1ôden 

küçük olduĵu durumda kütle kaybēnēn maksimum olduĵunu ortaya koymuĸtur.  Ek 

olarak, XRD sonu­larē Co-Pb metal oksitlerin piroliz ve oksidasyon sērasēnda kükürt 

tutma becerilerini göstermektedir.  Bu malzemelerin kimyasal çember sisteminde oksijen 

ve kükürt tranferi için kullanēlabileceĵini gºstermek i­in bir akēĸ ĸemasē ºnerilmektedir. 

 

Anahtar Kelimeler: Kömür sēnēflandērma, kömür gazlaĸtērma, kimyasal ­ember süreci, 

desülfürizasyon, hidrotermal desülfürizasyon ve yüksek kükürtlü linyit.   
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

1.1 Background  

Eighty percent of energy demand of the world is currently met by fossil fuels.  Among 

the fossil fuels, oil constitutes 32%, coal constitutes 27%, and natural gas constitutes 

21% as the primary energy carrier distribution of the world (IEA-

InternationalEnergyAgency., 2012, Karakosta, 2013, Fan and Jadhav, 2002).  Coal is 

still the cheapest fossil fuel and it is globally distributed, which makes coal utilization 

favorable.  However, direct combustion of coal for energy generation is less desirable 

due to the environmental concerns and low thermodynamic efficiencies of the steam 

power generation cycles.  Coal based power stations can cause the emission of the air 

pollutants like, CO2, SOx, NOx  and also particulate matters.  CO2 is the main reason of 

global warming and CO2 emission coal based constitutes the largest share.  SOx and NOx 

compounds in the atmosphere cause the formation of acid rain.  The particulate form of 

these oxides is very dangerous for human health, leading to serious illnesses such as 

asthma, heart attack, and stroke.   

 

In coal-fired power plants, coal is burned to generate steam and then superheated steam 

in steam turbine drives a generator during the expansion of the high-pressure steam.  The 

condensed steam is returned to the boiler to be used once again.  Electricity generated by 

coal combustion as a result is only a third of the energy potential of coal.  The remaining 

is discarded as heat (Fan et al., 2008).  In order to increase the efficiency of the power 

generation advanced clean coal utilization technologies are developed.  Clean coal 

technologies include conventional technologies with pollution prevention and new and 

emerging technologies.  Coal washing, flue gas desulfurization, and low NOx burners are 

conventional technologies with pollution prevention.  New and emerging clean coal 

technologies consist of Integrated Gasification Combined Cycles (IGCC), Pressurized 

Fluidized Bed Combustion (PFBC), and Integrated Gasification Fuel Cell (IGFC).  

Among the rivals, presently IGCC is the most popular one.  This technology uses 

synthesis gas produced by coal gasification in gas turbines with higher thermal to 

electrical conversion efficiencies.  The hot gases at the exit of the gas turbines are used 

to produce steam to be used in the Rankine cycles.  As a result, the combined cycles 

have higher efficiencies.   

 

A flow chart for the coal gasification process and the post processes utilizing syngas 

given by Fan et al. (2008) is shown schematically in Figure 1.1.   
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Figure 1.1.  Schematic diagram of coal gasification processes for electricity, hydrogen, 

liquid fuel production (Fan et al., 2008).   

 

Gasification is incomplete combustion of coal.  In this process, coal reacts with sub-

stoichiometric amount of oxygen, steam, and/or carbon dioxide in order to form syngas, 

a mixture of hydrogen and carbon monoxide.  Gasification system, exhibited in Figure 

1.1, serves to chemical manufacturing and electricity generation.  Syngas can be used as 

an intermediate material to produce liquid fuels such as synthetic natural gas, methanol, 

and gasoline by Fisher-Tropsch synthesis.  As seen in Figure 1.1, Water Gas Shift 

(WGS) reaction is an alternative way to produce fuels, more H2, and chemicals.  Since 

this part leads to the more CO2 formation, CO2 sequestration is the important part of the 

IGCC plants (Fan et al., 2008).  During gasification, sulfur in coal is converted to 

hydrogen sulfide (H2S) which is eventually extracted as elemental sulfur (S) and sulfuric 

acid (H2SO4).  These valuable byproducts are used in fertilizer industry.  Non-gasified 

mineral compounds in coal leave the system as inert slag or solid products for cement 

and building materials (Gasifipedia, 2013). 

 

IGCC is composed of two cycles, gas and steam.  Coal is first gasified and cleaned from 

the compounds such as sulfur (S), nitrogen (N2) and mercury (Hg) in the first stage.  The 

purified gasification product, syngas, is sent to the gas turbine integrated system to 

generate electricity.  The hot effluent gas of the gas turbine is used to generate steam, 

which is used in a subsequent steam turbine to produce electricity as well.  Thus, two 

combined turbines provide the higher efficiency than typical coal fired power plant 

(Descamps et al., 2008).  The electricity efficiency of the IGCC with 250 and 335 MWe 

is between 38-45% (Damen et al., 2006).   
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The first utilization of coal was recorded by Marco Polo in the 13
th
 century.  According 

to his writings, coal was being used in China for heating and making iron tools and 

weapons.  On the other hand, coal was just known as a black rock in Europe at that time.  

In the 18
th
 century, Industrial Revolution took place in England due to the rich iron and 

coal reserves.  Coal was used to boil water for steam engines in industrial and 

transportation applications.  Thus, England obtained the economic leadership in the 

world.  The discovery of coal in USA was in 1701, in Virginia.  However, the 

combustible black rock was not used until Industrial Revolution reached to the USA.  

The common utilization of coal started in the 19
th
 century (Hinckley, 2013).  Coal 

became the main energy source in USA in the earlier 20
th
 century.  After the Second 

World War, coal lost its popularity due to the utilization of oil and natural gas in all 

energy platforms.  Oil and natural gas have superiority compared to coal: transportation 

of them is easy, and their power generation efficiencies are higher.  However, OPEC 

(Organization of the Petroleum Exporting Countries) oil embargo in 1973 increased the 

demand of coal especially in electricity generation.  Furthermore, in 2005, oil and 

natural gas prices increased sharply due to another embargo, which is because of the 

concern about the limited oil and natural gas reserves.  After the new crisis, coal based 

technologies are becoming popular once again.   

 

Coal has the non-homogenous chemical structure consisted of carbon, hydrogen and 

oxygen elements.  Sulfur and nitrogen are the other elements in the complex coal 

structure.  Coke production is the other important application of coal.   

 

 

1.1.1 Coal petrography 

Coal petrography provides the information about origin, composition, and application of 

coal.  Coal originates from the remains of plant matter on the ground.  Biochemical and 

geochemical are two stages in the formation of coal.  In the first stage, plants decay in 

the humid and warm climate because of the bacterial activities.  Temperature and 

pressure lead to the organic decay in the geochemical stage.  High pressure and 

temperature are required coalification conditions.  Anthracite, bituminous coal, lignite, 

and peat are the four broad categories of coal.  The types of coal or rank series are 

dependent upon carbon content and heating value of coal.  The main properties of the 

coal type are summarized in Table 1.1.  The organic constituents of coal derived from 

different parts of the plant are called as macerals.  Coal types and macerals indicate the 

coal composition.  For example, the existence of carbonyl, carboxyl, and methoxy 

groups gives an idea for the oxygen content of coal.  Similarly, aromatic nitriles and 

pyridines are the identifier for nitrogen, while mercaptanes and thiols show the sulfur 

existence.  Coal rank is also determining parameter for the utilization of coal.  Since the 

structure of coal is more stable in the high rank coal, combustion and gasification 

reactivity of coal decrease with increasing rank (Kirk-Othmer, 2002a).  Lastly, in Table 

1.2, some of the nitrogen and sulfur compounds that can be found in coal structure are 

shown.   
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Table 1.1.  Mineral matter free basis humid coal composition  (Kirk-Othmer, 2002a). 

 

Types of 

coal 

Moisture 

(wt %) 

Volatile 

Matter 

(wt %) 

Heating 

value 

(kJ/g) 

Elemental composition (wt %) 

C H O N 

Peat 70-90 45-75 17-22 45-60 3.5-6.8 20-45 0.75-3.0 

Lignite 30-50 45-60 28-30 60-75 4.5-5.5 17-35 0.75-2.1 

Bituminous 1.0-20 11-50 29-37 75-92 4.0-5.6 3.0-20 0.75-2.0 

Anthracite 1.5-3.5 3.5-10 36-37 92-95 2.9-4.0 2.0-3.0 0.5-2.0 

 

 

Table 1.2.  Nitrogen and sulfur compounds of coal (Spitz, 2004). 

 

Nitrogen 

compounds 
Structure Sulfur compounds Structure 

Pyridine 

 

Mercaptane 

 

Pyrrole 

 

Thiophene 

 

Aromatic nitriles 

 

Thiols 

 

 

 

 

1.1.2 Worldwide coal reserves 

Coal is a globally distributed energy source.  USA, Russia, and China have the largest 

coal reserves of the world.  The distribution of the coal reserves by country is shown in 

Figure 1.2.  Turkey is placed in 20% slice of other countries with a 1% coal.   
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Figure 1.2.  Global distribution of coal reserves (Gue, 2012). 

 

 

1.1.3 About coal in Turkey 

Coal and lignite meet the demands for nearly 25% of Turkey's electricity generation.  

According to Turkish Coal Enterprises (TKI), Turkey has approximately 13.9 billion 

tons lignite and 1.3 billion tons hard coal reserves.  This corresponds to 1.8% of the 

worldôs useable coal and 7.1% of the world's global lignite reserves.  With the new 

mining (drilling) studies, Turkeyôs coal reserve estimates have increased by 5.8 billion 

tons in past 5 years.  The location of coal reservoirs are indicated in Figure 1.3.  

Zonguldak, in northwest of Turkey is the hard coal reservoir of Turkey.  The calorific 

value of this hard coal is between 6200 and 7200 cal/g.  On the other hand, lignite 

reserves are spread all around the county.  The largest lignite reserves are Afsin-Elbistan 

lignite basin of southeastern Anatolia.  Soma basin is the second largest area followed by 

Tunçbilek, Seyitömer, Bursa, ¢an, Muĵla, Beypazarē, Sivas and Konya Karapēnar 

basins.  Heating value of Turkish lignite is approximately 3000 cal/g. 6% of the reserves 

have calorific values more than 3000 cal/g (EURACOAL, 2013).   
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Figure 1.3.  Coal resources locations in Turkey (EUROCOAL, European Association for 

Coal and Lignite). 

 

 

1.2 Motivation 

Lignite is one of the major domestic energy resources in Turkey.  Lignite reserves have 

been widely spread across the country.  Since it has very high amount of ash and low 

heating value, lignite is called a low quality coal.  Additionally, high sulfur content in 

Turkish lignite is the other drawback of the utilization.  As a result, coal gasification 

comes out as a promising and environmentally effective clean coal technology.  Since 

the physical and chemical properties of coal determine its processing fate, a detailed 

characterization is very important prior to any coal carbonization, oxidation, and 

gasification and/or liquefaction.  In addition, understanding desulfurization behavior of 

the lignites offers new insights when processes are evaluated for their feasibility.   

 

 

1.3 Objectives 

The aim of this Ph.D project was to develop a fundamental understanding of Tuncbilek 

lignite gasification and desulfurization processes. Pyrolysis, oxidation, and 

hydrogenation were studied as the main processes taking place during the gasification.  

Furthermore, hydrogenation and hydrothermal desulfurization processes were compared 

for their efficiencies. In order to achieve this aim, the following activities were 

conducted:   

 

The pyrolysis, oxidation, and hydrogenation reactions taking place during gasification 

process were investigated, separately.  The relationship between the structural changes 

of Tuncbilek lignite and its reactivity was determined.  XRD, DRIFTS and solid state 
1
H 

and 
13

 C NMR were used to monitor the structural changes after each process.   
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Three processes, pyrolysis, hydrogenation and hydrothermal treatment, were examined 

for the desulfurization of Tuncbilek lignite.  Sulfur contents of the lignite residues were 

determined by elemental analysis and Eschka methods.   

