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Abstract 

 

The consumption of iron and steel would increase in the near future to meet the rapid 

economic growth of several countries such as China, Indonesia, India, and Brazil. However, the 

iron and steel industry is facing serious problems related to limited resources, energy, and 

environment simultaneously due to high dependency on high-grade ore and coking coal. A 

proper strategy should be devised to explore innovative methods for substituting the 

conventional raw materials and energy resources.  

 The chemical vapor infiltration (CVI) ironmaking process consists of integrated 

pyrolysis-tar decomposition over a porous low-grade ore. This process was proposed to solve the 

aforementioned problems by effective utilization of low-grade coal and biomass. Tar that may 

cause operational problems such as pipe plugging, condensation, and tar aerosol formation is 

also resolved in this process. In this thesis, the proposed CVI system is comprehensively 

examined by discussing several important parameters such as various porous materials, different 

carbon sources, optimum temperature, kinetic analysis, and product microstructure. In addition, 

the overall evaluation of the proposed system is discussed on the basis of an exergy analysis to 

confirm the benefits of the system. The thesis consists of six chapters in which first and last 

chapters describe general introduction and conclusions, respectively.  

Chapter 2 describes a detailed evaluation of the CVI ironmaking process using a low-

grade ore as a carbon storage medium and catalyst for tar decomposition. The low-grade ore 

showed a significant effect on the tar decomposition process by enhancing carbon deposition and 

total gas product formation. The tar amount obtained from pyrolysis was strongly affected on 

carbon deposition. The bituminous, a high-grade coal produced the highest carbon deposition 

due to large tar product composition. A larger amount of combined water within the low-grade 
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ore resulted in pore size less than 4 nm, which was suitable for carbon deposition. The highest 

amount of carbon deposition was obtained when pyrolysis and tar decomposition were conducted 

at 800°C and 600°C, respectively. A higher temperature of tar decomposition resulted in lower 

carbon deposition owing to the gasification process. However, sintering started at 800°C and it 

significantly diminished the BET surface area of iron ore. Indirect reduction simultaneaously 

occurred with the decomposition process thereby producing Fe3O4 at 600°C and FeO at 800°C. 

The reduction of the CVI ore began at 750°C, while that of the reference, mixture of Fe3O4 and 

coke started at 1100°C. The CVI ore exhibited higher reactivity owing to nanoscale contact 

between the iron ore and carbon. 

In chapter 3, the kinetic analysis and carbon deposition phenomenon of tar decomposition 

over the low-grade ore are examined to understand the CVI process. Both the kinetic constant 

and deactivation factor are evaluated successfully using a simple proposed model within the 

ranges 0.13–0.55 s-1 and 1.72–2.53 s-1, respectively, at 500–700°C with the activation energy of 

44.86 kJ/mol. The deactivation factor exhibited a similar tendency as the amount of carbon 

deposition within iron ore pores. 

Chapter 4 includes a study of the characteristics of the CVI product related with the 

microstructure of the porous ore and distribution of carbon deposition. On the basis of TEM 

images, a layered structure containing ~3-nm-diameter pores was observed after dehydration 

owing to the removal of the hydroxide (OH) group from FeOOH. This pore size was deemed 

appropriate for tar decomposition and resultant carbon deposition. EDS results confirmed that 

carbon distribution was highest near the outer surface and decreased gradually with increasing 

depth in the inner section of ore. In addition to the ore structure, the type of carbon deposition 

was also successfully evaluated using Raman spectroscopy. The carbon deposition by the CVI 
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process within ore pores was categorized as amorphous carbon (a:C), with an sp3 content of 19–

21%.  

Chapter 5 describes the exergy analysis and presents a feasibility study on the 

applications of the CVI process in the ironmaking industry. The CVI process significantly 

increases the exergy content of iron ore. On the basis of 3.86 %mass carbon deposition 

(experimental value) and production of 1000 kg metallic Fe, the exergy loss of the proposed 

system was found to decrease by about 16.7% compared to that of conventional systems through 

the recovery of both chemical and thermal tar exergy. When the CVI ore was sent to a sinter 

plant, the amount of deposited carbon was sufficient to completely replace coke breeze in which 

the ratio of the CVI ore is above 70% of the total input ore. The total enthalpy of the CVI ore 

originated from the reoxidation of Fe3O4 and deposited carbon. The application of the CVI ore in 

a sinter plant would result in an extensive decrease of the coke breeze and CO2 emissions. 

On the basis of these results, it could be concluded that the proposed CVI ironmaking 

process offers promising benefits by alleviating the problems related to resource, energy, and 

environment simultaneously.  
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Chapter 1 

General Introduction 

 

1.1 Steel consumption and production 

Iron and steel are the main constituents of many products used in modern daily life not 

only final product for direct consumption but also as raw material in further processing industry. 

Generally, the steel consumption has been highly considered to be linked to the economic growth 

which greatly affects other development activity such as construction, industrial equipment, 

transportation and daily consumption [1-5]. The steel consumption per capita has been used as 

barometer of the economic development and prosperity indicator of each country.  

 

 

Fig. 1-1 Steel consumption and GDP per capita in selected countries [6-7] 

 



8 
 

Fig. 1-1 shows the relationship between steel consumption and income per capita in the selected 

countries in the world [6-7]. Obviously, the position of several developed industrial countries 

like USA, Japan and EU-15 is different with other countries that still developing theirs industrial 

sector. It means that steel consumption before industrialization both per capita or in absolute 

amount is lower compared to developed country. When the industrialization is started within the 

countries like China, Brazil, India and Indonesia, the steel consumption would be very intensive 

to construct the infrastructures such as ports, bridges, roads, airports, railways and industrial 

equipment. In case of Indonesia situation, the combination of large population, 220 million and 

low level of steel consumption per capita would force the increasing of steel consumption in this 

nation at least over the next decade [8-10].  

 

 

Fig. 1-2 Steel consumption and domestic production in Indonesia 
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This country owns essential natural resources such as low grade coal, natural gas, oil, biomass 

and low grade iron ore which are highly required for being developed country. Indonesia is one 

of the key players in the world as top exporter of coal and natural gas [13-15]. By good 

governance and human development program from the government, Indonesia would be 

potential industrial country in near future.  In addition to consumption, the iron and steel industry 

in Indonesia is quite limited both amount and capacity to supply the steel demand such as 

Krakatau Steel, Krakatau POSCO and Krakatau Osaka Steel [16]. Fig. 1-2 shows the domestic 

crude steel production and apparent steel consumption in Indonesia. The consumption is rising 

due to good economic situation and industrialization while the domestic production is stable. The 

large gap between production and domestic production forces this country to import the steel 

product from prospective steel producers which come from Japan, China and Korea. Indonesia 

government issues some regulations related to natural resources, oil and gas that states explicitly 

for giving the priority of using those materials in domestic industry [17]. This condition would 

initiates rapid development for production sector in Indonesia especially iron and steel industry. 

Similar to Indonesia, other countries such as China, India and Brazil are also in the early step of 

industrialization. Therefore, the production of iron and steel would boost to meet the excessive 

consumption for rapid economic growth not only in Indonesia but also China, India and Brazil.  

Nowadays, the worldwide iron and steel is produced by two main methods i.e. primary and 

secondary routes with the production sharing of 65% and 35%, respectively [18-19]. The 

primary consists of three steps: raw material preparation, ironmaking and steelmaking that use 

several materials such as iron ore, coking coal, limestone and small amount of recycled steel. In 

the preparation step, the coking coal is converted to coke in the coke oven facility by heating up 

the material in limited oxygen atmosphere. In addition, fine ore, limestone and coke breeze are 
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fed to sinter plant or pelletizing facility to produce sinter and pellet, respectively. Furthermore, 

the coke, sinter/pellet and limestone flux are sent to the top of blast furnace for reduction process 

and producing pig iron. By flowing heated air from the bottom, several reaction occur inside the 

blast furnace at temperature about 500-1700oC as follow: 

(1.1.5)                                                                         CO  FeC  FeO

(1.1.4)                                                                    CO FeCO  FeO

(1.1.3)                                                              CO  FeOCO  OFe

(1.1.2)                                                         CO  OFeCO  O3Fe

(1.1.1)                                                                               2COO  2C

2

243

24332

2

+→+

+→+

+→+

+→+

→+

 

The blast furnace ironmaking process produces pig iron and emits the wastes such as the blast 

furnace gas (BFG) and slag containing mainly CO2 and flux material, respectively.  

The pig iron is treated in the steelmaking process for producing raw steel material. Based 

on the principal process, the primary steel production could be divided into three basic different 

processes with a brief description as follow [20-22]: 

a. Blast furnace (BF) – basic oxygen furnace (BOF) 

In the BOF process, the 70–90% melted pig iron and 10–30% steel scrap are charged into 

reactor vessel for steel production. The scrap is added to reduce the reactor temperature. 

The industrial oxygen is bown into the mixture and reacts with carbon inside iron through 

exothermic reaction. The process generates CO2 and decrease carbon content within 

product. This process contributes 66% of the worldwide steel production [23-24] 

b. Blast furnace (BF) – open hearth furnace (OHF) 

The main role in OHF process is burning out the excess carbon and other impurities 

within pig iron to produce high quality of steel. This technology is applied in the 

beginning of steelmaking industry. Currently, the most OHF steelmaking industry was 
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closed due to fuel inefficiency and limited resources. Only small numbers are still exist in 

the East Europe such as Ukraine and supply around 3% of world steel production [23-24].  

c. Direct reduction (DR) – electric arc furnace (EAF) 

The fundamental process in EAF process is relied on scrap, not reducing of iron oxide. In 

the integrated process, the EAF process may be stand-alone operation due to raw material 

limitation. The EAF process proceeds by charging 100% recycled steel scrap melted by 

electrical energy using carbon electrodes. The carbon’s role is not as dominant as it is in 

the blast furnace-OHF/BOF processes. This technology delivers about 6% of global steel 

production [23-24].  

 

1.2 Ironmaking problems: Resource, Energy and Enviroment 

The iron and steel production is highly depending on the nonrenewable material and 

fossil fuel as energy source. By excessive worldwide demand of iron and steel material in near 

future, this industry faces serious problems related to the resources, energy and environment.  

 

a. Resources: coking coal and high grade iron ore 

In order to produce 1 ton of pig iron, the typical ironmaking industry requires 525 kg of 

coking coal, 1390 kg of high grade ore and 120 kg of limestone [25-26]. The increasing of the 

steel production would force high demand of high grade iron ore and coking coal which in turn 

increasing their price in the market as shown in Fig. 1-3 (a). The price of high grade ore 

containing total Fe more than 60%mass is rising from 40 USD/ton in 2003 to 100 USD/ton in 

2011[27].  
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Fig. 1-3 (a) Iron ore production and price in the world, (b) The worldwide reserves of iron 

ore in the top 7 biggest countries.  
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The production of high grade iron ore is also increasing to realize the demand of steel company 

in the world which prefers to use it. Therefore, the alternative iron ore is highly necessitated to 

stabilize the price and to keep the sustainability of ironmaking industry. One of the promising 

candidates is low grade iron ore contains less than 60%mass of total Fe. The material is still 

available abundantly but ineffectively used due to the difficulty in the ore preparation as shown 

in the Fig. 1-3 (b). The reserves of iron ore in the world mostly contain of small of Fe content 

which originate from China, USA and Ukraine. When low-grade iron ores such as goethite ore 

are sent to a sinter machine or blast furnace, a large amount of energy is required to dehydrate 

the ore due to high content of combined water (CW).  

 

 

Fig. 1-4 The ratio of reserves to production for high grade coal (HGC) and low grade coal 

(LGC) in the world.  
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plays important rules in blast furnace operation such as energy source, reducing agent of iron ore 

and to maintain bed permeability [35-37]. The price of coking coal is increasing due to the high 

consumption rate and limited resources. Fig. 1-4 shows the ratio of reserves to production of 

various coals in the world. The higher ratio indicates large availability and limited utilization. 

Obviously, the high grade coal hold lower ratio compared to low grade coal for both sub-

bituminous and lignite.  Therefore, to reduce the cost of energy for the raw material, low grade 

coal such as lignite and sub-bituminous coals which are cheaper and abundantly than high grade 

coal, should be used in the ironmaking process. In addition, utilization of biomass should also be 

introduced as much as possible in ironmaking industry to replace the coking coal. It is well 

known that many advantage of biomass utilization are carbon natural, renewable and abundant 

resources.  

b. Energy: high consumption and less recovery 

 

 

Fig. 1-5 the sharing of final energy consumption in the industry sector worldwide 
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High temperature process forces the steel industry as one of the most energy-intensive 

industries in the world which accounts for about 24 EJ per year, 19% of global industrial energy 

uses as shown in Fig. 1-5 [39-40]. The energy intensive of this industry largely depends on 

technology and which processes are used such as BF-OHF, BF-BOF, or EAF. The energy 

consumption of the ironmaking process contributes around 70% of the total energy consumption 

of iron and steel industry which blast furnace and coking processes expend largest part, 39% and 

11.9% of energy, respectively [41]. It means that ironmaking system plays important role for any 

energy saving in this industry especially blast furnace and coking facilities.  

In addition to energy consumption, the ironmaking industry faces other problem related 

to energy efficiency and recovery. The energy efficiency is linked to several parameters such as 

production capacity, technology and raw material quality. It is well known that large production 

capacity and advanced technology result higher energy efficiency. As biggest steel producer in 

the world, China owns steel industry with predominant of small production capacity.  It cause 

that the energy efficiency of China’s ironmaking industry is lower than in industrialized country 

such as US, Europe and Japan, for example 726 kg of coal equivalent per ton steel (kg-ce/t) in 

China compared to 646 kg-ce/t in developed country [42]. During iron and steel production, 

various level of waste heat is generated such as high temperature of slag, combustion gas which 

only small of the waste heat is recovered [43-44].  Several actions have been taken to improve 

energy efficiency during the process, such as process development and hot-slag energy recovery 

[45-46].  
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c. Environment: CO2 emission and handling waste 

 

 

Fig. 1-6 the direct CO2 emission by industrial sector worldwide 

 

The highly intensity of fossil fuels utilization causes this industry as biggest contributors 

to CO2 emissions, it accounts as 27% of industrial CO2 emission or 4.6% of the total global as 
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emits about average 2152 kg of CO2 [48]. CO2 emissions from iron and steel production are 

produced by the combustion of fossil fuels, the use of electrical energy, and the use of coal and 

lime as feedstock to reduce iron oxide to iron and later as an additive to strengthen steel. Several 

programs have been initiated worldwide to reduce fossil fuel utilization and CO2 emissions, such 

as ULCOS in the EU, COURSE50 in Japan, and AISI in the USA [49-51]. In addition, a simple 

way to resolve emission concerns is to use biomass resources in the ironmaking industry.  
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1.3 Chemical Vapor Infiltration (CVI) method 

Chemical Vapor Infiltration (CVI) is a unique process which matrix material is infiltrated 

into porous material using reactive gas at elevated temperature to form fiber-reinforced 

composites. This method is widely used to deposit solid materials like carbon, silicon carbide, 

boron nitride within porous material by the vapor decomposition for producing carbon-carbon 

composite as well as ceramic matrix composites [52-55]. CVI is an extension of Chemical Vapor 

Decomposition (CVD). The CVD involves the deposition onto a surface material while CVI 

implies the deposition within the porous material. Based on the figure in the literature [54], the 

CVI process typically consists of several steps as follow: 

1. Gas penetration into the boundary layer from bulk gas 

2. Gas diffusion into the pores of porous material 

3. Gas adsorption onto the inner surface of the pore 

4. Chemical reactions occurs and coating forms on the porous material 

5. Desorption of gas by-products from the surface 

6. Diffusion outwards of gas by-products  

7. Gas by-product return to the bulk gas via boundary layer 

Basically, the CVI process can be categorized into several groups based on the controlling 

parameter with a brief description as follow:  

a. Isothermal/isobaric CVI process 

The reactant gas is supplied to the porous material at uniform pressure and temperature. 