 

Co-Pb based metal oxides were employed as oxygen and sulfur chemical looping agents.   

The increase in CO2 formation rates with increasing amount of Co-Pb metal oxides 

indicated the oxygen exchange potential of these metal oxides.  In addition, XRD 

patterns of the lignite residues revealed that PbS formation is inevitable.   

 

 

1.4 Summary of the study 

Chapter 2 summarizes the previous studies about the coal gasification, coal 

characteristics, and the relationships between the coal structure and reactivity under 

different reaction environments such as, N2, air, CO2, hydrogen, and steam.  

Additionally, main processes during gasification, pyrolysis, oxidation, and 

hydrogenation and their applications and processes utilizing catalysts are discussed in 

this chapter.   

 

Chapter 3 describes the materials and methods.  Types of reactors, experimental 

conditions, and analytical and instrumental characterization methods are covered in this 

part.  The details of coal gasification processes, i.e., pyrolysis, oxidation, hydrogenation, 

and wet air oxidation, are described, and the experimental set-ups used to monitor these 

processes are presented schematically.  The methodologies are also given.   

 

The chemical and structural characteristics of Tuncbilek lignite and the relationship 

between structure and reactivity is presented in Chapter 4.  In this context, the results of 

classical and spectroscopic analyses are discussed.   

 

The results of the gasification and desulfurization reactivity of Tuncbilek lignite are 

presented in Chapter 5.  Pyrolysis, oxidation, hydrogenation, and wet air oxidation are 

studied separately and the results are compared in terms of the structural changes 

occurring during the processes.  The gaseous products analyses during pyrolysis and air 

oxidation experiments mainly focused on methane (CH4) and hydrogen (H2).  The XRD, 

DRIFTS, and solid-state proton and carbon NMR spectroscopy results of solid carbon 

residue are discussed for each process.   

 

The chemical looping combustion concept based on the studies done during this thesis 

for high sulfur coal gasification is presented in Chapter 6. The proposal is based on the 

gasification and desulfurization reactivity of Tuncbilek lignite in the presence of Co-Pb 

based metal oxides and their oxidation and sulfur capturing ability are explained in 

Chapter 6.   

 

The discussion, conclusions, and recommendations are presented in Chapter 7.   
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CHAPTER 2 

 

 

LITERATURE SURVEY  

 

 

2.1 Gasification  

Gasification is a multi-purpose coal conversion process which has been used for over a 

century.  This old technology was applied to produce coal gas in 1850s for lightening and 

heating.  The major aim of the gasification process is energy generation, while H2 production 

as a type of transportation fuel and synthesis gas production as raw materials for chemicals 

like ammonia, methanol and oxychemicals, are other utilization purposes of gasification 

process.  In coal gasification process, coal reacts with sub-stoichiometric amount of oxygen, 

steam and/or carbon dioxide to produce synthesis gas, which is the mixture of carbon 

monoxide and hydrogen.  The main reactions taking place during gasification are listed in 

Table 2.1 (Kabe et al., 2004b).  Thermal decomposition, oxidation, methanation, and water 

gas shift reactions are the important reactions during the gasification process.  The greatest 

benefit of the gasification process is to prevent all environmental challenges caused by the 

common coal utilization processes (Minchener, 2005, Kirk-Othmer, 2002b, Kabe et al., 

2004b).  For example, gasification product of sulfur is hydrogen sulfur instead of 

combustion product of sulfur oxide.  Similarly, nitrogen in coal converts to ammonia during 

the gasification process instead of nitrogen oxide, which is the combustion product (Kabe et 

al., 2004a, Kirk-Othmer, 2002b, Kabe et al., 2004b).   

 

According to the World Gasification Database, the coal based gasification capacity of the 

world is 36,315 megawatts thermal (MWth) of syngas output.  There are 53 plants operating 

with 201 gasifiers.  Coal is the primary feedstock of the gasification plants with a 51% 

capacity.  Petroleum, gas, petcoke and biomass wastes are also used as feedstock in the 

gasification plants (NETL, 2010).   

 

When we look at the gasification plant capacity of the world in Figure 2.1, the 

Asia/Australia region with 11 countries is in the first position among the 29 countries.  On 

the other hand, North America expects 63% capacity growth until 2016.  The product 

distribution of syngas output gasification plants is also listed in the World Gasification 

Database as chemicals (45%), liquid transportation fuels (38%), and gaseous fuels (6%) 

(NETL, 2010).   

 

Coal types and properties are the determining parameters of the technologies used.  For 

example, high ash content is the undesired property increasing the technology cost 

(Minchener, 2005, Kabe et al., 2004a).  Coal gasification technologies can be classified with 

respect to solid and gaseous reactant flow geometry mainly as fixed-bed, fluidized-bed, and 
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entrained-bed gasification (Kabe et al., 2004a, Minchener, 2005).  In addition, Kabe, et al. 

(2004) includes the molten-bath gasification to this classification.   

 

Shell entrained-bed gasification is the most common technology (~75%) worldwide.  Texaco 

(GE, E-Gas) also use the entrained-bed technology.  The Sasol Lurgi is the main user of the 

fixed-bed gasification technology.  As seen in Figure 2.2, this design ranked second in the 

world (Minchener, 2005, NETL, 2010).  The details of the technologies are described in the 

following part.   

 

Table 2.1.  Exothermic and endothermic reactions during gasification (Kabe et al., 2004b).   

 

ὅ ὕ ᴾ  ὅὕ
 
                          ὩὼέὸὬὩὶάὭὧ ὶὩὥὧὸὭέὲ (2.1) 

ὅ ρȾςὕ ᴾ  ὅὕ
 
                     ὩὼέὸὬὩὶάὭὧ ὶὩὥὧὸὭέὲ (2.2) 

ὅ Ὄὕ ᴾ  ὅὕ
 
Ὄ

 
            ὩὲὨέὸὬὩὶάὭὧ ὶὩὥὧὸὭέὲ (2.3) 

ὅ  ὅὕ
 
ᴾ  ςὅὕ

 
                          ὩὲὨέὸὬὩὶάὭὧ ὶὩὥὧὸὭέὲ (2.4) 

 ὅὕ
 
ρȾςὕ ᴾ  ὅὕ

 
                     ὩὼέὸὬὩὶάὭὧ ὶὩὥὧὸὭέὲ (2.5) 

 ὅὕ
 
Ὄὕ ᴾ  ὅὕ

 
Ὄ

 
           ὩὼέὸὬὩὶάὭὧ ὶὩὥὧὸὭέὲ (2.6) 

 ὅὕ
 
σὌ

 
ᴾ  ὅὌ

 
Ὄὕ         ὩὼέὸὬὩὶάὭὧ ὶὩὥὧὸὭέὲ (2.7) 

ὅ ςὌ
 
ᴾ  ὅὌ

 
                           ὩὼέὸὬὩὶάὭὧ ὶὩὥὧὸὭέὲ (2.8) 
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Figure 2.1.  Regional distribution of operating, constructing and planning gasification plant 

capacity of the world (NETL, 2010). 

 

 
 

Figure 2.2.  Technology distribution of gasification (NETL, 2010). 
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2.2 Types of gasifiers 

2.2.1 Fixed-bed (or Moving-bed) gasifier 

The reactant gases are fed from the bottom while coal is fed from top of the gasifier.  This 

counter current flow provides the heat exchange between the fresh cold raw materials and 

hot products.  Thus, the exit streams of the gasifier remains moderately cold (van Dyk et al., 

2006).  As seen on the right hand side of the Figure 2.3, when coal is moving downward, it 

starts to be heated by hot gas stream.  Moisture is removed by the temperature difference, 

first.  Devolatilization also takes place due to thermal decomposition reactions.  After the 

exothermic and endothermic reactions occurred during gasification, ash temperature is 

around 400ºC, while gas temperature is around 700ºC (van Dyk et al., 2006, Kabe et al., 

2004a).   

 

 
 

Figure 2.3.  Fixed-bed gasifier (van Dyk et al., 2006). 

 

 

2.2.2 Fluidized-bed gasifier 

The fluidized-bed gasifier is shown in Figure 2.4.  Pulverized coal particles are fed from the 

top of the reactor while the direction of the gas reactant (air, oxygen, and/or steam) is 

upward.  Sand, coke, char, and ash can be used as bed material.  Fluidization provides the 

longer residence time than entrained bed gasifier due to the perfect interaction of the gas-

solid reactants.  Similarly, mixing makes uniform temperature distribution possible along the 

gasifier.  Operation temperature must be lower than the ash melting temperature (900ºC -

1050ºC) (Minchener, 2005, Lee, 2007).  The continuous ash removal pattern allows the 

higher carbon conversion.  Another advantage of this type of gasifier is that product gases 

including sulfur such as H2S and carbonyl sulfates (COS), can be held up by the sorbent bed 

material (Minchener, 2005).  Fluidization, gasification and sulfur removal by limestone 

addition are three processes operating at the same time in the fluidized-bed gasifier.  These 

make the fluidized-bed application more difficult than others (Maurstad, 2005). 
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Figure 2.4.  Fluidized-bed gasifier (Maurstad, 2005). 

 

 

2.2.3 Entrained-bed gasifier 

In the Entrained-bed gasifier in Figure 2.5, solid particles and gas reactant (steam, oxygen, 

or steam) are fed concurrently from top of the reactor.  Coal can be dry or wet when it is fed 

into the reactor.  High temperature (1200ºC-1600ºC) and pressure (2-8 MPa) are the 

operating conditions of this type gasifier.  The higher temperature operation requires the 

higher oxygen consumption and it allows the higher carbon conversion and tar free syngas 

formation.  However, since molten slag formation due to high temperature can be optimized 

to a certain degree, coal with low ash content is preferred in this technology (Minchener, 

2005, Maurstad, 2005).  Another challenge of the process is the hot syngas (~ 1500ºC) at the 

end of the gasifier.  The energy potential of the syngas can be used to generate steam and 

electricity by adding a heat recovery unit to the system (Maurstad, 2005). 

 

 
 

Figure 2.5.  Entrained-bed gasifier (Kabe et al., 2004a). 
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2.2.4 Molten-bed gasifier 

In this type of the gasifier, molten bath of salt or metal are used.  The gasifier with molten 

iron bath (Figure 2.6) represents the moltenïbed gasifier.  Pulverized coal and steam and/or 

oxygen are fed into the gasifier concurrently.  However, their contact is in the molten-bed.  

Operating temperature is in the range of 1000ºC -1400ºC, while pressure is about 3 bar.  

Slag including ash and sulfur is removed on the bed.  Molten iron functions in this process 

as an oxygen carrier between the coal and steam and/or O2.  Furthermore, it adsorbs sulfur 

compound in coal (Kabe et al., 2004a).   

 

 
 

Figure 2.6.  Molten-bed gasifier (Kabe et al., 2004a). 

 

 

2.3 Main processes taking place during gasification 

Drying, pyrolysis, oxidation, and gasification are the main gasification steps.  The moisture 

content of the coal is removed during the drying process.  The removal of the some organic 

liquids and volatiles are the pyrolysis products.  During the oxidation, carbon and hydrogen 

based substances or char formed from pyrolysis are converted into CO2 and H2O.  The 

exothermic combustion reactions meet the heat requirement of endothermic gasification 

reactions.  Thermal equilibrium between the exothermic and endothermic reaction leads to 

the high carbon conversion.   

 

 

2.3.1 Coal drying and pyrolysis  

Pyrolysis is a thermal decomposition process of the organic compounds in the oxygen free 

atmosphere.  It can be considered as the initial stage of the coal technologies like 

combustion, gasification and hydrogenation.  This process is a fundamental and efficient 

coal conversion process, which provides the coke, tar and synthesis gas production (van 

Heek, 2000, Arenillas et al., 2003).  Figure 2.7 summarizes the structural changes of coal 

together with pyrolysis products (Veras, 2002 ).  In this process, volatile contents of the 

feedstock are lost because of the rising temperature, and thus, relative amount of carbon 

content in the remaining part increases.  Volatiles and solid residue are the main products of 
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pyrolysis.  During the pyrolysis, the first step is desorption of water and light hydrocarbons 

at temperatures less than 150ºC.  Cracking of complex coal structure into light hydrocarbon 

fragments, CO2 and water are the second step of pyrolysis products occurring up to 500ºC.  

Solid coal char and CO, CH4 and H2, which are the most valuable gaseous products, are 

formed during the third stage of the pyrolysis between 500ºC and 800ºC (Arenillas et al., 

2003).  CO2 evolution at lower temperature is due to aliphatic carboxylic acids, whereas 

phenolic groups are converted to CO at high temperature.  H2 evolution begins 

approximately at 300ºC with the destruction of the H2 rich part of the coal, and it reaches a 

higher amounts due to the condensation of aromatic rings at 450ºC.  The other important 

gaseous product, CH4, may form in three steps.  First, destruction of aliphatic and aromatic 

ether bonds leads to CH4 formation at the temperatures in between 400ºC-450ºC.  Then, 

decomposition of the strong bonds is responsible for CH4 production at 500ºC-550ºC.  

Finally, at 700ºC, CH4 is formed due to the second stage devolatilization (Arenillas et al., 

2003).  The parameters affecting pyrolysis product yields are experimental conditions 

(pressure and temperature) and coal properties (particle size and coal types).  In addition, 

final temperature and pyrolysis environment affect the volatiles forming during pyrolysis 

(Gupta, 2007).  The representative thermal decomposition reaction of ether bonds are 

indicated by Meyers (1982) (Meyers, 1982).   
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Figure 2.7.  Coal molecular structure simulation (Veras, 2002 ).   

 

 

2.3.2 Coal oxidation 

Combustion or coal oxidation is the best known coal utilization technology.  Chemical 

composition and physical structures are very complicated variables to affect the coal 

combustion.  Wang et al. (2003) reviewed the coal oxidation literature in detail.  As reported 

in this review, when coal is contacted with oxygen, oxidation reaction is inevitable.  The 

occurrence of the oxidation can be followed by O2 consumption initially and then oxidation 

products make the investigation of the process progress possible.   

 

Coal and oxygen interaction begins with physical adsorption.  Oxygen molecule is adsorbed 

on the coal surface by relatively weak bonds.  Chemisorption, distinct from the adsorption, 

occurs with strong bonds at the pore surfaces.  Physical adsorption is important at 

temperature lower than 273 K.  However, chemisorption manages the oxidation process at 

higher temperature.  Oxygen consumption can be explained by three reaction regimes 

including, external mass transfer, internal diffusion, and chemical reaction.  External mass 

transfer is generally faster than other two regimes.  If there is no film on the char particle 

surface, oxygen can move easily on to external surface.  The formation of gaseous film 
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around the particles causes the external mass transfer resistance.  In this case, reaction rate is 

dependent on the mass transfer coefficient and particle surface.  The other two regimes 

depend on the Thiele Modulus, which is the ratio of reaction rate to diffusion rate.  The 

reaction rate control regime is generally defined at low temperature and very small particle 

size.  Since oxygen can diffuse very fast into the pores, oxygen concentration in pore is 

equal to gas phase bulk concentration.  Therefore, diffusion rate is higher than reaction rate 

and Thiele modulus is lower than unity.  As a result, chemical reaction controls the oxygen 

consumption rate.  When particle size of char increases, intra molecular flow rate of oxygen 

decreases.  Since diffusion dominates the oxygen consumption rate, Thiele modulus is 

higher than unity.  In Figure 2.8, the effect of particles size on oxygen consumption rate is 

demonstrated.  As seen in Figure 2.8, chemical reaction control regime is not dependent on 

the particle size (Wang, 2003, Di Blasi, 2009).   

 

In order to eliminate diffusion effect, several particle sizes were examined in literature.  

Kovacik, et al. (1991) were determined the optimum particle size as 74-105 micrometer at 

900ºC (Kovacik et al., 1991).  In another study conducted by Chin et al. (1983), diffusion 

resistance was not observed when particle size increased up to 1 mm (Chin et al., 1983).   

 

 

 
 

Figure 2.8.  Particle size effect on the reaction regime (Wang, 2003). 

 

 

Batchelder et al. (1953) studied on the heterogeneous carbon oxidation reactions.  In order to 

determine whether the rate-controlling step is diffusion control or chemical reaction control, 

they changed the gas velocity at constant temperature. Mass transfer (external diffusion) 

effects are important when the rate of reaction increases with increasing gas velocity or vice 

versa.  Low pressure, low temperature, and sufficiently high flow rate are needed to prevent 

the diffusion effects.  Since carbon-oxygen reaction is very fast, they determined that 

diffusion controls the rate of the carbon-oxygen reaction at combustion and gasification 

temperatures.  Because of the lower activation energy for diffusion step, as the temperature 

increases, the rate of the chemical reaction steps increases even more.  Thus, the mechanism 

shifts toward diffusion control.  As a result, since high temperature and relatively big 



18 

particles favor diffusion control, a lower temperature and smaller particle size are necessary 

in order to overcome the diffusion limitation (Batchelder, 1953).   

 

Low temperature oxidation reactions allow the formation of both gaseous and solid products.  

The major gaseous products of coal combustion are CO2, CO, and H2O.  In addition, 

operating temperature determines the products fate.  For example, CO concentration 

increases dramatically with a small amount of temperature increase.  Phenolic hydroxyls (-

OH), carbonyl groups (COO-), and carboxyl groups (-COOH) are solid products of 

oxidation reactions (Wang, 2003).  As mentioned in Wang et al., the formation of aliphatic 

and aromatic hydroxyl groups is possible coal and air interaction at ambient condition.  

Carbonyl and carboxyl group containing species can be generated by oxidation in the 

temperature range between 40ºC-160ºC (Wang, 2003).   

 

 

2.3.3 Catalyst utilization for coal gasification 

In literature, catalyst utilization is found as necessary due to some important reasons.  It 

enhances the synthetic fuel production by decreasing the high temperature and pressure 

gasification conditions.  Additionally, it provides the high reaction rate and desired product 

selectivity.  There is no need the high amount of oxygen in the presence of catalyst for the 

coal conversion and gasification processes (Kuznetsov, 2009).   

 

Zhang et al. (2010) reported the catalytic activity of inorganic coal structure as a function of 

the dispersion and their chemical formulations (Zhang et al., 2010).  Since brown coals or 

lignites have the high amount of the mineral composition with oxide form, the catalytic 

activity is observed during the gasification reactions.  The catalytic activity of the metal 

oxide is based on the formation of oxidizing reagent.  Fe is one of the most important metal 

species having the catalytic activity in coal structure.  In order to keep Fe in active form, 

reducing conditions are necessary.  The sintering effect or catalyst deactivation is a possible 

problem for steam gasification process in the presence of Fe (Skodras and Sakellaropoulos, 

2002).   

 

Alkali and alkaline earth metal species, especially potassium and calcium salts are preferred 

as catalysts for steam and CO2 gasification of coal and carboneous materials.  Especially 

CO2 gasification rate increases in the presence of CaO.  The catalytic activity of K and Na 

oxide is less than CaO due to the less amount of K and Na oxide in lignite structure (Skodras 

and Sakellaropoulos, 2002).  In the presence of K2CO3 catalyst, the amount of gaseous 

products and H2 evolution rate increase substantially by comparison without catalyst.  Since 

the interaction between the catalyst and mineral composition in coal structure leads to 

catalyst deactivation, solvent extraction method can be used in order to prevent the catalyst 

recovery (Sharma et al., 2009).  Alkali metals provide the mobility for CO2 and steam 

gasification processes.  The eutectic mixture of alkalis (LiCO3, NaCO3 and KCO3) was 

found as more active catalyst than individual ones because of lower melting point of the 

mixture and lower activation energy.  The main reason for the increase of the gasification 

rate was interpreted that molten phase provides the well dispersion and penetration of the 

catalyst on the coal structure.  The formation of the intermediates with catalytic activity may 

be another reason of high gasification performance (Yeboah et al., 2003, Sheth et al., 2003).   
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Cakal et al. (2007) investigated simultaneous pyrolysis and CO2 gasiýcation behaviors of 

Turkish lignites by using Thermogravimetric Analysis (TGA) in the temperature range from 

750ºC to 1000ºC.  In their study, CO2 gasiýcation measurements were carried out at the final 

pyrolysis temperatures.  Three topics were investigated: (i) the correlations between amounts 

of mineral constituents of coals, -especially alkali and alkaline earth metal (AAEM) 

elements, and some transition metals (iron, nickel, etc.),- and their reactivity;  (ii) the effect 

of demineralization of coals on their reactivity; (iii) catalytic activity of AAEM salts on 

reactivity.  They observed that the presence of AAEM and transition metal oxides increase 

the gasification reactivity of the low rank coals.  However, regular behavior between 

gasiýcation reactivity and calcium, potassium and sodium contents of lignites was not found, 

while gasification reactivity increased in the presence of iron at 1000ºC.  The researchers 

also identified the coal reactivity with the internal pore structure of coal.  They concluded 

that reactivity is temperature dependent.  Temperature increases both the catalytic activity of 

iron and leads to new pore formation, to open the closed pores, and to widen the present 

pores. (Cakal et al., 2007).   

 

Sharma et al. (2008) performed the catalytic steam gasiýcation of ultra clean coal by using 

K2CO3 as a catalyst at 650ºC-770ºC.  They observed the higher gasification rate for hyper 

coal (ultra clean coal) than raw coal.  The important result of the study is that catalyst 

recycle is possible in the presence of hyper coal due to the less mineral matter content of 

hyper coal.  In this study, it is indicated that H2 rich syngas can be synthesized by using the 

hyper coal for both fuel cell application and for gas to liquid process (Sharma et al., 2008).   

 

In another study, the catalytic performance of K2CO3 was tested by Wang et al. (2010) in the 

presence of Ca(OH)2 which is added to coal initially.  They showed that Ca(OH)2 behaves as 

promoter in the catalytic steam gasification of coal char and it improves the catalytic 

performance of K2CO3 by preventing the catalyst deactivation.  The addition of Ca(OH)2 in 

the char preparation part is a novel approach  and it provides the higher gasification rate 

(Wang et al., 2010b).   

 

Yeboah et al. (1998) reported the catalytic effect of low melting point eutectic salt mixtures 

on coal gasification process.  They summarized the literature results of the comparison 

between K2CO3 and the eutectic mixtures of Li- Na- and K-carbonates in the activation 

energy.  It was reported in the literature that eutectics have the lower activation energy and 

melting temperature than individual K2CO3.  Yeboah et al. explained that the main reason of 

the increase of the gasification rate is the penetrations of the coal particles by the molten 

phase (Yeboah et al., 1998).   

 

 

2.3.5 Catalyst utilization during the substituted natural gas production 

In the late 1970ôs coal was considered as raw material for producing methane.  In thermal 

gasification process, endothermic gasification takes place at 900º-1600ºC.  In order to 

convert gasification products of CO and H2 to methane, it is necessary to use shift reactor 

and methanation reactor operating at 400º-500ºC.  Methanation reaction is exothermic and 

low temperature condition favors this reaction (Hirsch et al., 1982).  On the other hand, in 

Exxonôs catalytic coal gasification technology, gasification and methanation reactions occur 
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in the gasifier at the same operating temperature ~700ºC in the presence of catalyst.  Steam 

gasification reactions in Exxonôs catalytic coal gasification technology are indicated in Table 

2.2.  According to the table, total reaction is almost thermally neutral.  However, only a 

small amount of heat is required in the gasifier to preheat the raw coal and recycled stream 

of steam, CO, and H2.  Since thermodynamic limitations lead to the incomplete methane 

production, CO and H2 are recycled to the reactor.  In Figure 2.9, the process details are 

demonstrated (Nahas, 1983).  The catalyzed coal was mixed with a mixture of steam and 

recycled stream in the fluidized bed gasifier.  The existence of gasifier consists of solid 

waste and gases.  The solid part was separated in a cyclone and sent to the catalyst recovery 

unit or returned to the gasifier to further gasification operations.  The gaseous products were 

passed through the separators to remove H2O, NH3, H2S and CO2.  Cryogenic distillation 

column was used to separate the remaining CO, H2 and CH4 mixture (Hirsch et al., 1982, 

Nahas, 1983).   