In this process, the reaction is very slow due to small diffusion rate of reactant.  
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b. Temperature gradient (TG-CVI) 

Temperature gradient occurs along the porous material at the gas vapor starts to diffuse 

from the hotter surface to cooler surface at the other side. The reactant gas decomposes 

mainly in the hotter surface due to high decomposition rate in elevated temperature.  

c. Thermal gradient-forced flow (F-CVI) 

Temperature gradient within porous material is achieved by heating the above part while 

the bottom part is cooled. Forced flows are determined by the difference in the pressure 

of the input and exhaust gases. By temperature difference and forced flow, the diffusion 

and decomposition of reactant gas are increased so that the densification time could be 

reduced. 

d. Pulsed flow (P-CVI) 

In this process, the gas pressure in the surrounding of porous material alters quickly. The 

CVI process occurs in several cycles which the changing of pressure is repeatable. In 

each cycle, the reactant gas is removed from CVI reactor and followed by its filling 

again.  

Based on the typical process above, the material produced by CVI process would own several 

advantages compared to other composite production process such as [57-59]: 

1. Low residual stress due to low infiltration temperature 

2. Large, complex shape product could be produced in a near-net shape 

3. Enhanced mechanical properties, corrosion resistance and thermal shock resistance 

4. Various matrices can be fabricated 

5. Very low fiber damage 
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1.4 Pyrolysis and tar decomposition 

Pyrolysis is the rapid thermal decomposition of organic compounds in the absence of 

oxygen to produce char, liquid and gas. The product distribution depends on the solid fuel 

composition, heating rate and final temperature [61]. The typical pyrolysis process consists of 

several steps such as: softening, devolatilization-swelling, ignition-soot formation, gasification 

and fragmentation when the temperature is increased [62]. Based on the temperature and 

purpose, pyrolysis can be categorized into three groups [63]: 

1. Slow pyrolysis  

The heating rate is quite slow, 0.1-2oC/s and long residence time inside the reactor (hour). 

The main purpose is to produce solid product with high carbon content.  

2. Fast pyrolysis 

In this process, the heating rate is quite fast, typically higher than 2oC/s. The residence 

time of solid fuels within the reactor is very fast, in second order. Due to rapid 

devolatilization, the liquid product, tar is main target of this process.  

3. Gasification 

The temperature process is quite high for carbon gasification which depends on the solid 

fuel characteristic. The major product is gas compared to the other group product.  

Solid fuel is converted to char, tar, and gas through pyrolysis process in the ironmaking industry. 

Char is the main product used as a reducing agent, while tar vapor and gas are by-products 

generated during the process containing high amounts of carbon and energy. In the pyrolysis 

process, tar material may cause operational problems such as pipe plugging, condensation, and 

tar aerosol formation [64-66].  Complete conversion of tar into a major portion of the gaseous 

product inside the reactor system has been the most important engineering subject [67-69] since 
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it can greatly enhance the process efficiency and reduce the implementation/operating cost of the 

process. Several methods have been proposed for removing tar component to increase the 

gasification process such as absorption-adsorption and catalytic decomposition [70-71]. 

Chemical conversion through catalytic decomposition is more attractive because tar components 

can be converted into valuable products [72]. It is well known that complete decomposition of tar 

over several metal catalysts such as Ni, Pt, Rh, and Pd are promising method [73-76]. Nickel 

catalysts in various types have been obtained to be highly effective for tar decomposition process 

in coal or biomass pyrolysis. For example, the NiMo catalyst removed almost 100% of tar 

material which contains mostly of methylnaphthalene hydrocarbon at 500oC [77]. However, 

there is still very serious problem related with catalyst deactivation due to carbon deposition. 

Aznar et al observes that the catalyst activity of typical nickel A is drop into 54% during 35 h 

experiment time [78]. Beside carbon deposition, high cost for raw material and regeneration 

method are another problems related to the conventional metal catalyst.  

In order to solve their problem, different approach was proposed using certain material as 

catalyst that can still be used after the loss of activity. An example is the utilization of charcoal in 

the biomass pyrolysis for tar decomposition simultaneously and producing higher gas product 

[79-81]. The carbon deposition within charcoal resulted by tar decomposition increases total 

carbon content as well as heating value of charcoal. Therefore, the inactive iron ore catalyst 

could be excellent raw material in the ironmaking industry. 
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1.5 Scope of the present work 

As a key industry in the world economic growth, the iron and steel industry is 

simultaneously facing crucial problems such as resource, energy and environment. Several 

candidates of raw materials are available to solve those problems such as utilization of low grade 

coal, biomass, and low rank iron ore which are abundantly and low price. In addition, carbon 

cycling and heat recovery technologies should be introduced as much as possible within the 

ironmaking industry. The proposed system in advanced is extremely required to apply these raw 

material and technologies simultaneously to ironmaking process 

In order to solve the problems above, the following system which based on the CVI process of 

tar decomposition is proposed through this thesis.  

 

Fig. 1-8 The schematic diagram of CVI ironmaking 
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Fig. 1-8 shows the schematic diagram of the proposed process which is termed CVI ironmaking 

and consists of three main steps: 

1. Production of porous material 

The low grade irons ore such as goethite and limonite (FeOOH) is still abundantly 

available but ineffectively used because of its high amount of combined water (CW). This 

is disadvantage due to large amount of energy required to remove CW but can generate 

porous material.  In this step, the iron ore is subjected for dehydration process with slow 

heating rate at 450oC in air atmosphere.  

(1.1)                                                              O(g)H (s)OFe2FeOOH(s) 232 +↔  

This process produces porous iron ore which could be utilized as carbon storage and 

catalyst of tar decomposition.  

 

2. Production of iron/carbon composite 

The volatile matter, tar and pyrolysis gas are introduced to a porous iron ore for tar 

decomposition by CVI process. The tar vapor infiltrates and decomposes into gas and 

carbon within pore material according to the following reaction 

(1.2)                            C   nshydrocarbolight other   CH  CO  CO HTar 422 +++++→  

When the gas product returns to gas bulk, the carbon will be deposited within iron ore 

pores to produce CVI ore. Because of the carbon deposited within pores, the distance 

between carbon and iron atoms was ultimately close.  
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3. Reduction/Oxidation of CVI product 

The CVI product contenting carbon deposition acts as a reducing agent or supplementary 

fuels in the next ironmaking process. In the case of reduction process, this material is 

expected to own higher reactivity due to shorter distance between carbon and iron atoms 

than that in a conventional blast furnace operation. This material is highly considered for 

supplementary fuels in sintering plant to reduce the usage of coke breeze.  

The critical step in CVI ironmaking is the second step which produces of iron/carbon composite 

through CVI process. Therefore, this thesis would comprehensively examine in this step and 

characterize the product. In addition, the total evaluation of the proposed system is studied by 

energy analysis. The content of this thesis is divided into seven chapters as follow: 

Chapter 1 presents the general introduction of this study. 

Chapter 2 describes detail evaluation of CVI process using low grade ore as carbon storage and 

catalyst of tar decomposition. Several parameters are investigated such as different quality of 

solid fuels as carbon source, temperature and combined water content within the ore. The 

purpose of this chapter was also to obtain the optimum temperatures for both the pyrolysis and 

tar decomposition to produce highest carbon deposition. Moreover, the reactivity of CVI product 

in the reduction process was also examined.  

In the chapter 3, the kinetic analysis of tar decomposition over low grade ore was evaluated and 

compared to other material in related experiment. In addition, the effect of carbon deposition 

within iron ore pores on tar decomposition was also discussed to further understand of CVI 

ironmaking process.  

Chapter 4 studies the characteristic of the CVI product related to the microstructure of porous ore 

and distribution of carbon deposition. This section also assessed the type of carbon deposition 
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during the proposed process over porous iron ore, with various solid fuels used as a carbon 

source 

Chapter 5 describes the feasibility study on the application and exergy analysis of CVI process in 

the ironmaking industry. The exergy analysis for producing of CVI ore using proposed system 

was discussed and compared to conventional method. In addition, the study of CVI ore 

utilization in sinter plants was discussed in terms of energy consumption and coke breeze usage.    

Chapter 6 summarizes the results of this thesis as a general conclusion 
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Chapter 2 

Carbon deposition through CVI process over low grade iron ore  

 

2.1 Introduction 

The iron and steel industry is highly dependent on metallurgical coke, which is produced 

from coking coal, high-grade bituminous, and has crucial roles as an energy source, reducing 

agent, and maintaining bed permeability in blast furnace operation [1, 2]. Approximately 71% of 

total steel was produced by reducing of iron ore with coke and coal in the blast furnace [3]. High 

growing of this industry needs great availability of metallurgical coke which rising of coking 

coal price. In order to ensure the energy security for iron and steel industry, a proper strategy 

should be taken by researchers to explore several innovative methods to substitute the 

conventional reducing agents. Srivastava et al. used woody biomass as a reducing agent by 

combining it with magnetite ore to produce pellets. This material successfully produced pig iron 

by high-temperature (1475°C) reduction [4]. Other researchers have used carbon sources such as 

steelmaking wastes, tar sludge, and oil from steel-rolling mills to fabricate briquettes of materials 

as replacements for conventional reducing agents [5]. A hydrothermal method using an autoclave 

(0.1 MPa) has been used to improve the properties of low-grade sub-bituminous coal, which can 

be used as coking coal [6]. The treatment can greatly increase the strength and reactivity of sub-

bituminous coal. Non-coking coal is upgraded to metallurgical coke by blending with biomass 

materials such as bagasse pitch, coconut shell, coconut waste, molasses, and sawdust [7]. Beside 

wooden biomass, low grade coal such as lignite and sub-bituminous which are large resource and 

cheaper price, are promising candidate to replace coke usage. Utilization of wooden biomass also 
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offers possibility to apply renewable energy and reduce the CO2 emission of steelmaking 

industry.  

Pyrolysis is main process in the iron and steel industry for converting solid fuels to 

produce char, tar and gas. Char is the main product used as a reducing agent while tar vapor and 

gas are by-products containing high amounts of carbon and energy. It is well known that the 

amount of volatile matter produced by biomass and low grade coals, such as lignite coal and sub-

bituminous coal, during the pyrolysis process is higher (25–65 %mass) than that produced by 

high grade coal[8]. The tar material is mainly composed of condensable organic materials and 

may cause operational problems such as pipe plugging, condensation, and tar aerosol formation 

[9, 10]. Catalytic tar decomposition is one of promising method to avoid such problems and 

increase the efficiency of pyrolysis process [11, 12]. Several materials were studied by a number 

of researchers as potential catalyst such as Ni, Pt, Rh, and Pd [13-16]. Nickel based catalysts are 

very active in tar decomposition but deactivation of catalyst by carbon deposition is main 

problem [17]. Furthermore, the disposal of inactive nickel catalysts is toxic and a potential of 

environmental problem. Another option of tar decomposition is to apply a catalyst or catalyst-

like solid that can be used as material or fuel even after loss of activity, as example tar 

decomposition over charcoal. After reaction, charcoal and deposited carbon could be utilized as 

fuels and reducing agent [18]. 

The effective utilization of low grade ore should be introduced in modern iron and steel 

industry to substitute high grade ore which shortage resources and expensive. However, when 

low grade iron ores such as goethite ore are sent to a sinter machine, a large amount of energy is 

required to dehydrate the ore due to high content of combined water (CW). On the other hand, 

dehydration of CW is attractive for producing porous materials within the ore: nanocracks are 
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initiated and propagated during the dehydration process and nanopores that can be used as 

valuable reaction sites are produced within the ore [20]. Udin et.al reported that iron oxide shows 

good catalytic activity in tar decomposition process to produce valuable gasses and specific 

surface area of ore is main factor to maintain the catalyst activity [21].  

By using both the carbon reduction agent and porous low grade ore, a new concept of 

ironmaking was proposed to turn the demerits into merits. The integrated pyrolysis-tar 

decomposition over porous low grade ore by CVI process was proposed to solve the tar problem, 

reduction agent and limited amount of high grade iron ore. The tar component, produced by 

pyrolysis, decomposed over low grade ore into valuable gas and carbon. Furthermore, the solid 

carbon deposited within pores iron ore and acted as a reducing agent in the ironmaking process. 

The porous low grade iron ore has role as decomposition catalyst and carbon storage that 

inactive catalyst with carbon deposition could be attractive material in ironmaking process. The 

proposed system could be great candidate for decreasing high usage of coking coal as reducing 

agent and effective utilization of low grade ore, simultaneously. Therefore, the purpose of this 

study was to evaluate in detail the utilization of low grade ore as tar decomposition catalyst and 

carbon storage through the proposed system, CVI ironmaking process.   

It well known that the product distribution of pyrolysis process is highly depends on the 

characterization of solid fuel [22-25]. The fuel owns high content of fixed carbon produces large 

amount of char as solid product. Generally, the biomass fuel with lower amount of fixed carbon 

generates smaller char and larger volatile matter contained gas and tar products compared to coal 

[27]. In the first part of result and discussion, section 2.3.1, the comparative analysis of various 

solid fuels as carbon source on tar decomposition was examined to explore the possibility of CVI 

ironmaking. In addition, the effect of tar decomposition on overall product of pyrolysis process 
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was also discussed in term of energy efficiency. In the next section, 2.3.2, the study would be 

focused on the temperature effect of tar decomposition and carbon deposition. The gas 

compositions rely on the characteristic of raw material, heating rate, particle size and 

temperature [26-28]. Detailed information related the carbon deposition conditions such as 

temperature and reduction behaviors are necessary to confirm the phenomena involved during 

proposed system. Low grade coals such as sub-bitumitous coal and lignite coal were used in this 

experiment due to available abundantly and limited utilization in the iron and steel industry. The 

reactivity of iron ore containing carbon, CVI ore on reduction reaction was also investigated and 

compared to conventional system in this section. The optimum temperatures for both pyrolysis 

and decomposition process were discussed in last section, 2.3.3 for maximizing the carbon 

deposition within iron ore. The proposed system is a two-stage process involving pyrolysis in the 

upstream part and tar decomposition over porous low-grade ore in the downstream part. It is well 

known that pyrolysis and tar decomposition are highly dependent on temperature. In the 

pyrolysis process, the thermal cracking of coal at elevated temperatures produces large amounts 

of volatile matter and enhances tar conversion in the decomposition process to produce deposited 

carbon and gases [29-30]. In contrast, a high-activity tar component at elevated temperatures 

promotes gas production rather than carbon deposition within a porous ore. Coal pyrolysis and 

tar decomposition therefore show opposite behaviours in carbon deposition within porous ores. 

Specific temperature conditions for each process should be determined to obtain maximum 

carbon deposition within porous ore. The processes over two different low-grade iron ores with 

different contents of combined water (CW) were also evaluated to understand the main factors in 

the carbon deposition process.  
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2.2 Material and experiment method 

2.2.1 Materials  

Different qualities of solid fuels were examined in the experiments as carbon source for 

tar decomposition as listed in the Table 2-1. Based on the proximate and ultimate analysis, 

bituminous coal as high grade coal showed high quality fuel due to large carbon content. In order 

to avoid the effect of particle size, each solid fuel were crushed and sieved to approximately 

250–500 µm.  

Table 2-1 Proximate and ultimate analysis of coal raw materials 

Sample 
Proximate analysis [%mass] Ultimate analysis [%mass] 

FC Volatile Ash C H N Oa S 

Bituminous (BIT) 66.9 24.4 8.7 80.2 5.3 1.8 12.8 05 

Lignite (LIGN) 47.2 50.9 1.9 68.5 5.0 0.6 25.6 0.3 

Sub-bituminous (SBIT) 49.0 48.4 2.6 71.6 5.0 1.0 22.3 0.1 

Palm kernel shell (PKS) 24.2 65.4 10.4 49.5 5.7 0.8 44.0 0.0 

FC: fixed carbon; a: calculated by difference. 

Table 2-2 shows the main properties of low grade pisolate ore that used in these experiments. 

Because of small amount of total iron, the utilization of this ore was limited in currently 

ironmaking industry. Large amount of combined water was attractive to create porous material 

for carbon deposition. The ore was crushed and sieved to obtain a sample with similar particle 

sizes ranging from 0.95 to 2 mm. 

Table 2-2 Properties of ore samples 

Low grade ore PSa [mm] TFeb [%mass] CWc [%mass] SAd [m2/g] 

Pisolite (P) ore 0.95–2 49.73 5.90 11.83 

Robe-river (R) ore 0.95–2 57.20 7.60 17.15 

Hamersley (H) ore 0.95–2 58.22 8.62 23.20 
aPS: particle size; bTFe: total iron; cCW: combined water; dSA: Brunauer–Emmett–Teller surface area.  
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Tar decomposition and carbon deposition required high surface area for reaction site and carbon 

storage, respectively. In order to increase surface area and create porous material, the ore was 

dehydrated at 450°C with heating rate of 3°C/min and a holding time of 1 h in air atmosphere. 