 

Table 2.2.  Steam gasification reactions (Nahas, 1983). 

 

ὅ Ὄ ὕᴾὌ ὅὕ ὋὥίὭὪὭὧὥὸὭέὲ ЎὌ ςφχȢφ ὯὐȾάέὰὩί ὅ 

ὅὕ Ὄ ὕᴾὌ ὅὕ  ὡὥὸὩὶὫὥί ίὬὭὪὸ ЎὌ σσȢυ ὯὐȾάέὰὩ ὅὕ 

ὅὕ σὌ P ὅὌ Ὄ ὕ ὓὩὸὬὥὲὥὸὭέὲ ЎὌ ςςυȢχ ὯὐȾάέὰὩ ὅὌ 

ςὅ ςὌ ὕᴾὅὌ ὅὕ  ὕὺὩὶὥὰὰ ЎὌ ψȢτ ὯὐȾάέὰὩ ὅὌ 

 

 

One of the first catalytic substituted natural gas synthesis studies was carried out by Nahas et 

al. (1983) who reported that all alkali metals are active catalysts for steam gasification 

processes and catalytic activity increases with increasing alkalinity.  Due to the enough 

activity and low cost, potassium was preferred as catalyst (Nahas, 1983).  The principal 

benefits from using an alkali metal gasification catalyst are increasing the rate of steam 

gasification, reducing agglomeration of caking coals, and approaching gas phase 

methanation reaction equilibrium.  Catalyst utilization provides that endothermic and 

exothermic reactions are conducted in the same reactor at 700ºC and 3.5 MPa.  In Exxon 

catalytic gasification process, carbon monoxide and hydrogen products were recycled to the 

gasification reactor in order to increase the methane formation (Hirsch et al., 1982, Nahas, 

1978, Furlong, 1978, Nahas, 1983).  Before the recycle of the CO and H2 gaseous products, 

they were mixed with steam and thermally preheated to 800ºC to prevent the heat loss.  

Since the catalyst leaving the gasifier with the ash/char residue was too costly to discard, 

catalyst recovery unit was required step shown on the flow diagram. (Hirsch et al., 1982, 

Nahas, 1978, Kalina, 1978, Furlong, 1978).  Exxon proposed that the catalyst cost can be 

reduced by potassium recovery.  In this step, slag was taken from the bottom of the gasifier 

and mixed with Ca(OH)2.  After the mixture was washed, solid part was separated from the 

liquid part by using the hydro cyclones (Gallagher, 1978, Nahas, 1983).   
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Figure 2.9.  Exxon Catalytic Coal Gasification Process flowchart (Nahas, 1983).   

 

 

Low temperature and high pressure make the methanation reaction favorable 

thermodynamically.  Since catalyst utilization causes the low temperature condition, the 

single step methanation reaction takes place in the presence of catalyst during the 

gasification process.  Catalytic activities of alkali and alkaline earth metal oxides and 

carbonates with transition metals (Fe and Ni) in the steam gasification experiments were 

investigated at 500 and 700ºC and at 500 and 1000 psig by Hippo and Tandon (1996).  They 

concluded that catalyst must be used in order to produce methane economically; catalyst 

preparation method, catalyst amount, and reaction conditions are the determining parameters 

for the effective methane production.  The combination of alkali and transition metals 

provides significant synergistic effects.  In addition to methane production, significant 

amounts of hydrogen can be produced at moderate gasification conditions (Hippo and 

Tandon, 1996).   

 

 

2.3.4 Coal liquefaction and/or hydrogenation 

Coal liquefaction is the conversion of coal to liquid synthetic fuels like diesel, naphtha and 

oil.  Direct liquefaction of coal was firstly applied by German chemist Friedrich Bergius in 

1913.  After the direct coal liquefaction process, indirect coal to liquid technology was 

developed by Fischer-Tropsch in1920s.  Germany used this technology during the First and 

Second World Wars in order to supply their fuel demands.  With a similar approach, coal 

liquefaction technology has been employed in South Africa due to the oil embargo, since 

1950s and it meets nearly 30% of their petroleum needs (Hook and Aleklett, 2010).   

 

A review about the conversion of coal into liquid process was published in International 

Journal of Energy Research.  Hook and Aleklett (2010) investigated the coal liquefaction 

process in three ways: pyrolysis, direct coal liquefaction (DCL) and indirect coal 

liquefaction (ICL).  Pyrolysis, the oldest one, is the heating process up to high temperatures 

(in this case 950ºC).  During this process, volatile matters of coal are removed while the 

carbon content of coal upgrades.  Liquid products, which are generally called tar, are the side 

product of pyrolysis.  However, there is no direct utilization of coal tar in the transportation 

sector.  Industrial applications of tar can be listed as follows: manufacturing of roofing, 

waterproofing, and insulation products.  It can also be used as a raw material for various 
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dyes, drugs, and paints.  The main disadvantage of pyrolysis is the low yield of liquid 

product.  In the DCL process, liquid yields and quality and overall thermal efficiencies are 

higher than in pyrolysis.  Hydrogen is needed to crack the coal into synthetic fuels.  Steam 

and methane can be used as the hydrogen source in this process.  Additionally, H2 can be 

supplied from coal by water gas shift reaction.  Heat is also necessary to synthesize the 

liquid fuel and it can also be obtained from coal.  The third technology, ICL meets the water 

requirement by converting coal into the synthesis gas.  In order to convert coal into syngas, 

high amounts of steam and energy are needed for ICL process.  ICL allows the production of 

many more than DCL systems.  However, their costs are similar (Hook and Aleklett, 2010).   

 

Coal liquefaction can be classified as direct and indirect coal hydrogenation processes.  In 

direct coal hydrogenation process, direct interaction between the coal and hydrogen occurs 

in solvent slurry.  It is necessary to add an extra amount of hydrogen in this process.  Coal 

has the lower H/C ratio than petroleum-like products.  Therefore, hydrogen is the main 

reactant used to increase H/C ratio.  During this process, H2 is also used to convert oxygen, 

sulfur, and nitrogen to hydrogen sulfide, and ammonia, respectively.  In addition, the solvent 

serves as the transportation medium and it improves the mass and heat transfer effects.  If 

the solvent dissolves H2 from the gas phase and then carries it to the solid coal, this solvent 

is called a donor solvent.  Coal molecules are cracked at elevated temperature thermally.  

High H2 pressure is necessary to increase the reaction yield.  Furthermore, high H2 pressure 

stabilizes the liquid phase and prevents coke formation.  The main disadvantage of the direct 

coal hydrogenation is its requirement for additional hydrogen.  In comparison, during the 

indirect coal hydrogenation process, there are two steps; the synthesis gas formation by coal 

gasification and liquid products formation by Fischer-Tropsch synthesis.  The capital cost 

and energy efficiency of indirect coal utilization technology are much higher than those of 

direct liquefaction technology (Robinson, 2009, Weller and Pelipetz, 1951).   

 

Cracking and hydrogenating of coal and removing of O2, S and N2 are the desired reactions 

in coal to liquids process (Robinson, 2009).  However, asphalt is an undesired side product 

during the coal hydrogenation process (Weller et al., 1950).  Weller et al. (1950) studied the 

optimum reaction conditions to prevent asphalt formation.  Determination of the kinetics of 

asphalt formation is necessary to evaluate the coal hydrogenation process quantitatively.  

This research group used a batch-autoclave type of reactor in all their experiments.  Their 

variables were temperature, pressure, and time.  They used mass spectrometer to analyze the 

gaseous products.  They plotted residual asphalt conversion vs. residence time in a semi-

logarithmic scale at different temperatures.  The linear relation indicated the first order 

relation between the asphalt conversion and reaction rate.  High temperature dependencies 

were determined by controlling the specific rate constants.  This implied that there is a 

chemical reaction in the rate-determining step.  When the effect of hydrogen pressure was 

investigated, one temperature value was used and the reaction rate constant was observed to 

change almost linearly with H2 pressure (Weller and Pelipetz, 1951, Weller et al., 1950).   

 

Coal hydrogenation can be defined as a subversive process, which takes place under high H2 

pressure and by heating the system by Weller et al. (1951).  In this process, the complex coal 

structure was cracked into smaller molecules.  H2 at high pressure reacts with unsaturated 

molecules, and polymerization and coke formation can be prevented.  Thus, light oil 
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production yield can be increased.  In order to increase reaction rates and selectivity, catalyst 

utilization is the most common way.  The types of catalysts and their effects in the 

hydrogenation of coal were summarized as follows: (i) ammonium chloride alone had no 

positive effects while tin addition led to improved catalytic activity, (ii) synergy between 

halogen acids and tin generally caused the best catalytic activity with some exceptional 

halogen acids like germanium halogen acid, (iii) ammonium chloride, hydrochloric acid, 

carbon tetrachloride, and the chloro acetic acids were promoters of tin (Weller et al., 1951).  

When different chemical formations of tin compounds with ammonium chloride were tested, 

it was found that their catalytic activities are the same.  Zinc and iron were the other metallic 

compounds, the catalytic activities of which were investigated at initial low H2 pressure.  

Zinc showed moderate catalytic activity in the presence of ammonium chloride while no 

catalytic effect was observed for iron based components.  On the other hand, high pressure 

tests indicated that iron based catalysts, such as ferrous sulfate, pyrite, and ñred mud,ò had 

the favorable effects, though high pressure reduced promoting effects of tin and zinc in the 

presence of ammonium chloride.  When the ammonium chloride content in the presence of 

tin or zinc was tested, the production of asphalt, which is an intermediate and undesired 

product, decreased with the moderate amount of ammonium chloride.  To sum up, tin and tin 

sulfide was found as equally effective catalysts while ammonium chloride did not show any 

catalytic activity alone.  On the other hand, the synergetic effect between the tin and 

ammonium chloride or tin sulfide and ammonium chloride led to higher liquefaction and/or 

lower asphalt production.  In addition, hydroiodic acid showed the unique catalytic 

performance among halogen acids (Weller et al., 1951).   

 

In another article, by the same group, the distribution of catalyst on the reactivity was 

discussed.  The coal and catalyst combination can be formed in two ways: the first is 

impregnation of coal with catalyst from solution and the second is spraying of the coal 

powders with catalyst solution.  The second one is more feasible for big coal plants but 

catalyst solubility is necessary for this process (Weller and Pelipetz, 1951).   

 

Guin et al. (1978) reported the catalytic effects of coal minerals on the coal hydrogenation 

and hydrodesulfurization processes; they demonstrated the catalytic activity of especially 

iron based minerals in the presence of creosote oil in the solvent recycle process (Guin et al., 

1978).  They defined the reaction rate-limiting step as the transfer of hydrogen to the donor 

solvent.  Silica and alumina are in the coal structure and they are known as hydrocarbon 

cracking catalysts.  On the other hand, cobalt-molybdenum-alumina catalyst is a commercial 

hydrodesulfurization catalyst.  In their study, both cracking and hydrodesulfurization 

reactions were investigated together in the presence of iron-based catalysts.  In general, 

metal sulfide catalysts are used as hydrogenation and hydrodesulfurization processes of 

petroleum fractions.  The defects in crystal lattice were considered as the responsible parts of 

catalytic activity.  Therefore, the presence of metal sulfide active sites in the structure 

increases the process efficiency.  Since pyrite (FeS) is a metal sulfide present in the coal 

structure, they analyzed the catalytic activity of the pyrite in hydrogenation and 

hydrodesulfurization processes.  They obtained a higher reaction rate in the presence of 

pyrite during hydrogenation process.  However, they did not observe any differences in the 

desulfurization activity in the presence and in the absence of pyrite.  They interpreted this 
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result that pyrite is an ineffective desulfurization catalyst since it allows the conversion from 

FeS to H2S (Guin et al., 1978).   