Thermogravity (TG) experiments of the ore sample reported that CW would decompose at 

350°C. Therefore, the dehydration of ore at 450°C was adequate to fully dissipate of CW from 

the ore pore and created porous material. In order to evaluate dehydration process, several 

properties such as surface area, average pore volume, and pore size distribution were measured 

before and after the experiment using a Brunauer-Emmett-Teller (BET) analyzer.  

 

 

Fig. 2-1 Experimental apparatus for pyrolysis, tar decomposition, and carbon deposition. 

Case 1: no iron ore; case 2: 3 g of iron ore. Solid fuels were charged at a flow rate of 0.1 

g/min for 40 min under N2 flow rate of 250 mL/min. (T.C.: temperature controller, PC: 

personal computer, GC: gas chromatography)  

 

(a) Overall system (b) Pyrolyzer and tar 
decomposer
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2.2.2 Experimental methods 

2.2.2.1 Pyrolysis and tar decomposition (CVI process) 

A quartz reactor tube as showed in Fig. 2-1 was used in these experiments with an inner 

diameter and height of 30 mm and 550 mm, respectively. In order to maintain the experiment 

temperature, the electrical furnace was equipped with six thermocouples and temperature 

controller. Experiments were performed at atmospheric pressure with a total N2 flow of 250 

mL/min. The solid fuel was continuously charged into the reactor using a bowl feeder at a rate of 

0.1 g/min for 40 min after stable temperature.  Fast pyrolysis happened inside the reactor and 

produced char, tar vapor and gases. Char product was collected with SUS 404 while tar vapor 

and gases poured to the bottom of reactor. The effect of iron ore on tar decomposition was 

evaluated by performing experiments without iron ore (case 1) and 3 g of iron ore (case 2) inside 

the reactor. In case 2, tar vapor and gases were introduced to iron ore for tar decomposition and 

carbon deposition. The generated gas and remaining tar were removed from the bottom and 

allowed to flow through a cold trap which was maintained at –73°C by adding liquid N2 for 

separation between tar vapor and gases. A gas chromatograph (GC) analyzer and micro GC were 

employed to detect H2, CO, CO2, and light hydrocarbon gases. The ore structure and compound 

were characterized using XRD analysis while BET analyzer was used to examine the changing 

of surface area, average pore diameter and pore size distribution. The carbon content within iron 

ore was measured using CHN elemental analyzer to examine carbon deposition. Based on these 

experimental results, the effect of solid fuels on tar decomposition and carbon deposition were 

discussed.  
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2.2.2.2 The reactivity on reduction reaction of iron ore-deposited carbon, CVI ore 

In order to evaluate the reactivity in reduction reaction, the iron ore contained carbon 

namely CVI ore was investigated by the thermogravimetric method. A mixture of the reagent 

Fe3O4 and metallurgical coke was used as a reference of conventional system for comparison. 

The sample was heated at the rate of 50°C/min until 1200°C by flowing argon at the high flow 

rate of 500 NmL/min to ensure that only direct reduction occurred in this process. This means 

that the gas products of the reduction reaction which were CO and CO2 never contributed or 

affected the iron reduction reaction. In order to evaluate the reaction mechanism, the final 

product was characterized by XRD analysis and the amount of carbon was determined. 

 

2.2.2.3 Optimum temperature of pyrolysis and tar decomposition (CVI process) 

The optimum temperature of CVI process was evaluated using similar apparatus but the 

procedure was modified slightly to adapt the temperature control. The electrical furnace was 

equipped with six thermocouples and a temperature controller at the top, middle, and bottom. 

The pyrolysis and tar decomposition temperature were precisely controlled and monitored by the 

top and bottom controllers, respectively. The temperature of the middle controller was fixed at 

the average of the top and bottom temperatures. In order to obtain the optimum temperature of 

the pyrolysis process, we examined different temperatures (500–800°C), with a constant 

temperature for tar decomposition (600°C). Subsequently, the optimum pyrolysis was used to 

find the optimum of tar decomposition by examination different temperatures (400-800oC). A 

comparison of two different iron ores was performed under the optimum conditions for both the 

pyrolysis and tar decomposition temperatures.  
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2.3 Result and discussion 
2.3.1 Tar decomposition and carbon deposition from various solid fuels 

 

Fig. 2-2 TG/DTG profiles of various solid fuels studied during pyrolysis process at N2 

atmosphere. Sample weight: 10 mg, particle size: 250–500 µm and heating rate: 50oC/min 

 

Fig. 2-2 shows the pyrolysis characteristic of each solid fuel using TG-DTA in N2 

atmosphere that helpful to understand the pyrolysis behavior. BIT evidenced smallest total 

weight loss compared to other fuels due to high content of fixed carbon. It means that BIT would 

produce high char and small volatile matter (tar and gas). It was noted that small weight loss up 

to 200oC because of moisture evaporation. High oxygen content as moisture of biomass PKS 

caused large weight loss in this area. The thermal decomposition was started at 240 – 400 oC that 

referred to PKS, LIGN and BIT respectively. In this area, high weight loss occurred as a result of 

volatile matter decomposition. Thermal decomposition of PKS was consist two peaks that 

correspond to decomposition of cellulose and lignin that had different decomposition 

temperature. Meantime, only one peak appeared in the LIGN and BIT decomposition due to 
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mainly carbon content. These results were useful information to optimize the pyrolysis 

temperature and carbon deposition during integrated pyrolysis-tar decomposition process. At 

equal pyrolysis temperature, PKS would produce smallest char and largest volatile matter 

compared to other fuels.  

Fig. 2-3 shows the product distribution of the pyrolysis without tar decomposition 

process (case 1) of different solid fuels. Obviously, the BIT produced largest char product while 

the PKS is smallest, it agreed with the TG/DTG data. This result corresponds to the characteristic 

of original fuel which BIT owned highest fixed carbon compared to other fuels. In addition to 

char product, the BIT also generated largest portion of tar among the tested solid fuels. By 

similar experiment condition, this tar product would be raw material for tar decomposition when 

the porous ore was placed in fixed bed reactor (case 2). Therefore, the BIT was expected to have 

more carbon deposition within ore pores due to highest raw material of tar decomposition.   

 

Fig. 2-3 Product distribution of the pyrolysis of various solid fuels at 600oC without tar 

decomposition treatment (case 1: no iron ore).   
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Fig. 2-4 Product distribution of the pyrolysis of various solid fuels at 600oC. Case 1: no iron 

ore; case 2: 3 g of iron ore.  

 

Fig. 2-4 shows the effect of iron ore on carbon product distribution of each solid fuel 

during pyrolysis process, total carbon was calculated in basis of mass-input fuel. BIT produced 

highest total carbon due to large fixed carbon in raw material. In the case 1, PKS resulted 

smallest tar amount while BIT was highest. Large volatile matter in PKS raw material was easier 

to convert in the gases form due to low decomposition temperature. The effect of iron ore on the 

pyrolysis product could be examined by comparison of case 1 and case 2. The introduction of 

iron ore into pyrolysis process decreased the amount of tar and converted to gases and deposited 

carbon through catalytic tar decomposition (2.1).  
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Heavy and light hydrocarbons of tar decomposed over iron ore surface and pore to produce 

carbon and gases. Beside carbon storage, iron ore also played important rule as catalyst in the tar 

decomposition. Each solid fuel produced specific amount of tar that become raw material for tar 

decomposition. This condition caused different result of carbon deposition; high quantity of tar 

in BIT generated larger carbon deposition compared to other fuels. Therefore, carbon deposition 

required huge amount of tar from pyrolysis process. The solid fuels that produced great amount 

of tar would be suitable for carbon deposition.  

 

Fig. 2-5 Change of LIGN tar composition due to decomposition process over porous low 

grade ore. Case 1: no iron ore; case 2: 3 g of iron ore 

 

Fig. 2-5 shows the changing of tar composition as a result of decomposition process over 

low grade ore in the experiments. As known, the tar material composed of various hydrocarbons 

with different structures. By placed the porous ore in the fixed bed rector as catalyst (case 2), the 
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amount of tar component decreased compared to experiment without porous ore (case 1). The 

data validated the product distribution in Fig 2-4 that the tar decomposition occurred to produce 

additional gas and deposited carbon within ore pores. Based on this result, the porous low grade 

ore played important role not only carbon storage but also promoting the decomposition process.  

 In order to evaluate the effectiveness of carbon deposition through tar decomposition, 

ratio of deposited carbon was calculated. This ratio described the possibility of reacted tar as 

deposited carbon. Fig. 2-6 shows the correlation between reacted tar and ratio of deposited 

carbon in each solid fuel. BIT resulted highest reacted tar due to huge amount of tar raw material 

from pyrolysis process but the ratio of deposited carbon was smallest. Tar component was 

converted to gases and carbon through catalytic process.  

 
Fig. 2-6 Effect of various fuels on reacted tar and ratio of deposited-C within porous iron 

ore.  Case 1: no iron ore; case 2: 3 g of iron ore 
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Several factors affected the catalyst activity such as available area, catalyst components and tar 

components. Simultaneously with tar decomposition, tar carbon deposited within pore ore and 

consumed available area and pore volume during the process. Thus, reducing area and volume 

caused small possibility of carbon deposition. Ratio of deposited carbon was increased at small 

reacted of tar due to high availability of volume for deposition 

 

 
Fig. 2-7 Change in total pore volume of iron ore and the amount of deposited carbon 

during experiments at 600oC.  

 

 Fig. 2-7 shows the change of total pore volume of iron ore in each experiment steps. Tar 

decomposition and carbon deposition required large surface area and pore volume as reaction 

site and carbon storage. Dehydration of combined water (CW) at 450oC was effective to increase 

the pore volume almost twice from original ore. CW within iron ore decomposed and evaporated 
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during heating-up through (2.2). The remaining site of CW was vacant and enhanced pore 

volume.  

(2.2)                                                                   OHOFe2FeOOH 232 +→  

Tar carbon deposited within pores ore and reduced the total pore volume after decomposition 

process. It was clearly that the reducing pore volume of BIT was highest due to large carbon 

deposition. The diminishing of pore volume was proportional with the amount of deposited 

carbon. Thus, tar carbon deposited effectively within iron pore which was reveled with large 

decreasing of pore volume at high carbon deposition. However, the remaining pore volume after 

decomposition process was still a half of dehydrated ore. This condition promoted the study for 

optimization of pyrolysis and tar decomposition condition to increase amount of carbon 

deposition.  

 

Fig. 2-8 Change of XRD pattern of iron ore for each experiment steps in the pyrolysis-tar 

decomposition process (case 2). Case 1: no iron ore; case 2: 3 g of iron ore 
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XRD analysis was proceeded to investigate the transforming of iron compound in each 

experiment steps as seen in Fig. 2-8. Dehydration process was done perfectly and converted all 

FeOOH to Fe2O3. This step created porous material that suitable for tar decomposition and 

carbon deposition. All Fe2O3 reduced and altered to Fe3O4 after the experiment for all solid fuels. 

The reducing gases such as H2 and CO were generated during pyrolysis process and indirect 

reduction simultaneously occurred with tar decomposition. The larger gas product from PKS 

pyrolysis was insufficient to produce FeO during indirect reduction due to thermodynamic 

limitation. Therefore, the ore product of tar decomposition contained not only deposited carbon 

but also semi reduced ore (Fe3O4).  
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2.3.2 Effect of temperature on low grade coal-tar decomposition for enhancing reactivity 

2.3.2.1 Effect of temperature of product distribution 

 

Fig. 2-9 Effect of pisolite iron ore on product distribution due to pyrolysis of two low-grade 

coals at different temperatures: (a) subbituminous coal from Indonesia (SBIT) and (b) 

Australian lignite coal (LIGN). Case 1: No iron ore (Pyrolysis), case 2: Fixed bed of 3 g of 

iron ore (Pyrolysis-Tar decomposition) for 40 min under the a N2 flow rate of 250 mL/min.  
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Fig. 2-9 shows the effect of pisolate iron ore on the distribution of pyrolysis products of 

LIGN and SBIT at different temperatures. The amount of char product obtained in case 1 and 

case 2 was similar for both coals, which shows the reproducibility of these experiments. As 

previous section, the introduction of iron ore to pyrolysis products that contain tar vapor and gas 

caused decomposition of tar through (2.1). The tar components that were heavy and light 

hydrocarbons decomposed and cracked within the iron ore pores to form gases and carbon, thus 

resulting in a less amount of tar and higher amount of the total gas product. Simultaneously with 

tar decomposition, the carbon product of tar decomposition also infiltrated and deposited within 

the pores of the iron ore, as deposited tar carbon. This data agreed with the result reported by 

Udin et al. that iron oxide promoted catalytic tar decomposition [21]. The catalyst that contained 

metal oxides prevented the formation of stable chemical structures and derived the weakening of 

C–C bonds inside the hydrocarbon molecule; the activation energy of the reaction decreased, and 

thus, the hydrocarbon decomposed into gases, lighter hydrocarbons, and carbon [31]. Thus, 

besides carbon storage, the iron ore also showed activity in the catalytic tar decomposition 

process. 

The effect of temperature on the pyrolysis and tar decomposition was also shown in the 

Fig. 2-9. It was well known that the amount of char product decreased at high pyrolysis 

temperatures while the amount of volatile matter (tar and gases) increased. When tar conversion 

was calculated from the ratio of tar decomposition to original pyrolysis tar (case 1), it was seen 

that tar conversion decreased at high temperatures for both types of coal. The product 

distribution of char and volatile matter (including tar and gas) in the pyrolysis process greatly 

depended on the temperature. Thermal cracking, decarboxylation, and depolymerization were 

preferred at high temperatures [32]. For both coal raw materials, carbon deposition within ore 
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(2.5)                                                                                2CO2HCOCH

(2.4)                                                                        OHOFe2HOFe3

(2.3)                                                                      COOFe2COO3Fe

224

243232

24332

+→+

+→+

+→+

pores was declined at high temperatures. The tar components were more active and easier to 

decompose into gas phase material. Therefore, high temperature will be suitable for the gas 

product whereas the deposition of a large amount of carbon will be realized at low temperatures.  

Fig. 2-10 shows the effect of iron ore on gas composition of LIGN pyrolysis process at 

different temperatures. In case 2, there were several reactions occurred simultaneously inside the 

reactor such tar decomposition, indirect reaction, and gas reforming.   

 

 

 

 

Fig. 2-10 The gas composition produced during the pyrolysis of lignite coal (LIGN) at 

different temperatures. Case 1: no iron ore; case 2: 3 g of iron ore.  
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The main reaction in each condition could be predicted based on gas composition. It was 

apparent that all gases increased as introduction of iron ore (case 2) except CO at 600 oC; tar 

decomposition that produced gases such as H2, CO2, CO and CH4 was main reaction compared 

to indirect reaction and gas reforming. Small indirect reduction also happened simultaneously 

and reduced the amount of CO. At 800oC, each gas lessened as effect of iron ore except CO2, 

indirect reduction was predominant in this condition by converting CO and H2 to CO2 and H2O. 

The decreasing of CH4 denoted that gas reforming occurred as second main reaction.   

It was well known that the pyrolysis product such as tar amount and gas were strongly 

affected by temperature.  Fig. 2-11 shows the effect of temperature on pyrolysis tar amount and 

deposited carbon for LIGN fuel.  

 

Fig. 2-11 Effect of temperatures on the tar amount and total gas volume in the pyrolysis of 

low-grade lignite coal, LIGN.  
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At high temperature, tar amount decreased and converted to gas product. Thermal cracking, 

decarboxylation, and depolymerization were preferred at high temperatures. It was also 

obviously that carbon deposition within ore pores declined at high temperature. The limited 

amount of tar from pyrolysis process affected small tar conversion so that deposited carbon also 

decreased. The tar components were more active and easier to decompose into gas phase. 

Therefore, total deposited carbon was proportional with the tar amount which was produced by 

pyrolysis. Interestingly, tar carbon was preferable to deposit within pore ore at high temperature. 

The pore volume was still vacant at high temperature due to small tar decomposition and carbon 

deposition 

 

Fig. 2-12 Dependence of carbon deposited within iron ore and degree of reduction of iron 

ore on temperature, showed similar tendency: with increasing temperature, carbon content 

decreased and degree of reduction increased.  
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  Fig. 2-12 shows the effect of temperature on deposited carbon within the pores and the 

degree of reduction of iron ore. As explained in the previous section, the amount of deposited tar 

carbon decreased at high temperatures due to the high activity of tar components during the 

decomposition reaction. Thus, the carbon content and degree of reduction showed an opposite 

behavior for both of the low-grade coals. It is well known that coal pyrolysis also generates gas 

products such as H2, CO, CO2, and CH4. The concentration of each gas was strongly dependent 

on the pyrolysis conditions such as temperature, gas flow rate, and type of catalyst [33-35]. 

Besides the pyrolysis product, tar decomposition also produced several gas components as listed 

in reaction (2.1). The indirect reaction of iron ore with gas components such as CO and H2 

occurred simultaneously with carbon deposition. At high temperatures, coal pyrolysis and tar 

decomposition resulted in a larger amount of gas products; hence, the degree of reduction of iron 

ore increased at higher temperatures.  
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Fig. 2-13 XRD patterns of iron ore, dehydrated ore, and ore after tar carbonization at 

different temperatures, showed that dehydration enhanced FeOOH → Fe2O3 conversion 

and tar carbonization caused reduction of iron ore to magnetite and wustite at higher 

temperatures. SBIT: Indonesian Subbituminous Coal, LIGN: Australian Lignite Coal.  
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  XRD analysis was performed to clarify the changing of iron compounds during tar 

decomposition and ore reduction. Fig. 2-13 shows that both the low-grade coals showed similar 

results. In the iron ore preparation, dehydration of CW changed the iron compound by reaction 

(2.2). FeOOH was never found in the material after dehydration, and this indicated that complete 

dehydration occurred at 450°C. Hematite in the ore was reduced by indirect reduction during the 

tar carbonization process. Wustite was never found after tar carbonization at low temperatures 

because the amount of reduced gas, such as CO and H2, was insufficient for reduction to wustite. 

These XRD results agreed with the calculated degree of reduction and the phase diagram plot.  

 

2.3.3.2 The reactivity of CVI ore in reduction reaction 

Fig. 2-3-6 shows the variation in the weight change ratio with the temperature during 

heating, at a rate of 50°C/min with an argon flow rate of 500 NmL/min for the carbonized ore 

and the reference, which was a mixture of Fe3O4 and metallurgical coke. The weight change ratio 

indicated the reduction of iron ore. The minimum theoretical temperature of direct reduction of 

iron was 575°C, calculated by HSC Chemistry 7 Simulation [36] based on the following 

reaction:  

(2.6)                                                                          4CO(g)  Fe3(A) C4OFe 43 +→+  

The type of deposited carbon within iron ore was amorphous [37]. The CO product was directly 

derived by high flow rate of Ar, thus boudouard reaction, CO(g)2(A) C  (g)CO2 →+  never 

occurred.  
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Fig. 2-14 Reduction reaction of carbon-deposited ore with low-grade coal showing that the 

direct reduction of the carbon-deposited ore began at 750oC, while that of the reference 

mixture of Fe3O4 and coke began at 1100oC.  

 

The reduction of carbonized ore began at 750°C, while that of the reference mixture of Fe3O4 

and coke began at 1100°C. This result indicated that the carbonized ore was more reactive than 

the mixture of Fe3O4 and coke. In the case of carbonized ore, since the carbon material infiltrated 

and deposited in the ore nanopores, the distance between the carbon and iron atoms was 

minimized. The nanoscale contact between iron ore and carbon enhanced the contacting area and 

resulted in the increasing reaction rate. The reduction of carbonized ore by LIGN coal was 

slightly faster than that of the carbon-deposited ore by SBIT coal because of the small difference 

in the amount of carbon deposited within the pores in the two ores. Generally, high carbon 

content in the carbonized ore would make it more reactive in the reduction reaction.  
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Fig. 2-15 Relationship between the reduction reaction and carbon content during direct 

reduction, showed that deposited carbon from tar carbonization was consumed and 

effective in reducing iron ore.  

 

In order to confirm the reduction of carbonized ore, the relationship of carbon content 

and weight change was plotted as seen in Fig. 2-15. The weight change profile during the 

reduction reaction showed the following: an initial gradual decrease up to 750°C and rapid 

decrease at temperatures higher than 750°C. A similar tendency emerged in the case of the 

carbon content within the carbonized ore. By considering the tar decomposition process, the first 

gradual decreasing was related to re-evaporation of tar components and the second rapid 

decrease was the ore reduction process. When tar decomposition occurred in the porous ore, 
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small amounts of unreacted tar were entrapped within the pore while the temperature was 

decreasing. These tar components were re-evaporated at the beginning of the increase in the 

temperature during reduction reaction. The rapid decreasing reveals the iron ore reduction from 

Fe3O4 to FeO and Fe, seen clearly in Fig. 2-16. XRD analyses were performed for several 

temperatures during heating up to observe the phase change of iron ore.  

 

Fig. 2-16 Changes in XRD patterns of tar-carbonized iron ore during direct reduction 

under Ar at a flow rate of 500 NmL/min, showed that the closely contacted deposited 

carbon from tar carbonization was effective in reducing iron ore to wustite and metalic 

iron.   

 

The XRD results showed that the patterns were similar up to 700°C, which only magnetite was 

found as the original of carbonized ore. It means that the ore reduction never started at this 
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temperature. A different XRD pattern was obtained at 900°C, which corresponded to magnetite 

and wustite; this indicated that ore reduction occurred at this temperature. This result also 

matched with the weight change ratio where a rapid decrease occurred between the temperatures 

of 700 and 900°C. The final product of ore reduction, an metallic iron was found at 1000°C. This 

was also confirmed by the decreasing rate of weight change ratio, which was almost horizontal at 

the end of the process.  
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2.3.3 Optimum temperature for maximazing carbon deposition within ore 

2.3.3.1 Effect of pyrolysis temperature 

 

Fig. 2-17 Product distributions of integrated coal pyrolysis–tar decomposition over 

Hamersley (H) iron ore at different pyrolysis temperatures  showed that tar decomposition 

occurred at elevated temperatures to produce small amounts of tar components and high 

amounts of deposited carbon.  

 

Fig. 2-17 shows the effect of pyrolysis temperature on the product distribution of 

integrated coal pyrolysis–tar decomposition over low-grade iron H ore. When the temperature of 

tar decomposition process and other experimental parameters were kept constant, the amount of 

deposited carbon within the iron ore was affected mainly by the volatile matter (tar and gases) 

produced by coal pyrolysis. Tar decomposition occurred over the porous iron ore, and produced 

gases and deposited carbon through reaction (2.1).  
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A high pyrolysis temperature decreased the amount of tar and increased carbon deposition in the 

ore as a result of the tar decomposition process shown in Fig. 2-17. Gas production was also 

enhanced at high temperatures because of thermal cracking of the coal and tar decomposition. A 

large amount of tar promoted high conversion of tar material in the decomposition process to 

produce gases and deposited carbon. High carbon deposition was achieved when a large amount 

of tar was generated from the pyrolysis process. High-temperature pyrolysis, which produced 

large amounts of tar, was therefore suitable for the carbon deposition process.  

 

Fig. 2-18 Effect of pyrolysis temperature on gas composition and lower heating value 

(LHV) of integrated coal pyrolysis–tar decomposition over Hamersley iron ore; each gas 

volume increased at elevated temperature as a result of thermal cracking of coal and tar 

components.  

 

As well as tar carbon deposition in the porous iron ore, the integrated coal pyrolysis–tar 

decomposition also produced several gases such as CO, CO2, H2, CH4, and other light 

hydrocarbon. Fig. 2-18 shows the effect of pyrolysis temperature on the gas composition and 
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lower heating value. It can be seen that all gas components were enhanced at elevated 

temperatures, as a result of thermal cracking of coal and decomposition of the tar component. 

Thermal cracking, decarboxylation, and depolymerization of carbonaceous materials are 

promoted at high temperatures. In addition, the high activities of tar components at elevated 

temperatures increased tar conversion and made decomposition to the gas phase easier. It was 

also found that H2 production at 800 °C increased rapidly compared with CO production. Gas 

reforming began to occur and enhanced H2 and CO production [38]. Based on the gas reforming 

stoichiometry, the mole of H2 was higher than CO in the gas reforming products. High contents 

of H2 and CO at elevated temperatures also increased the heating value of the gas product. A 

high pyrolysis temperature therefore produced not only high carbon deposition but also increased 

the heating value of the gas products.  
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2.4.3.2 Effect of decomposition temperature (CVI process) 

 

Fig. 2-19 Effect of tar decomposition temperature on tar product distribution; the tar 

decomposition over Hamersley ore showed that the highest carbon deposition was attained 

at 600°C, whereas thermal cracking was predominant to produce gases at higher 

temperatures (>600°C)  

 

Based on the results of the pyrolysis experiments, tar decomposition was performed at the 

highest pyrolysis temperature, which generated the largest amount of deposited carbon. Fig. 2-19 

shows the effect of decomposition temperature on the tar product distribution over H ore at a 

constant pyrolysis temperature of 800°C. The amount of unreacted tar decreased at elevated 

temperatures, indicating high conversion of tar components during the decomposition process. 

High activity of the tar component over the surface of the porous iron ore promoted 

decomposition to produce gases, deposited carbon, and lighter hydrocarbons. Metal oxides 

prevent the formation of stable chemical structures in hydrocarbons and speed up hydrocarbon 
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degradation by weakening the C–C bonds, decreasing the activation energy for the complex tar 

decomposition process [31]. The products of tar decomposition altered with tar decomposition 

temperature (400–800 °C). Tar carbon deposition within the porous ore, rather than formation of 

gas products, was predominant in the temperature range 400–600 °C. At temperatures above 600 

°C, tar decomposition generated gas products rather than depositing carbon. At temperatures 

above 600°C, tar decomposition generated gas products rather than depositing carbon. Based on 

the gibbs free energy, ∆G0, the gasification of carbon and direct reduction of iron ore through 

reaction (2.7) and (2.8) would be started at 698 and 651°C, respectively [36,39]. Therefore, 

direct reduction of iron ore and gasification of the deposited carbon took place and enhanced 

carbon conversion to gas products. This means that the rate of carbon deposition from tar 

decomposition was smaller than the rate of carbon consumption by reaction (2.7) and (2.8). The 

maximum carbon deposition in the porous ore was achieved at a tar decomposition temperature 

of 600°C. The optimum conditions of integrated coal pyrolysis–tar decomposition for producing 

deposited carbon in porous iron were therefore pyrolysis at 800°C and tar decomposition at 

600°C. 

(2.8)                                                                                            2CO(g)(g)COC

(2.7)                                                                         3CO(g) Fe(s)2C3(s)OFe

2

32

↔+

+↔+
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Fig. 2-20 (a) Phase diagrams for iron–wüstite–magnetite systems showed that a high 

temperature of tar decomposition resulted in a large reduction degree due to high amount 

of CO and faster reduction rate. (b) X-ray diffraction (XRD) patterns of iron ore after tar 

decomposition at different temperatures showed that FeO can be found at 800°C; this was 

consistent with the phase diagram.  

 

The phase diagrams in Fig. 2-20a show the effect of tar decomposition temperature on the 

iron–wustite–magnetite system for H ore. This figure explains the indirect reduction of CO 

through reactions (2.9)–(2.11).  

 (2.11)                      kJ/mol 17.31- H   (g);CO Fe(s)CO(g)FeO(s)

(2.10)               kJ/mol 36.25 H   (g);CO FeO(s)3CO(g)(s)OFe

(2.9)       kJ/mol 52.86- H   (g);CO (s)OFe2CO(g)(s)O3Fe

o
2

o
243

o
24332

=Δ+↔+

=Δ+↔+

=Δ+↔+

 

The pyrolysis process occurred at a constant temperature and resulted in similar tar and gas 

products, but indirect reduction of CO generated different products. The reaction rate of iron ore 

reduction was higher at high temperatures, and was sufficient to produce FeO in tar 

decomposition at 800 °C [40]. High-temperature tar decomposition therefore resulted in a large 

degree of reduction, as indicated by the generation of FeO, because of the high reduction 

(a)
(b)
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reaction. In order to clarify the reduction degree, XRD analysis was performed for the products 

at different tar decomposition temperatures, as shown in Fig. 2-20b. It can be clearly seen that all 

Fe2O3 was changed into Fe3O4 as a result of indirect reduction by pyrolysis gases. Indirect 

reduction occurred simultaneously with tar decomposition and carbon deposition. This result 

agreed with the phase diagram, which showed that FeO was found at elevated tar decomposition 

temperatures because of a large amount of indirect reduction. Tar decomposition at elevated 

temperatures therefore produced small amounts of deposited tar carbon in the porous iron ore, 

but a high degree of reduction.  

 

Fig. 2-21 Changes in pore size distributions and BET surface areas of Hamersley ore after 

tar decomposition at different carbonization temperatures showed that the BET surface 

area and pore size distribution at 800°C decreased significantly when the amount of 

deposited carbon was smallest, indicating that sintering started to occur.   
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Fig. 2-21 shows the changes in pore size distribution and BET surface area of H ore after 

tar decomposition at different temperatures. Simultaneously with tar decomposition, carbon 

infiltrated and was deposited in the porous iron ore, resulting in reduction in both the pore size 

distribution and the BET surface area. Interestingly, the carbon was only deposited in pores of 

size less than 4 nm because of the specific tar component. The carbon content of the porous ore 

was proportional to the decreases in pore size distribution and BET surface area, except in the 

case of tar decomposition at 800°C. The carbon content of the iron ore at 800°C was the 

smallest, but the decreases in pore size distribution and BET surface were higher than those 

under other temperature conditions. During the tar decomposition process, the iron bed was 

heated and kept at a constant temperature of 800°C, which was sufficiently high to promote 

sintering of the iron ore. The melting point of the iron ore (Fe2O3) was 1460°C [36]. During 

sintering, the pores in the iron ore joined up, resulting in a dense material. This phenomenon 

significantly decreased the BET surface area and pore size distribution and resulted in the lowest 

carbon deposition. Thus, the tar decomposition process should be performed below 800°C to 

produce high carbon deposition and avoid sintering. 
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2.4.3.3 Effect of iron ore with different combined water 

 

Fig. 2-22 Effect of different iron ores on deposited carbon and total gas volume showed that 

Hamersley (H) ore gave higher carbon deposition but a lower total gas volume compared 

with Robe-river (R) ore.  

 

The results described above show that the optimum conditions for producing high carbon 

deposition were pyrolysis at 800 °C and tar decomposition at 600 °C. Another iron ore, the R 

ore, with a different CW content, was subjected to similar conditions for comparison. Fig. 2-22 

shows the effect of different iron ores on the amount of deposited carbon and the total gas 

volume under the optimum temperature conditions. Using a similar tar component from coal 

pyrolysis, the H ore generated a larger carbon content but a smaller gas volume than the R ore. 

This indicated that the H ore had higher selectivity for carbon deposition during tar 

decomposition than the R ore. Decomposition of the tar component produced gases and 

deposited carbon in the porous ore, and the selectivity of the iron ore was established from the 

0

100

200

300

400

500

0

2

4

6

R ore H ore

C
ar

bo
n 

co
nt

en
t [

%
m

as
s]

Carbon content

Total gas, ml/gram

Pyrolysis temp : 800 oC
Tar decomposition temp : 600 oC

V
ol

um
e 

ga
s [

m
l/g

ra
m

 c
oa

l]



72 
 

ratio of these products. Generally, several factors influence the selectivity of a solid catalyst, 

such as surface structure, composition, surface mobility, and charge transport [41].  

 

Fig. 2-23 Changes in Brunauer–Emmett–Teller (BET) surface areas and pore size 
distributions of two different iron ores [Hamersley (H) and Robe-river (R)] showed that 
larger carbon deposition in the R ore was the result of larger micropores, which were 
created during dehydration.    
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In order to investigate the factors related to the selectivity of the tar decomposition 

process in detail, BET analysis was performed over both H and R ores, as shown in Fig. 2-23. 

Dehydration of CW at 450 °C enhanced the surface area of the iron ore and created a porous ore. 