 

In summary, there are four main technologies in coal industry, pyrolysis, combustion, 

gasification, and liquefaction.  In order to determine which technology is the most suitable 

for the special type of coal, it is necessary to identify the chemical and physical structure of 

coal initially.  Additionally, in order to predict the efficiency and environmental damages 

during each process, the composition of the solid residue and gaseous products should be 

defined properly.   
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CHAPTER 3 

 

 

EXPERIMENTAL STUDIES  

 

 

3.1. Introduction 

This chapter is organized to explain the materials and methods used in this study.  

Detailed descriptions of the coal characterization techniques are presented.  This is 

followed by the methods used to test the coal reactivity during pyrolysis, oxidation and 

gasification.   

 

Classical and modern characterization techniques reveal the functional groups and 

elemental composition of coal.  Conventional analyses such as proximate analysis and 

ultimate analysis, assume coal as a homogenous material and they provide only bulk 

properties.  Proximate analysis includes moisture, ash, volatile matter, and fixed carbon 

in coal.  The ultimate analysis describes the elemental composition of coal.  The most 

favorable advantage of this analysis is to estimate the maximum emission of sulfur and 

nitrogen oxides during the combustion.  Inorganic matter in coal is expressed in the form 

of ash.  Aluminum, silicon, iron, calcium, magnesium, sodium and sulfur are the main 

elemental mineral matter in the ash structure.  X-ray fluorescence spectroscopy makes it 

possible to determine the amounts of these mineral matters.  X-ray Diffraction is used to 

monitor the crystalline structure.  The spectroscopic methods such as, DRIFTS and 
1
H, 

13
C NMR spectroscopy can provide information on the organic structure of coal. 

 

Four main coal conversion processes monitored in this study are pyrolysis, oxidation, 

hydrogenation and hydrothermal treatment.  The specific details of testing procedures are 

described and some of the techniques mentioned above were used to characterize the 

carbon residue after each process.   

 

 

3.2. Coal Preparation and Characterization 

3.2.1 Preparation of coal samples 

The coal sample used in this study was donated from Turkish Coal Enterprises (TKI) 

Tuncbilek Lignite Establishment in Turkey.  To obtain a representative sample, 25 kg 

coal sample was crushed in a grinder, spread on a flat surface, and divided into four 

equal parts.  After two parts were discarded, the remaining parts were mixed and the 

same process was repeated until 1 kg sample remained.  Subsequently, the final sample 

was sieved to obtain particles of maximum 150 µm.  Since the sample was left to dry 

several months prior to processing, the reported results will be identified as dry basis.   
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3.2.2 Classical coal analysis 

Three identical samples were used for the proximate and ultimate analyses, and the 

average results of the three measurements were reported.  Proximate analysis, ultimate 

analysis, and the Eschka method were used to characterize Tuncbilek lignite in two 

parallel experiments.  In addition to the above analyses, the heating value of the lignite 

was measured by using a bomb calorimeter (Gallenkamp Autobomb, CAB001.AB1.C).   

 

 

3.2.2.1 Proximate Analysis 

In proximate analysis, moisture, volatile matter, and ash composition of the lignite 

samples were determined according to ASTM D-3173, D-3174, and D-3175 standards, 

respectively.  This analysis is based on the gravimetric changes.  The moisture content is 

the weight difference after 1 gram of sample is heated to 107ºC for one hour.  When the 

volatile matter is measured, sample in a crucible is held at 900ºC for approximately 7 hr.  

Since ash is the combustion residue of the coal, the percentage of ash is the decrease of 

the weight after 1g coal is burned at 825ºC.  The subtraction of total amount of moisture, 

volatile, and ash from 100 gives the relative amount of fixed carbon of the coal sample 

(Speight, 2005).   

 

3.2.2.2 Ultimate Analysis 

For the ultimate analysis, a LECO-CHNS-932 analyzer at METU central laboratory was 

used to determine the carbon, hydrogen, nitrogen, and sulfur contents of the lignite.  15 

mg sample is used for the analysis.   

 

3.2.2.3 Sulfur Determination with Eschka Analysis 

The sulfur composition was also determined with the Eschka method (ASTM 3177) 

(Speight, 2005).  The analysis details are as follows:   

 

1 gram 100 mesh Tuncbilek lignite is mixed with 3 g Eschka (the mixture of 2 unit MgO 

and 1 unit Na2CO3 ).  The mixture is placed in a porcelain crucible, after the crucible 

inside is covered by ~ 3 g pure Eschka.  The top surface of the sample is again covered 

by Eschka.  The crucible is heated up to 825ºC and held at this temperature for 2hr.  

After cooling, crucible is taken in a 400 ml beaker and 100 ml water is added.  In order 

to oxidize the sulfur in solution 25 ml HCl is added until a yellow color was obtained.  In 

addition to the HCl, 1 ml H2O2 was added to oxidize iron present in the solution.  

Solution was boiled and waited till all tiny bubbles disappear.  Solid particles are 

removed by filtration.  2-3 drop methyl orange (indicator) is dropped to the remaining 

solution and NH3 addition allows the color change.  Thus, it is possible to precipitate the 

particles with the exception of iron.  After filtration, HCl is added to the basic solution 

until color turns to orange or yellow.  Final solution should be acidic.  The solution is 

boiled and 25 ml 10% BaCl2 is added while stirring.  The solution was kept 30 min at the 

same temperature, and left overnight at room temperature to form BaSO4 precipitates.  
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BaSO4 is filtered and filtrate is washed till no chlorine ions remained in solution.  The 

presence of Cl
-
 in solution can be tested by AgNO3.  The filter paper with precipitate is 

burned at 825ºC for at least 30 min.  The weight difference of crucible between the initial 

and final gave the BaSO4 amount.   

 

Total sulfur % =
Weight of BaSO s

Weight of coal sample (g)
Ĭ
σς ÇȾÍÏÌ sulfur

ςστ ÇȾÍÏÌ BaSO
 éé.(Eqn. 1) 

 

3.2.2.4 Pyritic , Sulfate and Organic Sulfur Analysis 

Approximately 2 g of lignite sample is placed into a beaker.  3ml (1/3 vol:vol) ethanol 

and then, 50 ml (1/3 vol) HCl are added.  Beaker is covered by a watch glass and it is 

boiled for 20 min.  After cooling to room temperature, the main solution is filtered and 

filtrate is washed several times until all Cl
-
 ions are removed.  The precipitate part is used 

to determine pyritic sulfur while the filtrate part is used for SO4
=
 analysis.   

 

i. Sulfate analysis 

 

1ml H2O2 is added to the filtrate part of the main solution to oxidize iron in the solution.  

Solution is heated to boiling temperature and colored by 1-2 drops methyl orange.  

Boiling continues until tiny bubbles disappear.  Then, 25 ml NH4OH is added to solution 

till precipitate forms.  Solution was removed from heater.  After waiting for 20 min, 

filtration and washing processes are completed.  The volume of the liquid part or filtrate 

including sulfur is completed to 200 ml with water.  Solution is colored by 2-3 drops 

methyl orange which is the best indicator of the acidity.  This basic solution is acidified 

with 2/1 HCI till  pH is 1.  The color change from orange to yellow indicates the final pH 

values of 1.  25 ml 10% BaCl2 solution is added and solution is boiled.  Solution is kept 

overnight so that all SO4
=
 precipitate.  Then solution is filtered and washed with water 6 

times.  Filter with its content is put in the porcelain crucible and burned at 825ºC.  The 

weight difference of crucible between the initial and final gives the BaSO4 amount.  

Sulfate percentage is calculated again by Equation 1.   

 

ii. Pyritic sulfur analysis 

 

The precipitate part of the main solution, is put into a beaker.  It is mixed with 100 ml 

25% HNO3 by magnetic stirrer for 12-24 hr.  Solution is filtered and washed with cold 

water.  Fe in solution is oxidized by 2 ml 30% H2O2 by boiling the solution for 5 min.  

This acidic solution turns to the basic with the NH4OH addition until precipitation 

occurs.  The solution is filtered and the filtrate is washed 6 times.  Filter paper is washed 

with 20 ml HCl and hot water.  Final solution must be yellow.  The solution is boiled and 

SnCl2 is added till a colorless solution is obtained.  Then, solution is cooled immediately 

in an ice-water bed.  10 ml HgCl2 and Zimmer solution (the mixture of 67g 

MnSO4.4H2O, 500 ml water, 138 ml H3PO4) are added by stirring the solution.  The last 

step is titration with 0.02N KMnO4.  Titration is completed when the color of the 

solution turn to light pink.  The amount of pyritic sulfur can be calculated by the 

following formula. 
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Pyritic  sulfur % =
V+-Î/τ Ĭ ρπ(l) N +-Î/τ
Weight of coal sample (g)

Ĭ
υφ Ç Fe

1 N KMnO

φτ Ç 3ς
υφ Ç &Å

éé.(Eqn. 2) 

 

 

iii.  Organic sulfur 

 

Sulfur is present in coal structure in three forms namely, pyritic, sulfate, and organic.  

When the amount of pyritic and sulfate sulfur is subtracted from total sulfur amount, the 

remaining gives the organic sulfur amount.   

 

Organic  sulfur % = total sulfur ïÐÙÒÉÔÉÃ ÓÕÌÆÕÒÓÕÌÆÁÔÅȣȢ%ÑÎȢσ 

 

 

3.2.2.5 Calorific Value Calculation (ASTM D-2015) 

The heating value of the lignite was measured by using a bomb calorimeter (Gallenkamp 

Autobomb, CAB001.AB1.C).  The working principle of the calorimeter is based on the 

energy release when 1 gram of coal is burned in a calorimeter bomb.  When coal is 

burned in calorimeter bomb, all heat was taken by the 2.1 ml well insulated water 

reservoir.  Well-insulation prevents the heat loss from outer surface.  Thus, calorific 

value of coal is calculated by using the following formula.   

 

Calorific Value (cal/g) = 
#ÁÌÏÒÉÍÅÔÅÒ ÃÁÌÉÂÒÁÔÉÏÎ ÃÏÎÓÔÁÎÔ

7ÅÉÇÈÔ ÏÆ ÃÏÁÌ ÓÁÍÐÌÅ Ç
Ў4ȣ %ÑÎȢτ 

 

 

3.2.3 Volatiles and ash analyses by TGA 

Thermal Gravimetric Analysis (TGA) (Shimadzu DTG 60H) experiments were 

conducted at a temperature between 25ºC and 900ºC with a heating rate of 10ºC/min 

under 60 cc/min N2 flow for pyrolysis and 60 cc/min air flow for oxidation processes in 

order to analyze the volatile and ash compositions of the lignite samples, respectively.   

 

 

3.2.4 Analysis of Inorganic structure by XRF 

X-ray Fluorescence (XRF) spectroscopy analyses were carried out on a Rigaku ZSX 

Primus II X-ray spectrometer to analyze mineral contents of the lignite.  In this 

technique, lignite sample is mixed with wax binder in a weight ratio of 4:1 and the 

mixture is pressed under 15 tons into pellets with a diameter of 32 mm.   

 

 

3.2.5 Monitor ing of inorganic structure by XRD 

These analyses were obtained by using a Philips model PW1840 (1729) X-ray 

diffractometer with Ni filtered Cu-K&945; radiation at a scan rate of 0.05º/sec.  XRD 
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measurements were performed in the range of 5º to 90º (2ⱥ).  The diffractometer was 

operated at 30kV and 24 mA. 

 

 

3.2.6 DRIFT spectroscopy 

The bulk properties of Tuncbilek lignite were analyzed qualitatively by Perkin Elmer 

Spectrum 100 FTIR spectrometry in diffuse reflectance mode.  After the sample was 

diluted with a non-absorbing material (KBr), the mixture was placed in a sample holder.  

16 scans were collected with 4 cm
-1
 resolution in the range of 4000-450 cm

-1
.   