The surface areas of both the H and R ores after the dehydration and tar decomposition processes 

were similar. The surface area therefore could not explain the selectivities and different carbon 

contents. Different results were obtained for the pore size distributions after dehydration of CW. 

The H ore had larger numbers of micropores than the R ore, in particular pores of size 4 nm, 

although dehydration was performed under similar conditions. The tar carbon was deposited in 

the iron ore in pores of size less than 4 nm. These results clearly show that differences among the 

carbon contents were caused by the number of micropores after the dehydration process. 

Therefore, the pore size distribution was the dominant parameter rather than the surface area in 

determining the amount of deposited carbon within the iron ore.  
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Fig. 2-24 Reduction degree of iron ore and gas composition of integrated coal pyrolysis–tar 

decomposition with various iron ores [Hamersley (H) and Robe-river (R)] showed that H 

ore produced smaller mounts of H2 and CO, but gave higher reduction degrees, as a result 

of large consumption of these gases in indirect reduction 

 

Fig. 2-24 shows the gas compositions and reduction degrees for integrated coal 

pyrolysis–tar decompositions, using different iron ores, under the optimum temperature 

conditions. As explained in the previous section, indirect reduction of the iron ore by pyrolysis 

gases occurred simultaneously with tar decomposition and carbon deposition. The reduction 

degree was estimated using the following equation:  

(2.12)                        100%
oxygen  removable Total

ores from generatedOxygen   (%) degreeReduction ×=  

The H ore gave a higher reduction degree than the R ore. The higher reduction degree 

represented large consumption of a reducing agent, CO, to produce CO2. The gas composition 

shown in Fig. 2-4-7 confirmed this phenomenon, because the amount of CO gas in the H ore was 
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smaller than that in the R ore, because of high CO consumption in the indirect reaction. The H 

ore therefore produced larger amounts of deposited carbon in the porous ore and a higher 

reduction degree, but a smaller total volume and energy of gas products.  
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2.4 Conclusions  

This chapter describes the proposed system, integrated pyrolysis-tar decomposition by 

CVI process for producing ore contained carbon, CVI ore through effective utilization of low 

grade coal, biomass and low grade iron ore in iron and steel industry. In section 2.3.1, the 

comparative study of various solid fuels as carbon source of decomposition process was 

performed related to tar decomposition and carbon deposition.  The main results can be 

summarized as follows: 

1 The carbon deposition was dependent on the tar amount that produced during pyrolysis 

process. Deposited carbon from high grade bituminous coal was higher than other solid 

fuels due to large tar product from pyrolysis process. Ratio of deposited carbon during tar 

decomposition was affected by availability of surface area. Biomass palm kernel shell, PKS 

resulted high ratio of deposited carbon because of small reacted tar and large vacancies of 

surface area.  

2 The porous ore which was created through dehydration process shows promising material 

as carbon storage and tar decomposition. Tar carbon infiltrated and deposited effectively 

within ore pores which was created during the dehydration of combined water 

3 Beside tar decomposition and carbon deposition, indirect reduction of iron ore by gas 

product (CO and H2) simultaneously occurred and altered Fe2O3 to Fe3O4 at temperature of 

600oC.  

In section 2.3.2, the study related to temperature of tar decomposition and reactivity of CVI ore 

in reduction process was performed more detail with the following conclusions. 

1. The low grade iron ore had a significant influence on catalytic tar decomposition, and it 

increased the carbon content within the ore and the total amount of gas product. The 
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carbon deposition decreased at higher temperature due to larger gas generation in tar 

decomposition process.  

2. At high temperatures, the reduction degree of iron ore increased, and it had a 

contradictory relationship with the carbon content for both of the low-grade coals. Coal 

pyrolysis and tar decomposition produced gas products at high temperatures, which were 

used in the reduction of iron ore. At high temperature, 800oC, the FeO was found as a 

result of indirect reduction due to large gas generation.  

3. The CVI ore was more reactive than the mixture of Fe3O4 and coke because tar carbon 

deposited into the nanopores; consequently, the distance between the carbon and iron 

atoms was minimized. The nanoscale contact between the iron ore and carbon enhanced 

the contacting area and resulted in the increasing of reaction rate. 

 

In the section 2.3.3, the optimum temperature for both pyrolysis and tar decomposition were 

determined to obtain the maximum carbon deposition in the porous iron ore and the following 

conclusions were derived.   

1. The pyrolysis at the highest temperature produced a large amount of carbon deposition 

and a clean gas product with extra heating value. Thermal cracking of the coal component 

increased at high temperatures and produced large amounts of gas and tar for the 

decomposition process. 

2. Deposited carbon, rather than gas products, was predominantly produced at lower 

temperatures (400–600 °C), and the opposite behavior was observed in tar decomposition 

at higher temperatures (700–800 °C). The gasification of carbon at higher temperatures 

decreased the amount of carbon deposited within the porous ore. When the tar 

decomposition performed at 800°C, the FeO was obtained but the sintering of iron ore 
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was also started. The highest carbon deposition was obtained at a pyrolysis temperature 

of 800°C and a tar decomposition temperature of 600°C. 

3. Hamersley, H ore attained higher carbon deposition but a lower amount of gaseous 

products compared with Robe-river, R ore, as a result of the formation of larger pores 

during the dehydration process. The pore size distribution was a more important factor 

than the BET surface area in the carbon deposition process.  

These results demonstrated that the proposed system, integrated pyrolysis-tar decomposition 

over low-grade ores by CVI process is one of the most promising methods for the effective 

utilization not only low grade coal but also biomass in the iron and steel industry.  
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Chapter 3 

Kinetics analysis of tar decomposition over porous low grade ore 
 

3.1 Introduction 

Pyrolysis is the main process for solid fuels utilization such as biomass and coal which 

generate char, tar and gas product. As by-product, tar contains condensable organic material with 

high energy matter which may cause operational problem such as pipe blocking, condensation, 

and tar aerosol formation [1]. Therefore, complete decomposition of tar into a major fraction of 

the gaseous product that integrated with the reactor system is most essentials research subject in 

order to enhance the efficiency and cut the operation cost of the pyrolysis process.  

It is well known that complete decomposition of tar over several metal catalysts such as 

Ni, Pt, Rh, and Pd are promising method [2-5]. Nickel catalysts in various types have been 

obtained to be highly effective for tar decomposition process in coal or biomass pyrolysis. For 

example, the NiMo catalyst almost removed 100% of tar material which contains mostly of 

methylnaphthalene hydrocarbon at 500oC [6]. However, there is still very serious problem 

related with catalyst deactivation due to carbon deposition. Aznar et al observes that the catalyst 

activity of typical nickel A is drop into 54% during 35 h experiment time [7]. Beside carbon 

deposition, high cost for raw material and regeneration method are another problems related with 

the conventional metal catalyst.  

In order to solve their problem, different approach was offered using certain material as 

catalyst that can still be used after the loss of activity. An example is the utilization of charcoal in 

the biomass pyrolysis for tar decomposition simultaneously and producing higher gas product [8-

10].  The carbon deposition within charcoal which is resulted by tar decomposition increases 

total carbon content as well as heating value of charcoal. It has also been reported that iron-
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oxide-based catalysts such as Fe2O3-Al2O3 could be used effectively for tar decomposition to 

produce hydrogen [11,12]. Natural goethite ore was useful for biomass tar decomposition to 

produce clean pyrolysis gas [13]. The proposed system which consisted of integrated coal 

pyorlysis with tar decomposition over porous low grade ore (Fe2O3) is a promising method to 

solve the problems related to tar material and catalyst development [14, 15]. In this system, the 

volatile matter included tar material from pyrolysis is introduced to fixed bed of porous ore for 

decomposition process [16]. The tar decomposition produces a high-value syngas (CO and H2), 

while at the same time the carbon deposits within the porous ore and causes catalyst deactivation. 

Thus, the clean gas product is generated with high values of H2 and CO which increases the 

energy efficiency of the pyrolysis process. In addition, the iron ore with high carbon deposition 

as inactive catalyst can act as reducing agent and cut the consumption of coke in ironmaking 

process. It’s reported that the inactive catalyst exhibited high reactivity and lower temperature in 

reduction reaction compared to conventional process [17]. Therefore, the inactive iron ore 

catalyst could be excellent raw material in the ironmaking industry which contributes to address 

the problems about raw material, energy and environment [18]. Among those great benefits, the 

understanding of the proposed system was highly required such as kinetic analysis and ore 

reduction behaviors. The effect of carbon deposition on the activity of catalyst in decomposition 

process was also still questionable.  

Consequently, this paper focuses on a detailed evaluation of the kinetic analysis in the 

proposed integrated coal pyrolysis-tar decomposition over porous iron ore. The comparison of 

kinetic parameters with the related experiments was also examined. In addition, the effect of 

carbon deposition on the catalyst activity was also discussed to further understand the lifetime of 

the catalyst. 
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 3.2 The proposed of kinetic model 

The kinetic model is proposed based on the decomposition of tar with the following 

reaction: 

(3.1)                                                            SCfGSfLTfHT SCGSLT
k ++⎯→⎯  

The heavy tar (HT) decomposes into gaseous product (GS), solid carbon (SC), and light tar (LT) 

over porous ore. In the case of high catalyst activity, the light tar is also possible to decompose 

into gases and solid carbon. The coefficients fLT, fGS, and fSC correspond to the selectivities of 

light tar, gases and carbon respectively. 

 

Fig. 3-1 Schematic diagram of continuous fixed bed reactor which used for 

development of kinetic equation model.  

 

By assuming the reaction is first-order kinetic, the reaction rate can be expressed as follow: 

( ) ( ) ( ) (3.2)           HTTSCHTTGSHTT yCtkfyCtkfyCtkr φφφ ==−=  

D

∆Z
L

Qi, z

Qi, z+∆z
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where CT corresponds to total concentration of the reactant, yHT denotes the mass fraction of 

the heavy tar material, ϕ express the catalyst deactivation due to carbon deposition. Fig. 3-1 

shows the schematic fixed bed reactor which used for developing of the kinetic equations. 

By assumption the plug flow reactor, the mass balance of heavy tar through fixed bed 

reactor can be expressed with the differential equation:  

( ) (3.3)                                                                    HT
HTHT ytk
z

yu
t

y φ−=
∂
∂

+
∂
∂

 

By defining gas velocity, 
A
Qu =  and dimensionless variables,

Rt
t

L
zx == θ; , where Q 

is volumetric gas flow rate, A indicates bed cross-section area, L represents total reactor 

length and tR means total reaction time. The equation (3.3) can be modified as follow: 

( ) (3.4)                                                         1
HT

HTHT

R

yk
x

y
LA

Qy
t

θφ
θ

−=
∂
∂

+
∂
∂

 

The substitution of reactor volume, ALVR = and gas residence time, Q
AL

=τ into equation 

(3.4) results the following equation: 

( ) (3.5)                                                                HT
HTHT

R

yk
x

yy
t

θφτ
θ

τ
−=

∂
∂

+
∂
∂

 

In case of continuous system with appropriate gas flow rate, the gas residence time is a lot of 

smaller than reaction time; therefore the equation (3.5) could be expressed in the simple 

form: 

( ) (3.6)                                                                               HT
HT yk
x

y θφτ−=
∂
∂
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The equation (3.6) can be solved using boundary condition (BC) in the reactor entrance, 

10 =→= HTyx , thus the mass balance equation of heavy tar is defined as follow: 

( )[ ] (3.7)                                                                            exp xkyHT θφτ−=  

Based on the similar method, the mass balance of gaseous product is also developed as the 

following form:   

( ) (3.8)                                                                          HTGS
GS ykf
x

y θφτ=
∂
∂

 

By applying equation (3.7) and BC in the reactor entrance, 

010 =→=→= GSHT yyx   so the equation (3.8) can be rearranged:  

( ) ( ) ( )[ ] (3.9)                                     exp1
0
x

GSGS xk
k

kfy θφτ
θφτ

θφτ −
−

=  

Inserting of BC in the outlet reactor, GSGS yyx =→= 1 , the equation (3.9) can be 

modified in following form: 

( )[ ][ ] (3.10)                                                     exp1 θφτ kfy GSGS −−=  

The catalyst deactivation is assumed as first order exponential function, ( ) ( )λθθφ −= exp

where λ is deactivation factor due to carbon deposition. The equation (3.10) can be modified 

and rearranged in the form: 

( ) (3.11)                                                           ln1lnln λθτ −=⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−− k

f
y

GS

GS  

The reaction rate constant and deactivation factor could be evaluated using experimental 

data of tar decomposition process by simple linear correlation.  
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3.3 Materials and experimental methods 

3.3.1 Materials 

Lignite coal tar was examined as carbon sources in the tar decomposition process over 

porous iron ore which originated from Japan ironmaking industry. The tar was derived from 

Australian lignite coal (LIGN) which is similar material used in section 2.3. A low-grade iron 

ore, pisolite, was employed as catalyst for decomposition of tar and storage of deposited carbon. 

The properties of the low grade ore are also similar to Table 2-2-2.  

 

3.3.2 Experimental methods 

 

Fig. 3-2 Experimental apparatus for tar decomposition over porous ore. Total tar flow rate 

and porous ore were 0.25 ml/min and 250 mg , respectively.  Toluene was added for tar 

dilution and preventing of pump problem. GC: gas chromatography.  
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Fig. 3-2 shows the schematic diagram of the experimental apparatus which consisted of 

HPLC pump, gas flow controllers, a tubular fixed-bed reactor, cold trap and micro gas 

chromatography (GC) for evaluating gas composition in the reactor downstream. The reactor 

was made from a transparent quartz tube with an inner diameter of 8mm which equipped with 

infrared heater and temperature controller. The fixed bed reactor was 250 mg of porous ore and 

supported by quartz wool for catalyst of tar decomposition and carbon deposition. The tar liquid 

was mixed by toluene in the certain amount to decrease the viscosity and allow for pumping 

system.  

Table 3-1 Raw material and experiment condition in tar decomposition process 

Code Sample Temp [oC] Catalyst weight [mg] N2 flow rate [mL/min] 

Run 1 Toluene 600 250 50 

Run 2 Lignite tar (5%) + Toluene 500 250 50 

Run 3 Lignite tar (5%) + Toluene 600 250 50 

Run 4 Lignite tar (5%) + Toluene 700 250 50 

 

Experiments were performed at atmospheric pressure with a total N2 flow rate of 50 mL/min and 

reactor heating rate of 10 K/min. After the reactor temperature was constant at desired 

temperature, the liquid tar was pumped into top of the reactor with the flow of 0.25 ml/min. The 

decomposition of tar occurred over porous ore to produce gas, carbon and light tar. The 

reduction reaction and carbon deposition within pores ore also took place simultaneously in the 

fixed bed reactor. The gas product and remaining tar were allowed to flow through the cold trap 

was maintained at –73°C for ensuring complete separation on liquid and gas product. The gas 

product was evaluated using micro GC to determine the amount of H2, CO, CO2, and light 

hydrocarbon gases.  The characterization of iron ore was performed by XRD analysis and BET 

measurement. The carbon content within the iron was also examined using CHNO elemental 
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analysis to evaluate the tar carbon deposition. Table 3-1 lists the experimental conditions for 

evaluating the reactivity and kinetic constant of tar decomposition over porous iron ore.  
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3.4 Results and Discussion 

3.4.1 Effect of reaction time on tar decomposition and carbon deposition 

In the decomposition process, the tar material generated into gasses, carbon and light 

hydrocarbon as stated in equation (3.12). Fig. 3-3 shows the product comparison of tar 

decomposition for pure toluene and mixture of toluene and lignite tar.  

(3.12)                            C n  hydrocarbolight other   CH  CO  CO HTar 422 +++++→  

 

 

Fig. 3-3 Comparison of tar decomposition product for different raw material shows that 

the small addition of LIGN tar (5%mass) affected in enhancing of total gas product and 

carbon deposition.  

 

The gas composition of both experiment showed similar tendency that H2 was predominant 

compared to other gasses. It related to the chemical bonding which was easy to break and form 

H2 from any type of hydrocarbon. Obviously, small addition of lignite tar into toluene resulted 

large different in gas and carbon products. The 5% of lignite tar within toluene mixture (run3) 

enhanced 58.65% of gas product and 36.73% of carbon deposition compared to pure toluene 
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(run1).  In addition, the run 3 exhibited also different gas profile which rising in beginning of 

reaction time. It denoted that the adding of lignite tar within pure toluene caused significant 

improvement of hydrocarbon substance in the raw material of decomposition process. Therefore, 

the mixture could represent the lignite tar as raw material and utilized to evaluate the tar 

decomposition process and kinetic parameters.  

 

Fig. 3-4 The evolution of gas product during the experiment at various temperature shows 

that H2-CO increased at the beginning step and decreased gradually till end of reaction.  
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Fig. 3-4 shows the evolution of each gas product during the experiments at different 

temperature. The H2 and CO were generated with similar profile which was short increasing in 

the beginning and then smoothly decreasing till end of the reaction time. The increasing of gas 

product was related with the excessive activity of iron ore in the catalytic process due to large 

surface area and no poisoning of carbon deposition. When the carbon was deposited, the activity 

decreased gradually. Unlike of H2 and CO, the profile of CH4 was rise and steady during reaction 

time. As proposed mechanism of tar decomposition process by Huttinger [19], the tar material 

cracked into CH4 in first step and subsequently, the H2 and deposited carbon were formed as a 

resulted of CH4 decomposition. Thus, the cracking activity of tar into CH4 was steady but the 

production of H2 and carbon was decline during the tar decomposition experiment due to 

unavailability of pore within iron ore. In addition, the conversion of tar material enhanced at 

higher temperature which indicated by huge amount of gas production. It is well known that 

thermal cracking, decarboxylation, and depolymerization are favored by an increasing of 

temperature.  

Fig. 3-5 shows the changing on carbon content within porous ore at different reaction 

time and temperature. Apparently, the elevated temperature of tar decomposition produced large 

carbon content at anytime during the experiment due to excessive tar conversion. Generally, the 

process at elevated temperature would supplies more energy for break the chemical bonding 

through thermal cracking process [20]. Hence, the gas production and carbon deposition had 

similar tendency which large tar decomposition at elevated temperature resulted high product 

both gas and carbon. Generally, the changing of carbon deposition during reaction time exhibited 

similar profile which rising rapidly at first 10 min and then slightly increasing till end of the 

experiments. The rapid rising of carbon content was caused strongly by high accessible of pores 
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within iron ore. Furthermore, the rate of carbon deposition was decline significantly as small 

number of pores was available.  

 

Fig. 3-5 Effect of temperature on carbon content within porous ore at different reaction 

time shows that high temperature attained larger carbon deposition due to large tar 

decomposition. Thermal hydrocarbon decomposition preferred at higher temperature.  

 

Thus, the carbon deposition in the starting reaction time was absolutely important to control and 

construct dense deposition in the depth position so that the pore was still available for next 

deposition process. This phenomenon agreed with the gas product results as shown in the Fig. 3-

4. In the end of experiment, the carbon content was near to constant due to saturated condition 

and unavailability of pores for deposition process. Beside carbon deposition, unavailability of 
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pore within iron ore caused the decreasing of catalyst activity as shown in the result of gas 

production.  

 

Fig. 3-6 Changing of XRD pattern at each experiment steps show that dehydration process 

removed OH completely while indirect reduction occurred simultaneously with 

decomposition process to product Fe3O4. Thermodynamic limitation caused the ore 

reduction reaction never proceed to FeO/Fe at longer time yet.  

 

Fig. 3-6 shows the changing of ore phase and compound based on the XRD pattern at 

each experimental step. As stated in previous results [21] that the dehydration process was 

removed combined water (CW) completely by producing porous Fe2O3 from FeOOH. The 

20 30 40 50 60 70 80 90

D
iff

ra
ct

io
n 

in
te

rn
si

ty
 [a

.u
]

2θ [degree, Cu-Kα]

FeOOH Fe2O3 Fe3O4

Original ore

Dehydrated ore

Carbonized ore at 
5 min

10 min

20 min

30 min

40 min

LIGN-600oC



97 
 

indirect reduction occurred simultaneously with decomposition process to product Fe3O4 through 

the reaction (3.13-3.14). 

(3.14)                                                  O(g)H (s)OFe2(g)H(s)O3Fe

(3.13)                                                 (g)CO (s)OFe2CO(g)(s)O3Fe

243232

24332

+↔+

+↔+
 

However, the compound of iron ore was never changed to FeO/Fe at longer reaction time. As 

well known that the indirect reduction reaction is highly depend on the ratio of H2/(H2O+H2) and 

CO/(CO2+CO) at specific temperature. When the ratio was quite low, the reduction never 

proceeds to FeO/Fe as our experiment. In the previous report, the tar decomposition at higher 

temperature generates more H2 and CO, thus the ore reduction would precede more and produce 

FeO/Fe [15]. Therefore, the thermodynamic limitation caused the ore reduction reaction never 

proceed to FeO/Fe in the decomposition process.   

 

3.4.2 The analysis of kinetic parameters 

 In order to calculate the kinetic parameter using equation (3-11), the gasses conversion 

and selectivity were based on the experiment data and tabulated in Table 4-2. 

 

Table 4-2 The product, gas conversion and selectivity of each experiment condition 

Time 

[min] 

Product [mg] Selectivity [-] Conversion [-] 

Gas Carbon Gas Gas 

500oC 600oC 700oC 500oC 600oC 700oC 500oC 600oC 700oC 500oC 600oC 700oC 

10 1.22 3.54 5.42 11.65 12.37 16.67 0.095 0.223 0.245 0.054 0.016 0.238

20 2.36 5.34 9.09 12.92 14.42 18.30 0.154 0.270 0.332 0.052 0.012 0.199

30 2.84 6.19 11.39 14.17 16.82 22.43 0.167 0.269 0.337 0.042 0.091 0.166

40 3.20 6.85 13.48 15.05 16.75 20.40 0.175 0.290 0.398 0.035 0.075 0.148
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The gas selectivity was evaluated as mass ratio of total gas product and total product (gas and 

carbon).  As the gas conversion was calculated based on the mass ratio of total gas product and 

raw material of tar. Based on the equation (3-11) and Table 7-2, the constant of reaction kinetic 

and catalytic deactivation were determined by linear correlation as shown in the Fig. 3-7.  

 

Fig. 3-7 Determination of kinetic parameters using linearization method at different 

experiment temperatures.  

 

The data correlation owned linear tendency which confirmed the valid assumptions in the 

development the kinetic model. Using the slope (A) and intercept (B) of linearization, the 

reaction rate constant and deactivation factor were determined using the equations (3.15). 
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The result of reaction rate constants and deactivation factors at different temperatures were 

presented in Table 3-3.  

 

Table 3-3 The apparent constant of reaction rate and catalyst deactivation parameter on 
tar decomposition over porous ore 

Code Temp [oC] Reaction rate constant, k [s-1] Deactivation factor λ [s-1] 

Run 2 500 0.13 1.72 

Run 3 600 0.19 1.79 

Run 4 700 0.55 2.53 

 

The result matched with general theoretical and previous explanation that the tar conversion and 

carbon deposition were increased at elevated temperature. Based on the Arrhenius equation, the 

activation energy (Ea) of the tar decomposition over iron ore was calculated using the data of 

reaction rate constant at different temperature.  

 
Table 3-4 Activation energy of tar decomposition reaction over porous ore and other 

catalyst 
 

Catalyst Activation energy, Ea [kJ/mol] Raw material Ref 

Porous ore 44.80 Coal tar (5%) + toluene This study 

Dolomite 67.41 Coal tar + pyrolysis gas [22] 

Zeolite 37.20 Simulated tar (1-MN) [6] 

CaO 32.90 Gasco coal tar [23] 

 

Table 3-4 shows the result of the activation energy and compared to other related 

experiments over various solid catalyst. It seems that the value of this experiment was 

comparable with other researcher even with different raw material of tar composition. In general, 

it well known that tar material consisted with hydrocarbon in various form such as toluene, 

xylene, benzene, naphthalene, phenanthrene, antrecena, aliphatic compounds and etc. Thus, the 
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porous iron ore was promising catalyst in the tar decomposition process with other benefits 

compared to conventional catalyst such as cheap, abundant natural resource and unnecessary 

catalyst support. In addition, the carbon deposition was no problem in this catalyst and would be 

advantage in the future utilization as raw material in ironmaking industry.   

 

Fig. 3-8 The relationship between deposited carbon and deactivation constant at different 

temperature shows that the carbon deposition within ore caused deceasing of catalytic 

activity during tar decomposition process.  

 

Fig. 3-8 shows the relationship between amount of carbon deposition and deactivation 

factor at various experiment temperature. Clearly, the both parameters showed similar tendency 

that larger carbon deposition resulted higher deactivation factor. It means that the carbon 

deposition within pores ore highly affected the decreasing of catalyst activity in the tar 

decomposition process. However, the high carbon content within this inactive ore catalyst would 

offer extra benefit in the steel production by exhibiting of high reactivity in reduction process.  
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3.5 Conclusions 

The proposed system which consisted of integrated coal pyorlysis over porous iron ore was 

promising candidate for tar decomposition and offered also solution for problem related with 

resaource, energy and environment in ironmaking industry. The kinetic analysis and deactivation 

of ore catalyst was evaluated in detail using proposed model to understand fully related with the 

system. The main findings of this study can be summarized as follows 

1. The generation of both H2 and CO gasses had similar profile which was short rising and 

then declining smoothly till the end of experiment. In the starting experiment, the catalyst 

iron ore owned high activity in tar decomposition due to large surface area and no 

poisoning of carbon deposition. Beside decompsoition process, the indirect reduction 

occured simultaneaously to produce Fe3O4. However, thermodynamic limitation caused 

the ore reduction never proceed to FeO/Fe. 

2. The reaction rate constant, k and deactivation factor, λ were calculated successfully using 

the proposed model with the range of 0.13 – 0.55 s-1 and 1.72 – 2.53 s-1, respectively at 

500-700oC. Based on the Arrhenious plot, the activation energy, Ea was around 44.86 

kJ/mol. It seems that the kinetic parameters of this experiment were comparable with 

other researchers.  

3. Obiously, the deactivation factor exhibited similar tendency with amount of carbon 

deposition within pores iron ore. It means that the carbon depsoition highly affected to 

the catalyts deactivation during the tar decompistion process. The carbon deposition 

raised rapidly at the beginning process due to high accessible in pores within iron ore. 

Furthermore, the rate of carbon depsoition diminished significantly as small number of 

pore available.  
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These results represent the important data and knowledge related with the proposed system of 

integrated coal pyrolysis and tar decomposition over natural and cheap calaytst of porous iron 

ore.   
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Chapter 4 

Porous ore structure and type of carbon deposition during  

CVI ironmaking 

 

4.1 Introduction 

Almost 70% of global steel is currently produced by blast furnaces that rely on 

metallurgical coal, otherwise known as coking coal [1]. The consumption of coking coal is 

therefore expected to continuously increase, as a result of the growing demand for steel in order 

to satisfy world economic growth. This, in turn, should result in an increase in price and limited 

resource availability, as well as greater competitiveness within the steelmaking industry. 

Consequently, alternative reducing agents need to be introduced into existing steelmaking 

processes, reducing their reliance on coking coal by substituting materials such as non-coking 

coal, wooden biomass, and carbon briquettes [2-4]. In conventional steelmaking, the coke is 

converted in a coke oven through pyrolysis with limited oxygen, producing an improved coke 

that fulfills critical roles in providing an energy source, a reducing agent, and maintaining the 

bed permeability in blast furnace operations [5]. In addition to coke, the coke oven also generates 

tar and gas, referred to as coke oven gas (COG) that contains large amounts of chemical and heat 

energy, and there are no significant means of energy recovery. Moreover, the tar material often 

causes operational problems during transportation, such as pipe plugging, condensation, and tar 

aerosol formation [6].  

Integrating coal pyrolysis-tar decomposition over a low-grade iron ore is a promising 

method to address the problems related to the use of alternative reducing agents, as well as 

allowing energy recovery from COG and tar material [7-8]. In this process, tar material is 
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introduced to a porous low-grade iron ore with a pore size around of 4 nm, which is then 

subjected to decomposition and carbon deposition processes. The tar decomposition produces a 

high-value syngas (CO and H2), while at the same time depositing carbon within the porous ore. 

This gas product could be utilized as an energy source in other areas of steelmaking, while the 

deposited carbon can act as reducing agent and diminish the consumption of coke in blast 

furnace operations. In addition, indirect ore reduction by CO and H2 occurs alongside tar 

decomposition and carbon deposition, thus transforming Fe2O3 into Fe3O4. The proposed method 

also allows the effective utilization of low-grade iron ore in steelmaking, which remains an 

abundant and low-cost resource, and can therefore help reduce the cost of raw materials.  

Carbon deposited by integrated coal pyrolysis-tar decomposition has been shown to 

demonstrate a high reactivity and lower temperature during reduction reaction [9]. In addition, 

the nanoscale contact between iron and carbon within the porous ore enhances the overall contact 

area, which increases the pre-exponential factor in the Arrhenius equation, and therefore the 

reaction rate constant [10]. The homogeneous distribution of carbon deposited within porous iron 

ore is a critical factor in ensuring that reduction occurs throughout the ore; however, there is 

currently no information regarding such distribution of deposited carbon in suitable detail. 

Furthermore, the study of the ore’s porous microstructure is of great value in understanding the 

phenomena that occur during deposition. Thus, a substantive investigation into the distribution 

and microstructure of carbon deposited within porous ore is urgently required in order to fully 

understand the potential benefits of the proposed method.  

The decomposition of hydrocarbons, such as tar, can result in the formation of various 

carbon structures ranging from amorphous to crystalline forms. All these different forms can 

exhibit different reactivities, with the reactivity of amorphous carbon in particular being 



108 
 

determined by the ratio of sp2 to sp3 in its atomic structure. The formation of carbon during the 

decomposition of hydrocarbons is a highly complex system involving molecular and free radial 

chain reactions, as well as phase changes from gas to liquid to solid [11]. Furthermore, the direct 

reduction of hematite differs depending on the use crystalline or amorphous carbon, with 

reaction starting at temperatures of 709°C and 576°C respectively [12]. Consequently, this paper 

focuses on a detailed evaluation of the type of carbon deposited during integrated coal pyrolysis-

tar decomposition over porous iron ore, with various solid fuels used as a hydrocarbon source. 

The microstructure of the porous ore and distribution of deposited carbon was also examined to 

further understand the carbon deposition process.  

 

4.2 Materials and experimental methods 

4.2.1 Materials 

The CVI ore which was produced from the previous experiments was subjected for 

microstructure and carbon type analysis. The carbon deposition within porous ore originated 

from various solid fuels such as high grade bituminous coal, low grade lignite coal and palm 

kernel shell biomass. In order to evaluate the effect of temperature on microstructure and carbon 

type, the CVI ore which was produced at different temperature was also examined.   

 

4.2.2 Experimental methods 

4.2.2.1 Microscopic analysis 

 The changing pore size distribution and crystalline compound of low grade iron ore 

during the CVI process were evaluated using BET measurement (Autosorb 6AG, Quantachrome) 

and XRD analysis (Miniflex, Rigaku). In order to study the evolution of the iron ore’s nanoscale 
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microstructure, both scanning electron microscope (SEM) and transmission electron microscope 

(TEM) were applied over porous iron ore. SEM images and energy-dispersive X-ray 

spectroscopy (EDS) analysis of the samples were obtained by using a JEOL JSM-7400F. In 

addition, the TEM was taken by using a JEOL JEM-2010 microscope at an operating voltage of 

200 kV and various magnifications. The water containing iron ore was dropped on a collodion-

coated Cu microgrid (150 mesh, Nisshin EM, Tokyo, Japan), subsequent drying at 60oC in the 

oven before TEM observation. 

 

4.2.2.2 Raman spectroscopy 

The carbon deposited within the porous iron ore was examined with a Renishaw InVia 

micro-Raman spectrometer (Renishaw, Wotton-under-Edge), equipped with a CCD detector. The 

samples were scanned using a laser excitation wavelength of 532 nm, and a 20x objective. The 

laser power was set below 7.5 mW (50% of maximum power), and the exposure time to 10 s, as 

these conditions prevented sample damage caused by laser irradiation. The spectra were 

measured in the range 900–2000 cm−1, and after scanning were processed using WiRE 2.0 

software.  
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4.3. Results and Discussion 

4.3.1 BET measurement and TEM analysis 

Fig. 4-1(a) shows the change in pore size distribution with each experimental step, 

ranging from the dehydration of combined water (CW) to the integrated pyrolysis-tar 

decomposition of various carbon sources. One of the biggest drawbacks to use of low-grade iron 

ore as a raw material for ironmaking is the large amount of combined water such ores typically 

contain, which subsequently requires additional energy for dehydration; however, this 

dehydration can produce a porous low-grade iron ore with a pore size of 1–4 nm.  