 

 

3.2.7 NMR spectroscopy 

1
H Magic Angle Spinning (MAS) and 

13
C Cross Polarization Magic Angle Spinning 

(CPMAS) measurements were performed using an Apollo spectrometer (Tecmag, 

Houston, TX).  The proton channel of the probe was tuned to 299.79 MHz while 75.39 

MHz tuning was employed for the carbon channel of the probe.  A 4 mm Doty Scientific 

probe (DSI-1231) capable of spinning the samples up to 15 kHz were used for both 

proton and carbon CP-MAS measurements.   

 

 

3.3 Coal Processes Methodology 

3.3.1 Pyrolysis and Oxidation Experiments 

The experimental set-up used for the pyrolysis and oxidation reactions are demonstrated 

in Figure 3.1.  Approximately 500 mg lignite sample was placed in a quartz reactor and 

fastened by quartz wool at both ends.  The reactor was placed in a home built furnace 

with temperature control.  Mass flow controllers (Teledyne) were used for the desired 

gaseous feed flow rates.  Pyrolysis experiment was conducted under 200 cc/min N2 flow 

in the temperature range of 40ºC-800ºC.  Pyrolysis residue of lignite sample was taken 

after reactor was cooled to room temperature.  The oxidation residue of Tuncbilek lignite 

was prepared by heating the sample from 40ºC to 800ºC at a rate of 5ºC/min under 200 

cc/min air flow.  After cooling, solid product, remaining in the reactor was collected as 

the oxidation residue.  During these reaction tests, CO, CO2, CH4, and H2 formation rates 

were monitored by a gas chromatograph (HP 4890A) connected on line to the reactor 

equipped with a Porapak Q column.  All of the residual products were analyzed by XRD, 

DRIFTS, 
1
H and 

13
C-NMR spectroscopy.   

 

 

3.3.2 Hydrogenation Experiments 

Hydrogenation experiments were conducted in the same experimental set-up.  As seen in 

Figure 3.2, the difference is just in the gas analysis part.  Since high amounts of tar 

formation is observed during hydrogenation, gaseous species were not sent to the GC in 

order not to contaminate the transfer units.  Instead, gaseous products passed through a 

u-tube filled by glass fractures. Commercial PbO or ZnO were also mixed with glass 
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fractures in order to observe the sulfur adsorption ability of these oxides.  Temperature in 

reactor was increased from 40ºC to 800ºC under 5ºC/min temperature ramp.  High purity 

N2 and H2 gases supplied from Oksan were sent to the reactor after adjusting the flow 

rates by mass flow controllers (Teledyne).  During hydrogenation, total flow rate was 

kept at 50 cc/min.  H2 was blended with N2 at this total flow rate in order to observe the 

effect of hydrogen concentration on the sulfur removal in coal structure.  The sulfur 

content of the carbon residue was determined by a CHNS analyzer.  Structural changes 

were monitored by XRD, 
1
H and 

13
C-NMR spectroscopy and DRIFTS.   

 

 



31 

 

 

 

 

 

 
Figure 3.1.  Schematic representation of experimental set up for pyrolysis and oxidation reaction tests.  
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Figure 3.2.  Schematic representation of experimental set up for hydrogenation reaction tests.   
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3.3.3 Wet Air Oxidation Experiments 

In this part, oxy-desulfurization experiments were carried out in a 113 ml capacity, 

stainless steel homemade autoclave equipped with Teflon liners. The schematic design of 

the system is presented in Figure 3.3.  Three experimental parameters (time, initial 

pressure, and temperature) were examined in this set-up.  Approximately 5 grams of coal 

and 20 ml water were placed in the reactor and the system was heated up to 150ºC and 5 

bars final pressure.  Seven different experiments were conducted as such by changing the 

duration of the experiment (0 min, 15 min, 30 min, 1h, 3h, 5h, and 7h).  The initial (0 

min) data point was collected immediately after the system reached 150ºC and five bars 

final pressure. 

 

In the second part of the study, the effect of O2 partial pressure and temperature were 

investigated.  5 g coal and 50 ml water were put into the reactor and pressurized air at 

four different total pressure values (1, 2, 5, and 6 bars) were compressed into the 

autoclave.  The reaction tests were conducted at 150ºC.  On the other hand, the effect of 

temperature was examined by pressurizing the system with air to five bars initially and 

carrying out the reaction tests at 150, 160, 165, 170, and 180ºC.  The system was 

maintained under these conditions for 15 minutes for all experiments.  The sulfur 

composition of solid residues was determined by both Eschka analysis and ultimate 

analysis.  Since coal crystalline structure has also changed during oxy-desulfurization, 

the elimination of pyritic sulfur in residual carbon was followed by the X-ray diffraction 

spectroscopy.  In addition, -SO4
=
 formation in liquid residue was determined by using 

gravimetric technique.  For this aim, 10 ml sample was taken and their volume was 

completed to 200 ml by water.  Solution is colored by 2-3 drops methyl orange.  This 

basic solution was acidified with 2/1 HCI till  pH is 1.  25 ml 10% BaCl2 solution was 

added and solution was boiled.  Solution was rested overnight so that all SO4
=
 

precipitate.  Then solution was filtered and washed with water 6 times.  Filter with its 

content was put in the porcelain crucible and burned at 825ºC.  The weight difference of 

crucible between the initial and final gave the BaSO4 amount.  Total sulfur percentage 

was calculated by Equation 1 on page 25.  Calorific values of the residual carbons were 

also measured as part of this study.   
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Figure 3.3.  Schematic representation of experimental set up for oxy-desulfurization reaction tests. 
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CHAPTER 4 

 

 

CHARACTERIZATION OF TUNCBILEK LIGNITES  

 

 

4.1. Introduction  

Heterogeneity of coal structure requires several characterization methods for a thorough 

analysis.  Therefore, proximate, ultimate and Thermogravimetric analyses were used to 

analyze the composition of the lignite sample.  In addition to these analyses, XRF 

spectroscopy was used to determine the slag composition.  X-ray diff ractometer was 

used to monitor the crystalline structure of Tuncbilek lignite.  To provide the information 

about the chemical structure, DRIFT and solid-state NMR spectroscopic methods were 

employed.  The results were evaluated as an average of three independent measurements 

whenever possible.   

 

The gasification reactivity of coal increases with decreasing coal rank.  Lignite, as a low 

rank coal, is an important raw material for gasification technology.  During gasification, 

a complex reaction network prevails.  The cold solid, upon entering the reactor 

undergoes pyrolysis and subsequently char gasification.  Pyrolysis is a thermal 

decomposition process-taking place between 300ºC -500ºC.  During the pyrolysis step, 

H2 rich volatile and aliphatic carbon fractions are removed from coal.  The remaining 

part is fixed carbon (coal char) and ash.  Coal char is more aromatic and more stable than 

raw sample (Molina and Mondragon, 1998, Sekine et al., 2006).  The decomposition 

reactions of the char are dependent on the gaseous species and reaction conditions 

(Molina et al. 1998).  As seen in Table 2.1, endothermic dry reforming and steam 

reforming reactions, and exothermic oxidation, water gas shift and hydrogenation 

reactions are possible reactions taking place during char gasification.  The exothermic 

oxidation reaction meets the heat requirement of dry reforming of methane and steam 

reforming reactions.  Moreover, the presence of high amounts of steam allows the water 

gas shift reaction, while carbon hydrogenation reaction occurs under high pressure 

condition (Molina and Mondragon, 1998).   

 

Since the physical and chemical properties of coal determine its processing fate, a 

detailed characterization is very important prior to any coal carbonization, oxidation, and 

gasification and/or liquefaction.  Currently, utilization of a large array of characterization 

techniques provides the most reliable information about the coal reactivity (Gupta, 

2007).  Gupta (2007) suggests that classical coal analyses (proximate, ultimate and 

Eschka) do not provide sufficient information about the relation between coal structure 

and reactivity due to the assumed homogenous structure of coal.  On the other hand, 

Fourier transform infrared (FTIR) and 
13

C NMR spectroscopy prove to be useful to 

describe the organic structure of coal.   
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Coal structure is shown to have organic (volatile and fixed carbon) and inorganic (ash) 

fractions (Molina and Mondragon, 1998, Sekine et al., 2006).  During the pyrolysis, 

gasification and/or liquefaction processes, the more reactive volatile and aliphatic carbon 

fractions in the structure are removed at relatively low temperatures.  The remaining part 

is coal char with highly ordered structure and less reactivity.  The decrease in char 

reactivity is generally considered to be due to the decrease in surface area and in the 

number of active sites during heating (Kucukbayrak et al., 2001, Feng et al., 2003, 

Arenillas et al., 2004, Lu et al., 2001, Lu et al., 2002).   

 

Kucukbayrak et al. (2001) investigated combustion reactivity of Turkish lignite by 

proximate and ultimate analyses and showed the change in surface area by BET 

measurement.  They found that during the devolatilization, coal pores are opened and 

new pores formed.  Since oxidation reaction takes place at the pore surface, O2 can enter 

the pore easily and increase the reaction kinetics.  As the reaction progresses, the 

particles shrink, their surface area decreases and their reactivity drops.  Feng et al. (2003) 

used high-resolution transmission electron microcopy (HRTEM) to monitor structural 

ordering and X-ray diffraction (XRD) in order to monitor the crystal structures of 

various coals during gasification under air and CO2 flows.  They showed that since 

closed micropores open more slowly under CO2 flow than air flow, the more ordered 

crystal structure could be obtained easily during the air gasification.  Arenillas et al. 

(2004) determined the reactivity loss during the thermal treatment by TGA.  In addition, 

they showed the decrease in surface area and carbon active sites by BET.  Lu, Sahajwalla 

et al. (2002) used Quantitative X-ray Analysis (QXRDA) and HRTEM to determine the 

coal reactivity during pyrolysis and oxidation processes.  The QXRDA results indicated 

that the average crystal size of coal chars and aromatic fraction increase during 

oxidation, which leads to decrease in char reactivity.  A more regular coal structure is 

monitored under the conditions of higher pyrolysis temperature and a lower heating rate 

by HRTEM (Lu et al., 2002).  Since aliphatic groups and amorphous carbon are removed 

during pyrolysis and oxidation processes, these parts can be defined as the reactive part 

of the coal (Lu et al., 2002, Arenillas et al., 2004).   

 

 

4.2 Results and Discussions 

4.2.1 Classical Coal Characterizations-Proximate and Ultimate 

Analyses 

Table 4.1 presents the gathered data from the proximate analysis and Eschka analysis of 

lignite.  Four components of coal, consisting of moisture, ash, volatile matter, and fixed 

carbon were determined by the analysis.  Inorganic matter in coal is expressed in the 

form of ash.  As given in Table 4.1, the volatile matter of coal sample is about 28% 

while ash content in coal was determined as 38% by weight.  The total amounts of sulfur 

were determined by Eschka method as 3.9 ± 0.2% by weight.  Table 4.2 shows the sulfur 

composition of Tuncbilek lignite.  The heating value of lignite sample is obtained as 

3680 ± 60 cal/g.   

 

 



37 

Table 4.1.  Coal composition from the proximate analysis on air dried basis. 

 

 Weight % 

Moisture 4.7 ± 0.9 

Ash 37.9 ± 0.2 

Volatile matter 27.9 ± 0.1 

Fixed carbon 29.5 ± 0.1 

 

 

Table 4.2.  Sulfur composition of coal determined by Eschka analysis on air-dried basis. 

 

 Weight % 

Total sulfur 3.9 ± 0.2 

Pyritic sulfur 2.6± 0.1 

Sulfates 1.2± 0.1 

Organic sulfur 0.1 ± 0.1 

 

 

The results of ultimate analysis are presented in Table 4.3.  As seen in this table, the 

relative amount of carbon is 37.7 ± 0.7 wt% in coal.  Hydrogen and nitrogen contents of 

coal are 3.6 ± 0.1 and 1.6 ± 0.1 wt%, respectively, while sulfur content of coal is 5.4 ± 

0.6 wt%. 

 

Table 4.3.  Coal composition from the ultimate analysis on air-dried basis. 

 

Elements  Weight % 

Carbon 37.7 ± 0.7 

Hydrogen 3.6 ± 0.1 

Nitrogen 1.6 ± 0.1 

Sulfur 5.4 ± 0.6 

 

 

The results of these analyses indicated that Tuncbilek lignite was high in ash and sulfur 

contents but low in calorific value.   
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4.2.2 Thermal Gravimetric Analysis TGA analysis under N2 and air 

flow 

The TGA thermogram of lignite under N2 flow is shown in Figure 4.1.  5% weight loss at 

100ºC corresponds to the relative amount of moisture determined by proximate analysis.  

Since TGA analysis performed under the inert atmosphere represents the pyrolysis 

process, the remaining 28% weight loss represents the volatile content of coal.  The 

derivative curve of the weight loss indicated that maximum weight loss occurred at 

450ºC.   

 

 
Figure 4.1.  TGA and DTG curves of coal sample under N2 flow.  Solid line represents 

the TGA, while dotted line represents the DTG.   

 

 

The oxidation in air thermogram of the same sample is presented in Figure 4.2.  The 

moisture content is consistent with the results presented in Figure 4.1.  The final 

percentage of mass (~38%) left in the pan corresponds to the ash value obtained from 

proximate analysis.  In addition, maximum weight loss was recorded at about 480ºC 

during oxidation.  
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Figure 4.2.  TGA and DTG curves of coal sample under air flow.  Solid line represents 

the TGA, while dotted line represents the DTG.   

 

 

4.2.3 XRF 

Three major components of ash in Tuncbilek lignite is shown in Table 4.4.  SiO2 is the 

main component in the ash structure, and the relative amount is about 53.6 ± 0.4 wt%.  

Al 2O3 (24.9 ± 0.2 wt%) and Fe2O3 (13.0 ± 0.1 wt%) are the other important components 

in the ash of coal.  The remaining fractions of ash are listed as B2O3 (~2.2%), MgO 

(~1.9%), K2O (~1.2%), SO3 (~0.9%) and CaO (~0.8%). 

 

Table 4.4. Inorganic composition of coal determined by XRF. 

 

Coal 

inorganics 
(% Weight) 

SiO2 53.6 ± 0.4 

Fe2O3 13.0 ± 0.1 

Al 2O3 24.9 ± 0.2 

MgO 1.9 ± 0.1 

CaO 0.8 ± 0.0 

Na2O 0.1 ± 0.0 

K2O 1.2 ± 0.0 

B2O3 2.2 ± 0.1 

SO3 0.9 ± 0.1 
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4.2.4 XRD 

When coal characterization was conducted by XRD, two main peaks were observed 

between 20º and 27º
 
due to carbon found in coal (Figure 4.3).  The peak around 20º is 

related to carbons derived from aliphatic chains while the peak at 27º represents the 

crystalline carbon structure (Maity and Mukherjee, 2006, Saikia et al., 2007a, Sekine et 

al., 2006).   

 
Figure 4.3.  XRD pattern of Tuncbilek lignite.   

 

 

The major inorganic components present in coal and their characteristic Bragg angle 

values are summarized in Table 4.5.  XRD pattern of unprocessed coal and inorganic 

coal compositions reveal that quartz, kaolinite, calcite, and pyrite are the major 

crystalline components.  XRD pattern of cubic pyrites are observed around 29º, 33º, 37º, 

41º, 47º, 56º, 59º, 61º, 64º (JCPDS CARD NO 42-1340) (Li et al., 2011, Kar and 

Chaudhuri, 2005, Meng et al., 2003, Wan et al., 2003, Liu et al., 2005). 
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Table 4.5.  Characteristic peak positions of coal inorganic components. 

 

Substances 2ẽ (~º) References 

Kaolinite 

Al 2Si2O5(OH)4 
13, 19, 25, 36,38 (Iglesias et al., 1998) 

Quartz (SiO2) 27, 21, 50, 37, 39 (Iglesias et al., 1998) 

Pyrite (FeS2) 
29, 33, 37, 41, 47, 

 56, 59, 61, 64 

(Li et al., 2011, Kar and Chaudhuri, 2005, 

Liu et al., 2005, Meng et al., 2003, Wan et 

al., 2003) 

Calcite (CaCO3) 29, 39 (Iglesias et al., 1998) 

Dolomite  

(CaMg(CO3)2) 
31, 41 (Gunasekaran and Anbalagan, 2007) 

 

 

Since Tuncbilek lignite contains pyrite in high amounts, the characteristic XRD peaks of 

pyrite are of special interest for this study.  By monitoring of the changes in these peaks, 

it is also possible to follow sulfur removal process.   

 

 

4.2.5 DRIFTS 

Figure 4.4 represents the characteristic absorption bands of Tuncbilek lignite.  The 

spectrum can be evaluated in four separate regions based on the absorption bands of the 

lignite sample.   

 

In the first region (3800-3000 cm
-1
), the broad absorption band observed around 3300 

cm
-1
 originated from the OH-and NH stretching vibration of coal organic fraction (Saikia 

et al., 2007a), while the strong absorption bands around 3700-3400 cm
-1 

were assigned to 

aluminum silicate hydroxide (kaolinite) (Iglesias et al., 1998, Saikia et al., 2007a).  

These strong absorption peaks are also interpreted by Wu (1994) as superficial hydroxyl 

groups within pyrite (Wu, 1994).  The absorption bands of the unprocessed lignite in the 

second region (within 3100-2000 cm
-1
) indicated the characteristic C-H stretching 

vibration in aliphatic structure at 2950-2850 cm
-1
 (Saikia et al., 2007a, Saikia et al., 

2007b).   

 

An examination of the third region in the 2000-1300 cm
-1
 range revealed two relatively 

broad bands near 1500-1600 cm
-1
 assigned to aromatic C=C stretching (Cetinkaya and 

Yurum, 2000, 2013) and 1400 cm
-1
 attributed to C-H stretching and bending of aliphatic 

components (Francioso O., 2007).  The absorption range 1790-1150 cm
-1
 is labeled as 
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protonated carboxylic (-COOH), carboxylate anion (-COO-), and ester carbonyl groups 

(-COOR) by Peuravuori et al. (2006).   

 

In the last region (1300-400 cm
-1
), the absorption bands around 1110-1034 cm

-1
 indicate 

the C-O, C-C or C-O-C stretching vibrations as defined by Francioso (2007).  In addition 

to organic structure, some absorption bands represent the coal inorganic contents within 

the same region.  The absorption bands obtained within the range of 1095-1020 cm
-1
 

indicate the possible presence of Si-O-Si, while the absorption bands obtained within the 

range of 1110-1080 cm
-1 

point at the presence of Si-O-C as is stated by Peuravuori et al. 

(2006).  The distinct absorption bands noticed at 471 and 540 cm
-1
 are attributed to the 

different types of silicates (Peuravuori et al., 2006).  The bands near 1030 cm
-1
, 535 cm

-1
, 

470 cm
-1
, and 430 cm

-1
 showed the presence of any silicate (clay and quartz) (Cetinkaya 

and Yurum, 2000).  Clays are also clearly identified from the OH stretching absorption 

around the 3800-3400 cm
-1 

region.  3697 cm
-1 

is the specific kaolinite band as are the 537 

and 476 cm
-1 

(Iglesias et al., 1998, Breen et al., 2008).   

 

With a similar approach, pyrite absorption bands at 1438, 872, 707 cm
-1 

 are associated 

with CO3
=
 within pyrites (Wang et al., 2010a, Wu, 1994).  Wang et al. also defined the 

strong absorption band of sulfate in the range of 1130 cm
-1
 and 1080 cm

-1
. SiïO bending 

vibration ionic sulfate bands are at 533-471 cm
-1 

(Saikia, Boruah et al. 2007).  Table 4.6 

summarizes the characteristic absorption bands of coal components.   

 

 
 

Figure 4.4.  DRIFT spectrum of Tuncbilek lignite.   
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Table 4.6.  Absorption bands of coal compounds.   

 

Chemical structure 
Frequency 

(cm
-1
) 

Sources  

-OH groups associated with clay 

minerals 
3800-3400 

(Saikia et al., 2007a, Iglesias et al., 

1998) 

-OH and -NH stretching 

vibrations 

3853, 3752, 

3622 and 

3412 

(Saikia et al., 2007a) 

Aromatic C-H stretching band  3400-3100 (Saikia et al., 2007a) 

Aliphatic CH stretching  

CH3, CH2, and CH groups 

3100-2700  

 

(Saikia et al., 2007a, Iglesias et al., 

1998, Mursito et al., 2011) 

C=O carbonyl stretching 

vibration and esters  
1800-1600 

(Saikia et al., 2007a, Iglesias et al., 

1998, Mursito et al., 2011) 

Aromatic C-C stretching  1600 (Cetinkaya and Yurum, 2000) 

CH stretching and bending 1400 (Francioso O., 2007) 

CH3 asymmetric deformation 

and CH2 group in bridges 

Aromatic C=C  

Strongly H2 bonded OH 

1436 (Saikia et al., 2007a) 

CH3 symmetric deformation 

ïCH3 and ïCH2 in cyclic 

structures 

1372 (Saikia et al., 2007a) 

Aromatic ring stretching 

vibrations 
1490 (Mursito et al., 2011) 

C-O-R structures of ethers 1150 (Mursito et al., 2011) 

Aromatic structure 

Aromatic -CH out of plane 

bending 

900-700 
(Saikia et al., 2007a, Iglesias et al., 

1998, Mursito et al., 2011) 

SiïOïSi stretching vibration 1200-900 
(Saikia et al., 2007a, Iglesias et al., 

1998) 

SiïO bending vibration 

Ionic sulfates 
533-471 (Saikia et al., 2007a) 

FeS2 420 (Saikia et al., 2007a) 

Fe2O3 692 (Saikia et al., 2007a) 

Kaolinite 537-476 
(Iglesias et al., 1998, Breen et al., 

2008) 

Calcite and dolomite  
1428, 878, 

714 

(Lavat, 2011, Gunasekaran and 

Anbalagan, 2007, Wilson, 1987) 

-OH bond hydroxyl group in the 

organic structure of coal 
3200-3400 

(Iglesias et al., 1998, Mursito et al., 

2011) 

N-H bending  

N-H stretching  

N-O stretching  

1660-1510 

3500-3200 

1550-1370 

(Saikia et al., 2007a) 

 

 

 



44 

4.2.6 Proton (
1
H) and Carbon (

13
C) NMR spectroscopy 

In general, the peak positions on the 
1
H MAS NMR spectrum were identified to be non-

polar alkyl (OCH) at ~2 ppm (Delarosa et al., 1992, Sutcu et al., 2005), oxy-alkyl (CHO) 

at ~4 ppm and aromatic protons at ~7 ppm (Delarosa et al., 1992, Li et al., 2012, Sutcu et 

al., 2005).  The 
1
H NMR spectrum of the unprocessed coal is presented in Figure 4.5.  

The red and blue lines were obtained by fitting Lorentzian curves with 99.2% 

verification.  Figure 4.5 indicates two major peaks in coal structure at approximately 6.1 

ppm and 1.0 ppm.  The peak obtained around 1.0 ppm is considered to be an aliphatic 

proton evaluated in the range of 0.5-5 ppm (Sutcu et al., 2005).  The second peak at 6.1 

ppm is associated with aromatic protons in coal structures.   

 
Figure 4.5.  Proton NMR spectrum of Tuncbilek lignite. 

 

 

The 
13

C CP-MAS NMR spectrum of the pure coal in Figure 4.6 includes two main 

signals indicating the aliphatic and aromatic hydrocarbon fractions of the lignite sample.  

In the aliphatic zone, the intense peak at approximately 20 ppm originates from the 

methyl (-CH3) groups (Simpson and Hatcher, 2004, Delarosa et al., 1992, Diaz and 

Blanco, 2003, Conte et al., 2002, Li et al., 2012, Kelemen et al., 2002).  The largest 

peaks at 125 and 130 ppm are caused by protonated and non-protonated aromatic carbon 

structure, respectively (Orem et al., 1996, Simpson and Hatcher, 2004, Cook et al., 1996, 

Mao et al., 2010, Li et al., 2012, Delarosa et al., 1992, Conte et al., 2002, Kalaitzidis et 

al., 2006).  The shoulders between 150 to 190 ppm are due to the oxygen bonded 

aromatic C-O (150-165 ppm), carbonyl, and NC=O groups (165-190 ppm) (Kalaitzidis et 

al., 2006, Keeler and Maciel, 2000, Azik et al., 1993, Conte et al., 2002, Delarosa et al., 

1992).   
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Figure 4.6.  Carbon NMR spectrum of Tuncbilek lignite.   