 

Fig. 4-1 (a) Change in pore size distribution with each experimental step; exhibiting a 

preference for deposition with pore sizes of less than 4 nm. (b) Effect of dehydration on the 

removal of the hydroxide (OH) group and the XRD pattern of the low-grade iron ore used.   

 

As shown in Fig. 4-1(b), the removal of the OH group from FeOOH molecules by heat treatment 

can initiate void spaces, and thus generate a porous material which was suitable for carbon 

deposition. Based on the XRD results, dehydration at 450 °C was sufficient to eliminate the OH 

group by converting the FeOOH to Fe2O3. The tar material subsequently produced from the 
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pyrolysis of solid fuels was decomposed within this porous iron ore into gases and carbon 

through the following reaction:  

(4.1)                            C   nshydrocarbolight other   CH  CO  CO HTar 422 +++++→  

At the same time, this carbon infiltrated and was deposited within the pores of the iron ore, thus 

resulting in a decrease in pore size distribution, as shown in Fig.4-1(a). Interestingly, the amount 

of carbon deposition was proportional to the decrease in pore size distribution; for example, 

carbon deposition from HGC tar was the highest observed and caused the largest reduction in the 

pore size distribution. Furthermore, the carbon was deposited only in within those pores with a 

size of less than 4 nm, which was due to the specific nature of the tar material and dominance of 

Knudsen diffusion. Specifically, with a small pore diameter, the resistance of Knudsen diffusion 

was the dominant factor in the total rate of diffusion. This Knudsen diffusion caused a higher 

percentage of intermolecular collisions with the pore walls, and thus a higher carbon deposition 

was achieved with a smaller pore size. Consequently, the porous material generated by 

dehydration as allowed for effective carbon storage.  

Fig. 4-2(a–c) shows TEM images at different magnifications of dehydrated iron ore at 

450°C. This shows that the complete removal of combined water results in the formation of 

pores confirmed to be around 3 nm in size; and with a layered pore structure, as shown in Fig. 4-

2(a). The formation of a large crack due to dehydration was also observed in the surface of iron 

ore, as shown in Fig. 4-2(b), which agrees with the results of similar work conducted by other 

researchers [13-14]. Interestingly, the highest magnification TEM image (Fig. 4-2(c)) explained 

the difference in pore size which was created during dehydration. This clearly shows that the 

distribution of micropores and mesopores was higher than that of macropores, and thus, 
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dehydration can successfully create pores of different sizes that are suitable for tar 

decomposition and carbon deposition.  

 

Fig. 4-2 TEM images of dehydrated iron ore at different magnifications: (a) Layered 

structure of dehydrated ore with a pore size of around 3 nm. (b) Large crack formation in 

the surface of iron ore. (c) Micropores and macropores within dehydrated iron ore. (d) 

Graphical representation of porous iron ore during tar decomposition and carbon 

deposition.  

 

Based on the pore size distribution and TEM imaging, a model for the tar decomposition and 

carbon deposition in the ore was proposed, which was illustrated in Fig. 4-2(d). In this, the tar 

vapor penetrated through the macropores of the ore in order to reach meso/micropore. The 

diffusion of tar vapor occurring predominantly in the smaller pore sizes. The decomposition of 
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tar material occurred within the pore surface, and produces both gases and solid carbon. The 

gaseous products were able diffuse outward and return to the gas bulk, whereas the carbon was 

deposited in the pores and progressively reduce the pore size distribution.  

 

4.3.2 SEM-EDS analysis 

 

Fig. 4-3 SEM images showing change during tar decomposition: (a) untreated iron ore 

consisting mainly of Fe2O3, (b) iron ore after tar decomposition, containing Fe3O4 due to 

the indirect reduction (CO and H2). TEM images of the iron ore after tar decomposition: 

(c) crack formation in the ore surface disappeared due to carbon deposition, (d) blockage 

of pore by deposited carbon, which caused a decrease in total carbon deposition.  

 

The SEM images in Fig. 4-3(a–b) show the change in the dehydrated iron ore due to the 

tar decomposition process. Hematite (Fe2O3) can be seen in the original dehydrated ore, which 
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agrees with the XRD results. This hematite is completely transformed into magnetite (Fe3O4) 

after tar decomposition, as shown in Fig. 4-3(b). This indirect reduction that occurred 

simultaneously with tar decomposition was due to the presence of H2 and CO from pyrolysis. As 

a product of tar decomposition, carbon infiltrated and was deposited within the iron ore, resulting 

in the disappearance of nanocracks from the surface that can be seen in the TEM image of Fig. 4-

3(c). This phenomenon was confirmed by the reduction in the pore size distribution after tar 

decomposition and carbon deposition, with Fig. 4-3(d) showing the deposition of carbon with the 

ore in greater detail. Based on the pore size distribution, it seems unlikely that the deposited 

carbon completely filled the pore space of the iron ore, as a small pore volume still exists after 

tar decomposition. It can therefore be seen that some of the deposited carbon effectively blocks 

the pores, thus limiting the total carbon deposition.  

 

Fig. 4-4 Cross section of EDS line analysis, showing that carbon was deposited from the 

surface toward the center of porous dehydrated ore.  
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In order to determine the change in carbon distribution due to tar decomposition, an EDS 

line analysis was performed along the cross section of the dehydrated iron ore, as can be seen in 

Fig.4-4. The carbon distribution within the original dehydrated ore was found to be the lowest, 

and closer to a base line of carbon intensity in EDS analysis. A very different profile was 

observed in the dehydrated ore after tar decomposition. The carbon distribution was highest near 

the outer surface and decreased gradually with increasing depth in the inner section of ore. By a 

distance of 0.2 mm (inner diameter 1 mm) from the surface, the carbon content dropped to the 

base line level of carbon intensity. This indicates that the tar vapor was capable of infiltrating as 

far as this depth, which similarly marks the limit of decomposition and carbon deposition within 

the ore.  

 

4.3.3 Raman spectrometry 

 

Fig. 4-5 (a) Raman spectra of metallurgical coke and carbon deposited within ore after tar 

decomposition from various solid fuels. (b) Curve fitting of the Raman spectra into D and 

G peaks, showing the differences in the intensity ratio.  
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Fig. 4-5 shows typical Raman spectra of carbon deposited by the decomposition of tars 

generated by the pyrolysis of various solid fuels. In addition, metallurgical coke was also 

analyzed for the purposes of comparison. The Raman spectra are all characterized by two strong 

main peaks: the D (“Defect or Disorder) peak at around 1350 cm-1, which is affected by disorder 

in the graphitic lattice, and the G (“Graphite”) peak at around 1580 cm-1, which relates to an 

ideal graphitic lattice [15]. The spectrum deconvolution applied with the curve fitting offers 

quantitative information in an effective and rigorous way with regards to the material structure. 

Qualitatively, the spectra of the carbon deposited from the different solid fuels were all quite 

similar, suggesting that the mechanism of deposition in each instance was essentially identical. 

However, the metallurgical coke exhibited a different behavior, in that the intensity of the G 

peak was weaker than that of the D peak. This indicates that the carbon deposited through tar 

decomposition has a different carbon structure to that of metallurgical coke.  

Based on the Raman spectra, there are several methods for evaluating the disordered 

structure of a material, such as peak intensity ratio, peak area ratio, G peak position, and full 

width at half maximum (FWHM) [16-17]. Using G peak position (ωG), Ravikant et al proposed 

an equation for calculating the sp3 fraction of an amorphous carbon, as listed in (4.2) [18-19]. 

Moreover, the cluster diameter of the structure can also be estimated using the intensity ratio of 

D and G peaks (ID/IG) as showed in (4.3) [20].  

(4.3)                                   )/I44(I [nm] La diamater,Cluster 

(4.2)                           0.1580)-48.9(ω-0.24[nm]fraction  Sp3

1-
GD

G

=

=
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Fig. 4-6 Relationship between sp3 fraction and cluster diameter of carbon deposited from 

tar decomposition of various solid fuels.  

 

Fig. 4-6 shows the results for sp3 content, as well as the cluster diameter (La), of carbon 

deposited by the decomposition of tar from various solid fuels. This reveals that both the sp3 

content and La are highest in the case of carbon deposited from a bituminous tar; however, the 

difference in sp3 content between the various solid fuels was not significant, at around 0.20 

(fraction). It is well known that various quality solid fuels generate slightly different tar 

components, and that this affects the structure of deposited carbon. The results show that the 

cluster diameter shows a similar tendency to sp3 content. The high disordered material that 

indicated with sp3 fraction was dispersive structure; hence the cluster diameter would be open up 

and become bigger [21]. This suggests that Raman spectroscopy could be readily used for 

evaluating the sp3 content and structure of deposited carbon within porous ore. 
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Fig. 4-7 Curve fitting of the Raman spectra and sp3 fraction of carbon deposited by tar 

decomposition of lignite coal at different temperatures. 

 

Fig. 4-7 shows the effect of temperature on the Raman spectra and sp3 fraction of carbon 

deposited by the decomposition of tar lignite coal within porous low-grade iron ore. The slight 

shift observed in the G peak position indicates that the sp3 content was smaller at higher 

temperatures, due to a higher degree of graphitization. This increase in graphitization at higher 

temperatures causes the carbon structure to become more ordered, with various forms of 

structural defects and large carbon crystallites being created. This increased graphitization also 

reduces the concentration of large aromatic rings [22].  
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Fig. 4-8 Ternary phase diagram of carbon, showing that carbon deposited by the 

decomposition of tar from various solid fuels can be categorized as amorphous carbon 

(a:C) with an sp3 content of 19–21 %.   

  

 Fig. 4-8 shows a ternary phase diagram for the various forms of amorphous carbon films 

containing hydrogen (H), sp2 and sp3 carbon atoms, as proposed by Ferrari et al [21]. The three 

corners correspond to diamond-like (sp3), graphite-like (sp2) and hydrocarbon (H) phases. There 

is an excluded area present at high H concentrations, as the molecular solid cannot be formed. 

The amorphous carbon (a-C) film contains virtually no hydrogen and is quite soft, typically 

being formed at higher temperatures. Meanwhile, tetrahedral amorphous carbon (ta-C) is 

similarly without hydrogen, but contains a high content of sp3 bonding [23]. Based on the sp3 

fraction calculation from the Raman spectrometry, the carbon deposited by tar decomposition of 

various solid fuels through chemical vapor infiltration (CVI) method could be categorized as 

amorphous carbon (a-C), with a sp3 content of 19–21%. This amorphous carbon demonstrated a 
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high reactivity during reduction when compared to graphite carbon. The direct reduction of iron 

ore by deposited carbon started at a temperature (750°C) lower than that in the case when the 

conventional mixture of Fe2O3 and coke (1100°C) is used [9]. In addition to the nanoscale 

contact between carbon and iron ore, the amorphous nature of the deposited carbon also 

contributes to a high reactivity during direct reduction.  

 

4.4 Conclusions 

Carbon deposited within porous iron ore by means of integrated pyrolysis-tar 

decomposition, proved to be a promising reducing agent for future ironmaking processes. The 

structure of the porous low-grade iron ore was evaluated in detail by SEM and TEM, in order to 

understand the phenomena that occur during the carbon deposition process. In addition, a 

detailed investigation into the carbon structure and type was conducted by Raman spectroscopy. 

The main findings of this study can be summarized as follows: 

1. Removal of combined water (CW) by dehydration within low-grade ore was found to 

also remove the hydroxide (OH) group from the chemical structure and thus generated 

pores of around 3 nm size, with a layered structure. This process created a high volume of 

micro/mesopores, which were appropriate for the deposition of carbon from the 

decomposition of tar.  

2. Not all of the pores within the low-grade iron ore were employed for carbon deposition 

during integrated pyrolysis-tar decomposition, as evidenced by pore size distribution 

data. TEM images further confirmed that some of the carbon that was deposited acts to 

partially block pores in the ore, which prevented complete loading by carbon. Identifying 
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this phenomenon offered a great opportunity to maximize the utilization of pore space in 

iron ore.  

3. The sp3 content of carbon deposited from a number of different solid fuels was found to 

be similar, and exhibited similar tendencies as the cluster diameter. The Raman G peak 

position was found to shift slightly, indicating that the sp3 content was smaller at higher 

temperatures, due to a higher degree of graphitization. The carbon deposited through 

proposed method was categorized as being an amorphous carbon (a:C), with an sp3 

content of 19–21%.  

These results represent important knowledge and understanding related to the carbon deposition 

process, as well as to the structure of porous ores and carbon for innovative ironmaking process 

using integrated pyrolysis-tar decomposition over low-grade iron ores. 
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Chapter 5 

Exergy analysis and application of CVI ironmaking 

 

5.1 Introduction 

The ironmaking industry is one of the most energy-intensive industries in the world and 

consumes 24 EJ/year, which constitutes around 5% of the total global energy consumption [1]. 

The primary energy source is fossil fuels, and such ironamking is one of the biggest contributors 

to CO2 emissions, 3–4% of the total global emissions [2]. Several programs have been initiated 

worldwide to reduce fossil fuel utilization and CO2 emissions, such as ULCOS in the EU, 

COURSE50 in Japan, and AISI in the USA [3]. In addition, a simple way to resolve emission 

concerns is to use biomass resources in the ironmaking industry. Pyrolysis and gasification serve 

as the primary steps in the utilization of biomass energy by converting it into char, tar, and gas. 

Tar contains highly condensable hydrocarbons and may cause issues, such as pipe plugging, 

condensation, and tar aerosol formation [4-5]. Several researchers have attempted to remove tar 

and eliminate problems such as adsorption-absorption and catalytic decomposition [6]. However, 

the results are still unsatisfactory because of technical and catalyst problems.  

The effective utilization of low-grade ores such as goethite, FeOOH, in the modern 

ironmaking industry is highly required to solve the problems related to the depletion and 

shortages of high-grade iron ores. The drawback of low-grade ores containing goethite as a raw 

material is the presence of a large amount of combined water (CW) in the ores, which 

necessitates additional energy for the dehydration process. However, it has been reported that the 

dehydration of goethite at 450°C with a heating rate of 3°C/min in an air creates micropores 

ranging from 2 to 4 nm in size and a BET specific surface area as high as 70 m2/g [7]. Because of 
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these, Miura et al [8] proposed iron ore/carbon composite (IOC) by introducing carbonaceous 

material into the pores to enhance the reduction rate of iron ore. The reduction rate of an IOC 

sample prepared using FeOOH reagent and thermoplastic carbon resin is dramatically enhanced 

and proceeds at temperatures as low as 700°C.  

The integrated pyrolysis-tar decomposition over low-grade ores through Chemical Vapor 

Infiltration (CVI) is one of the most promising methods for the effective utilization of biomass 

and low-grade ores in the ironmaking industry. In this method, volatile matter, tar, and pyrolysis 

gas are introduced to a porous iron ore for a tar-decomposition process that produces highly 

valuable syngas (CO and H2) and carbon materials that infiltrate and deposit within the pores of 

the iron ore. Under certain conditions, the conversion of tar in the decomposition process is 20–

30 %mass for the pyrolysis of lignite coal and Palm Kernel Shell (PKS) biomass [9]. In addition, 

indirect iron ore reduction by CO and H2 and conversion from Fe2O3 to Fe3O4, simultaneously 

occur during tar decomposition. Therefore, the method offers benefits such as removal of tar, 

effective use of low-grade ores and prereduced ores containing deposited carbon. As the main 

product, the ore containing deposited carbon, namely CVI ore exhibits high reactivity during the 

reduction reaction that started at 750°C primarily because of the nanoscale contact of iron ores 

and carbon [10].  