 

 

4.3 Conclusions  

Proximate analysis and ultimate analysis and advanced characterization techniques allow 

a better understanding of reactivity of Tuncbilek lignite.  Approximately 28% volatiles, 

5% moisture, 38% ash compositions were determined through both classical proximate 

analysis and TGA experiments.  SiO2 (53.6 ± 0.4 wt%), Al2O3 (24.9 ± 0.2 wt%) and 

Fe2O3 (13.0 ± 0.1 wt%) were the major components of lignite ash.  Sulfur composition 

was measured by Eschka (3.9 ± 0.2%) and CHNS analyzer (5.4 ± 0.6%).  The difference 

between two analyses can be due to the amount of sample used for the analyses.  

Approximately 1 gram of coal sample is used in Eschka analysis, while 15 mg coal 

sample is used in CHNS analyzer.  The heating value of Tuncbilek lignite was measured 

by Bomb calorimetry as around 3700 cal/gram.  This low value is the specific 

characteristic of relatively young brown coal.  Both XRD and XRF data revealed that the 

main mineral construction of coal includes quartz, kaolinite, and pyrite.  The results of 

two tests are consistent with each other.  DRIFTS results also support these two 

spectroscopic analyses.  The carbon structure and distribution of the functional groups 

are defined by DRIFTS and 
1
H and 

13
C NMR measurements.   
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CHAPTER 5 

 

 

GASIFICATION AND DESULFURIZATION REACTIVITY OF 

TUNCBILEK LIGNITE  

 

 

5.1 Introduction  

In the previous chapter, the results of XRD, DRIFTS, 
1
H NMR, and 

13
C (CP) MAS-

NMR characterization techniques were summarized.  In this chapter, these results will be 

compared with the structural changes occurred during gasification and desulfurization 

processes. 

 

 

5.1.1 Gasification reactivity 

Gasification is a partial oxidation process, taking place at high temperature.  Main aim of 

this process is to produce synthesis gas, which is a mixture of CO and H2, from coal as 

well as energy.  The gasification reactivity of coal increases with decreasing coal rank.  

Lignite is a low rank coal.  As such, it is an important raw material for gasification 

technology.  Gasification, the most popular clean coal technology, includes pyrolysis and 

char gasification steps.  Pyrolysis is a thermal decomposition process taking place 

between 300ºC-500ºC.  During the pyrolysis step, H2 rich volatile and aliphatic carbon 

fractions are removed from coal.  The remaining part is fixed carbon (coal char) and ash.  

Coal char is more aromatic and more stable (Molina and Mondragon, 1998, Sekine et al., 

2006).  Molina et al. (1998) stated that the decomposition reactions of the char are 

dependent on the gaseous species and reaction conditions.  As seen in Table 5.1, 

endothermic dry reforming and steam reforming reactions, and exothermic oxidation, 

water gas shift and hydrogenation reactions are the possible reactions taking place during 

char gasification.  From the data presented in Table 5.1, it can be seen that exothermic 

oxidation reaction meets the heat requirement of dry and steam reforming reactions.  

Moreover, the presence of high amount of steam allows the water gas shift reaction, 

while carbon hydrogenation reaction occurs at high pressures(Molina and Mondragon, 

1998).   
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Table 5.1.  The reactions taking place during coal gasification and their thermochemical 

data (Molina and Mondragon, 1998, Barin, 1989).   

 

Reactions  ȹGRxn (kJ/mol) ȹHRxn (kJ/mol) 

# #/ ᴼς#/  + 120.1 + 172.5 

# (/ ᴼ#/ (  +91.4 + 131.3 

# / ᴼ#/  - 394.4 - 393.5 

#/ (/ ᴼ#/ (  - 28.6 - 41.2 

# ς( ᴼ#(  - 50.5 - 74.5 

 

 

5.1.2 Desulfurization reactivity 

High amount of sulfur in coal causes serious sulfur emission problems during 

combustion and requires post purification steps in gasification.  Sulfur is present in coal 

structure in inorganic form as pyritic sulfur (FeS2) and sulfates and organic form as thiols 

(Baruah and Khare, 2007).  Pyritic sulfur can be removed from coal by physical 

processes, such as coal washing, flotation, and oil agglomeration (Calkins, 1994) while 

chemical methods are needed to decrease the organic sulfur content.  Leaching, 

extraction, biodesulfurization and oxidesulfurization processes can be given as examples 

of chemical methods (Demirbas and Balat, 2004).  

 

Pyrolysis process is an intermediate stage of all coal carbonization, combustion and 

gasification technologies.  This process is also accepted to be an important 

desulfurization step.  During the pyrolysis, the major desulfurization reaction (Equation 

5.1) is given below (Xu and Kumagai, 2003):  

 

ὊὩὛ ὧέὥὰὌᴼὊὩὛὌὛ  (5.1) 

 

Hydrogen present in coal can lead to the pyrite reduction at temperatures higher than 

600ºC.  In addition to thermal decomposition of pyrite, adding H2 to the environment 

assists pyrite decomposition as shown in the following reactions (Equations 5.2 and 5.3) 

(Xu and Kumagai, 2003):   

 

ὊὩὛ Ὄ ᴼὊὩὛὌὛ  (5.2) 

ὊὩὛὌ ᴼὊὩ ὌὛ  (5.3) 

 

According to Xu and Kumagai (Xu and Kumagai, 2003), pyrite can be converted to 

ferrous sulfide in the presence of H2 at lower temperature (400ºC) than is the case in 

pyrolysis (650ºC).   
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Baruah and Khare (2007) reported maximum sulfur emission in the form of H2S between 

600ºC -850ºC under the pyrolysis condition. When temperature was higher than 850ºC, 

the decrease in sulfur evolution was reported.  The authors interpreted this outcome to be 

due to the combination of the coal matrix and sulfur and the transformation to the new 

sulfur compounds (Baruah and Khare, 2007).   

 

Oxidesulfurization is another important sulfur removal process for pyritic sulfur.  Since 

oxidation takes place in an aqueous media, it is called as wet air oxidation and/or 

hydrothermal treatment.  This process was firstly conducted for the carbonization 

process in a temperature range of 320ºC-400ºC.  The coal analysis after process revealed 

that the significant amount of sulfur was removed during process.  Furthermore, the 

presence of alkaline facilitates the carbonization at relatively low temperatures (Mursito 

et al., 2011, Mishra et al., 1995, Yaman and Kucukbayrak, 1997).  Mursito et al. (2011) 

studied the alkaline hydrothermal treatment of high sulfur and high ash lignite and they 

reported that alkaline (NaOH) addition increases the ash and sulfur removal.  Mishra et 

al. (1995) summarized the oxidesulfurization and/or wet air oxidation process results in 

the presence and absence of alkaline in their review article.  They reported the favorable 

temperature and pressure ranges as 150ºC-220ºC and 1.5-10.23 MPa, respectively.  The 

absence of alkaline leads to the sulfuric acid formation, which makes the organic sulfur 

removal difficult.  Yaman and Kucukbayrak (1997) reported that the increase in sulfate 

and hematite concentrations after oxidesulfurization process indicates the pyrite and 

sulfur oxidation.  O2 partial pressure, temperature and residence time are the main 

parameters affecting the process fate.  For example, the high O2 partial pressure, the 

temperature higher than 200ºC, and the residence time longer than 30 min. cause to 

decrease in heating value of coal (Yaman and Kucukbayrak, 1997).  In summary, 

pyrolysis, hydrogenation and oxidesulfurization are the common processes for the sulfur 

removal from fossil fuels.  In the subsequent sections, the results of these three processes 

are discussed in detail.   

 

 

5.2 Results and Discussion 

5.2.1 Pyrolysis Experiments 

5.2.1.1Gaseous products during the pyrolysis process 

CH4, H2, CO and CO2 were the main products observed during temperature-programmed 

experiments under N2 flow.  The results were summarized in Figure 5.1 (a) for CH4 

formation rates and Figure 5.1(b) for H2 formation rates.  In general, total carbon 

conversion was calculated nearly ~20%.  The maximum CH4 formation was at 

temperatures between 450-550ºC for all samples.  As seen in Figure 5.1(b), H2 formation 

started at 350ºC and reached its maximum value at around 700ºC.   

 

The amounts of CH4 and H2 during pyrolysis are given in Table 5.2; approximately 1787 

µmol/gcoal CH4 and 3377 µmol/gcoal H2 were synthesized under the pyrolysis 

condition.  The observed carbon products and carbon conversion values in the gas phase 

of pyrolysis products are shown in Table 5.3.   
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Figure 5.1.  CH4 formation rates (a) and H2 formation rates (b) under N2 flow. 
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Table 5.2.  Total amount of CH4 and H2 obtained during pyrolysis.   

 

Hydrogen containing 

pyrolysis product 

Amount formed 

(µmol/gcoal) 

% of hydrogen present in 

the coal leaving with this 

product  

CH4 1786.8 19.8 

H2 3376.7 18.7 

 

 

Table 5.3.  Carbon products and conversion of coal during pyrolysis. 

 

Carbon containing 

pyrolysis product 

Amount formed 

(µmol/gcoal) 

% of carbon present in the 

coal leaving with this 

product  

CH4 1786.8 5.7 

CO 1901.5 6.1 

CO2 2909.9 9.2 

 

 

5.2.1.2 XRD for pyrolysis residue  

XRD patterns of pure coal and coal pyrolysis residue were combined in Figure 5.2 in 

order to explain the variations in coal crystalline structure.  The removal of kaolinite 

peak at 13º and 25º can be interpreted as due to the removal of the hydrates in its 

crystalline structure.  After the pyrolysis process, no significant change is observed for 

crystalline carbon peaks at 20º and 27º.  Sekine et al. (2006) suggested that carbon atoms 

located near the Si and Al inorganic compounds are not reactive.  Since they cover the 

carbon surface, mass transfer resistance zone forms.  The gaseous reactant cannot contact 

with carbon atoms covered by Si and Al (Sekine et al., 2006).   

 

The characteristic pyrite peaks are at 29º, 33º, 37º, 41º, 47º, 56º, 59º, 61º, and 64º.  When 

we look at the XRD pattern of the pyrolysis residue, the removal or shifting of the strong 

pyrite peaks can be observed at 33º, 56º, and 37º.  This is the thermal decomposition 

effect on the sulfur removal.  Elemental analysis after pyrolysis process reveals that 

sulfur content of the coal decreases by 25%.  When sulfur removal percentage and pyrite 

peak removal are compared, this decrease was associated with pyrite decomposition.   
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Figure 5.2.  XRD pattern of unprocessed lignite and its pyrolysis residue. 

 

 

5.2.1.3 DRIFTS for pyrolysis residue  

As mentioned in Chapter 4, the characteristic absorption bands of coal components were 

summarized as: 3600-3100 cm
-1
 region is OH or NH-stretching modes, while the broad 

band between 3400-3000 cm
-1 

is the aromatic C-H stretching vibration region and 2950-

2850 cm
-1
 is the aliphatic C-H region.  As seen in Figure 5.3, these bands defined in the 

first region disappeared after the pyrolysis process.   

 

Wu (1984) reported that the strong absorption bands between 1130 cm
-1
 and 1080 cm

-1
 

represent sulfate ions.  The presence of absorption band around 1116 cm
-1
 confirms the 

presence of sulfate ions after pyrolysis process.   

 

Another important observation for pyrolysis residue is the elimination of absorption 

bands at 1438 cm
-1
, 900 cm

-1
, and 700 cm

-1
.  These bands are related to carbonates within 

pyrite (Wu, 1994).  During the thermal decomposition process, carbonates are displaced 

from the structure.   


























































































































