To truly understand the energy efficiency and complexity of the proposed method, a 

specific analysis was definitely required. Exergy analysis based on the second law of 

thermodynamics may be the best method to assess the energy efficiency of the proposed method 

and to compare it with existing systems [11-12]. Therefore, an exergy analysis was performed 

using the developed process system diagram to evaluate the advantages of the proposed method 

over conventional methods. The sinter plant is the second biggest contributor of CO2 emissions 
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after the blast furnace in the ironmaking process because of the utilization of coke breeze and 

coke oven gas (COG) [13-14]. The CO2 is generated by combustion of coke breeze and 

calcinations of carbonates. The heat generated by the combustion process causes the iron ore 

granules to agglomerate into lump materials. Several research topics are initiated for minimizing 

CO2 emission from sinter plant through fuel substitution [15-18]. In addition to fuel, combustion 

characteristic is also studied to lower ignition temperature and save energy [19]. The utilization 

of the CVI ore containing deposited carbon and a prereduced ore could be initiated in the sinter 

plant. The deposited carbon within the iron ore pores could serves as an energy source for the 

sintering process. Thus, the consumption of coke breeze in sinter plants could be minimized in 

order to achieve lower CO2 emissions. The objectives of this chapter are to propose a process 

system diagram for the CVI process and compare its exergy analysis with conventional 

processes. In order to examine the feasibility of the process, the exergy analysis was processed 

based on previous published experimental results. In addition, a feasibility study of CVI ore 

utilization in sinter plants was discussed in terms of energy consumption and coke breeze 

utilization.   
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5.2. Analysis method 

5.2.1 System definition 

The process system diagram was developed with a strict boundary with regard to use of 

the energy generated from Palm Kernel Shell (PKS) biomass in the pyrolysis process. The 

exergy analysis comparison was carried out based on the proposed system (case 1) and 

conventional system (case 2), as briefly explained below. 

- Case 1: Proposed integrated pyrolysis-tar decomposition (CVI process) system 

 

Fig. 5-1 Proposed system for utilization of PKS biomass and low grade iron ore (FeOOH) 

to produce 381 kg-char and 1000 kg-Fe through CVI ironmaking. PKS: Palm Kernel Shell 

biomass, HC: Heavy hydrocarbon, LC: Light hydrocarbon, HEX: Heat Exchanger,  Heat 

sink means environment, and the dotted line is the boundary of  system. 

 

Fig. 5-1 shows the proposed system which was composed of integrated pyrolysis-tar 

decomposition for the recovery of tar energy using low-grade iron ores. This system was 
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composed three units, pyrolysis, CVI, and dehydration-separation. In the pyrolysis unit, PKS 

biomass was fed at atmospheric pressure and 873 K. As an endothermic process, the unit was 

supplied with heat generated through the combustion of recycled pyrolysis gas (after separation).  

Solid product char was taken directly from the unit and used as an energy source for combustion 

in another unit while the volatile matter (tar and gas) was transported to the CVI unit for tar 

decomposition. The low-grade ore, goethite, was dehydrated at 723 K under air to create porous 

ores based on the following reaction: 

(5.1)K        723at  OFe-kJ/mol 49.8 H   O(g);H (s)OFe2FeOOH(s) 32232 =Δ+↔  

The dehydration energy was provided by waste heat from the cooling process of the mixture, in 

addition to tar and gas following the CVI process. The porous ore and volatile matter from the 

pyrolysis unit were delivered to the CVI unit for tar decomposition (5.2) and reduction (5.3–5.4) 

based on the following reaction. 

(5.4)K        873at  OFe-kJ//mol 5.39 H   O(g);H (s)OFe2(g)H(s)O3Fe

(5.3)K      873at  OFe-kJ//mol 6.73- H   (g);CO (s)OFe2CO(g)(s)O3Fe

(5.2)                                    C   nshydrocarbolight other   CH  CO  CO HTar

32243232

3224332

422

=Δ+↔+

=Δ+↔+

+++++→

 

Simultaneously to the tar decomposition, the carbon product infiltrated and deposited in the 

porous ore to produce an iron ore containing carbon material. In addition, the indirect reduction 

of the iron ore (Fe2O3 to Fe3O4) also took place with the use of H2 and CO, both of which were 

produced from pyrolysis and tar-decomposition. Thus, the CVI unit resulted in the prereduced 

iron ore containing a carbon material, CVI ore which could be sent to the next processing unit 

such as the sinter plant or blast furnace. After the CVI process, the mixture of unreacted tar (light 

hydrocarbon) and reform gas was transported into a separation unit for cooling. The amount of 

condensable hydrocarbon in the mixture was smaller because of the decomposition process, and 

it was possible to recover the heat of the mixture for iron-ore dehydration. The total carbon 
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content of unreacted tar was 22% less than that in the tar product obtained from the conventional 

system [9]. The reform gas product can be recycled as a heat source for several endothermic 

units such as pyrolysis, CVI, and dehydration. The remaining reform gas could be applied as an 

energy source in other ironmaking processes. The chemical energy of cooled un-reacted tar can 

be unrecovered again within the system and delivered outside of the ironmaking industry. 

Therefore, the proposed system offers both thermal and chemical energy recovery through CVI 

and separation units.  

 

Fig. 5-2 Conventional system for (a) utilization of PKS biomass and producing of 381 kg-

char through pyrolysis process and (b) dehydration process to produce 1000 kg-Fe from 

low grade iron ore (FeOOH) in the ironmaking industry. PKS: Palm Kernel Shell biomass, 

HC: Heavy hydrocarbon, LC: Light hydrocarbon, HEX: Heat Exchanger,  Heat sink 

means environment, and the dotted line is the boundary of  system 

 

- Case 2: Conventional pyrolysis and dehydration systems  

The conventional system is a common existing method for biomass pyrolysis system, 

which consists of pyrolysis and a separation unit, as shown in Fig. 5-2a. In order to evaluate the 
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exergy losses, conventional pyrolysis was carried out in a similar way to the proposed process. 

Unlike the proposed system, the volatile product consisting of tar and gas could not be directly 

utilized as an energy source because of the large amount of condensable heavy hydrocarbon. 

Thus, a separation process must be completed first by cooling the volatile mixture. Finally, the 

gas product, which was free of tar, could be used as an energy source in the pyrolysis and 

endothermic units. The liquid tar was collected and sent outside of the system. Therefore, the 

conventional system never recovered the energy of tar material because of handling and 

technical difficulties. In order to utilize the low grade ore (FeOOH) for ironmaking, the 

additional energy (gas fuel) was supplied for dehydration process as shown in Fig. 5-2b. The 

porous ore, Fe2O3 could be sent to a sinter plant or blast furnace to produce metallic Fe.  

 

5.2.2 Exergy analysis 

- Mass balance and operation data 

According to the experimental data obtained under conditions [9], the material flow of 

both the conventional and proposed systems was calculated for producing 381 kg char and 1000 

kg metallic Fe, as listed in Table 5-1. The ratio of PKS to the porous ore was similar in the 

experiment condition, 4:3 (mass ratio). Table 5-2 shows the operation data used in that analysis. 

The carbon content within the iron ore was 3.86%mass, as explained previously [9]. The high 

heating value (HHV) of PKS and charcoal were estimated using the Dulong equation as follows 

[20]: 

        (5.5)                                                               93S
8
O-H1442337C  [kJ/kg] HHV +⎟
⎠
⎞

⎜
⎝
⎛+=  

where C, H, O, and S are the percentages of carbon, hydrogen, oxygen, and sulfur.  
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Table 5-1 Material flow of both conventional (pyrolysis-dehydration) and proposed systems 

(pyrolysis-tar decomposition) in each unit. Basis: 1000 kg of metallic Fe. 

Conventional  
Pyrolysis process Dehydration process 

Pyrolysis Separation Dehydration 

Material [unit] Input Output Input Output Input Output 

PKS [kg] 1906.1 0.0 0.0 0.0 0.0 0.0

Char [kg] 0.0 381.2 0.0 0.0 0.0 0.0

Tar [kg] 0.0 567.1a) 567.1 567.1 0.0 0.0

Pyrolysis gas1) [Nm3] 291.7 909.5 909.5 909.5 0.0 0.0

Goethite ore (FeOOH) [kg] 0.0 0.0 0.0 0.0 1563.0 0.0

Porous ore (Fe2O3) [kg] 0.0 0.0 0.0 0.0 0.0 1429.6

Steam [Nm3] 0.0 0.0 0.0 0.0 0.0 180.9

Fuel gas [Nm3] 0.0 0.0 0.0 0.0 42.9 0.0

Air [Nm3] 1002.7 0.0 0.0 0.0 251.6 0.0

Exhaust gas [Nm3] 0.0 1203.4 0.0 0.0 0.0 284.5

 
Proposed Pyrolysis CVI Dehydration-separation 

Material [unit] Input Output Input Output Input Output 

PKS [kg] 1906.1 0.0 0.0 0.0 0.0 0.0

Char [kg] 0.0 381.2 0.0 0.0 0.0 0.0

Tar [kg] 0.0 567.1a) 567.1 478.0b) 478.0 478.0

Pyrolysis gas1) [Nm3] 316.7 909.5 987.0 1017.8c) 1017.8 1017.8

Goethite ore (FeOOH) [kg] 0.0 0.0 0.0 0.0 1563.0 0.0

Porous ore (Fe2O3) [kg] 0.0 0.0 1429.6 0.0 0.0 1429.6

CVI ore (Fe3O4+C) [kg] 0.0 0.0 0.0 1438.0 0.0 0.0

Steam [Nm3] 0.0 0.0 0.0 0.0 0.0 180.9

Air [Nm3] 971.4 0.0 237.5 0.0 0.0 0.0

Exhaust gas [Nm3] 0.0 1197.9 0.0 292.9 0.0 0.0
1) Input : recycling gas after separation; a) Heavy hydrocarbon; b) Light hydrocarbon; c) Reform pyrolysis gas 
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Table 5-2 Operation and enthalpy data which used for exergy analysis 
(a) Palm Kernel Shell (PKS) and biochar elemental analysis 

Material C H N O Enthalpy [MJ/kg] 

PKS 49.5 5.7 0.8 44 16.7 

PKS char 79.8 3.1 0.4 15.6 28.1 

 

(b) Composition of pyrolysis, reform pyrolysis and fuel gases [%volume] 
Material H2 CO CO2 CH4 N2 Enthalpy [MJ/Nm3] 

Pyrolysis gas 15.7 44.5 23.9 13.9 0.0 14.1 

Reform pyrolysis gas 24.2 31.7 29.9 12.4 0.0 12.9 

Fuel gas (COG) 53.6 6.9 2.6 29.2 5.9 20.3 

 

(c) Material enthalpy data 
Material Enthalpy [MJ/kg] Note 

PKS tar 21.6 
Cp : 4.22E-3T[kJ/kg-tar K] [21] 

Enthalpy of HC and LC was similar 

Deposited carbon 28.1 Similar with char product 

Iron ore 0.0045 Fe2O3 and FeOOH (CW : 8.2%mass) 

Porous ore 0.35 Fe2O3 at 723K 

CVI ore 1.01 Fe3O4 at 873K 

Steam 3.38 Superheated steam (723K, 1 atm) 

HC: Heavy hydrocarbon, LC : Light hydrocarbon 

 

- Calculation method 

Based on the material flow and operation data given above, an exergy analysis was performed to 

evaluate the benefit of proposed system. The exergy analysis was used to assess the feasibility of 

qualitatively converting the available energy into usable energy in the form of work by the 

following equation: 

(5.6)                                                                                           ST-H  0ΔΔ=Δε  
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The total exergy consisted of chemical exergy ( Cε ), thermal exergy ( Tε ), pressure exergy ( Pε ), 

and mixing exergy ( Mε ). The detailed equations for each kind of exergy are given below: 

 ( ) ( )[ ]

( ) ( ) ( )[ ]
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where ε : exergy [kJ/mol], H: enthalpy [kJ/mol], S: entropy [J/molK], n: mol of the substances 

[mol], Cp: specific heat at constant pressure [kJ/molK], T0: reference temperature [K], T: actual 

temperature [K], P0: reference pressure [atm],  P: actual pressure [atm],  and R: gas constant 

[J/molK]. The exergy loss (EXL) was calculated as the difference between the exergy of the 

input material ( inε ) and that of the output material ( outε ) in each unit of the system. The 

reference exergy ( 0ε ) was described as the chemical exergy of each substance at 298 K and 1 

atm calculated based on the Gibbs free energy. The exergy calculation was made based on the 

following assumptions: 

1. The exergy of solid fuel was equal to HHV, according to Rant’s approximation [22]. 

2. The enthalpy of unreacted tar (LC) (after the CVI process) was identical to the tar from 

the pyrolysis process (HC) because of difficulties in analyzing the unreacted tar. In 

addition, the exergy of tar was equal to 0.975 HHV, as gleaned from Rant’s 

approximation for liquid fuel [22].  

3. The exergy of the deposited carbon was similar to char pyrolysis product. 
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4. Adiabatic process was done in each unit. The pressure and temperature of outflow stream 

in each process was assumed to be similar with the condition inside of process.  

5. The requirement energy of pyrolysis, CVI, and dehydration unit were supplied by the 

complete combustion of the recycled gas product in each unit. Energy loss was computed 

and collected as a heat sink to maintain the law of energy conservation 

6. To ensure complete combustion, the amount of input air exceeded 20% of the volume of 

the theoretical calculation.  
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5.3 Result and discussion 

5.3.1 Exergy analysis 

 

 

Fig. 5-3 Exergy flowchart of the conventional process (a) for producing of 381 kg-char by 

pyrolysis of Palm Kernel Shell (PKS) biomass and (b) for producing of 1000 kg-Fe from 

low grade iron ore (FeOOH) .  
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Fig. 5-3a shows the exergy flowchart of the conventional pyrolysis system used for 

producing 381 kg char. The width flow expresses the exergy quantity while the black block 

arrows refer to the exergy flow of each unit. It is clear that only 33.5% of PKS input exergy was 

converted into char exergy and could be directly utilized in the other unit. This may be related to 

the original composition of the biomass, which consisted of large volatile matter, around 65.4 

%mass [7]. Thus, the biggest portion of PKS exergy passed directly to the separation unit. By 

using this unit, clean gas was recovered which contained 32.3% of the PKS exergy input. A part 

of this gas exergy was utilized in the pyrolysis unit while the remaining gas was delivered to 

another unit. It means that the tar material still comprised of 37.2% of PKS input exergy and was 

not utilized in the ironmaking process. The total exergy of the output material was smaller than 

those of the input materials in all units, indicating that each process suffered exergy losses owing 

to the exergy consumption required to run the process. In the pyrolysis unit, the exergy loss was 

4% of the total input exergy and was mainly used for the decomposition and destruction of PKS 

solid fuel. Meanwhile, the exergy loss in the separation unit was 4.9% of the total input and was 

primarily composed of thermal exergy from cooling. 

On the other hand, conventional dehydration was carried out to produce 1000 kg metallic 

Fe using fuel gas as shown in Fig. 5-3b. Obviously, the process consumed a significant amount 

of exergy which 60.3% of input exergy was lost for removing of the -OH group from the iron ore 

as in reaction (5.1). This process also generated steam as a byproduct which contained around 

18.4% of input exergy.  Therefore, the exergy flowchart illustrated that the largest amount of 

PKS exergy was transferred into the tar material and was not recovered in the ironmaking 

process. Moreover, the utilization of low grade iron ore (FeOOH) required high additional 

energy in the dehydration process.  
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Fig. 5-4 Exergy flowchart of the proposed system for utilization of biomass and low grade 

iron ore (FeOOH) to produce 381 kg-char and 1000 kg-Fe through integrated pyrolysis-tar 

decomposition (CVI process). The integrated process showed that the CVI process 

increased utilization of PKS exergy by decreasing the tar exergy outflow .  
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transported to the CVI unit for tar decomposition over porous ores. Unlike the conventional 

system, to create a porous ore, a low-grade iron ore was heated using waste heat generated from 
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superheated steam (723 K, 1 atm) with exergy of 176.7 MJ and could be utilized in another unit 

as an energy source. The volatile matter was introduced with the porous ore in the CVI unit for 

tar decomposition, carbon deposition, and reduction. As shown in Fig. 5-4, the CVI ore exergy 

increased to a significantly higher value than the input exergy of the CVI unit because of due to 

carbon deposition and reduction reaction. The carbon material contained a large amount of 

exergy, while Fe3O4, the reduction product, released a large amount exergy during the oxidation 

process. The high exergy of CVI ore could be utilized to decrease the energy consumption in an 

ore-processing unit such as a sinter plant or blast furnace. The exergy loss in this unit was quite 

small, around 1.6%, compared to other units because of the limited tar conversion during the 

process. It is well known that the large amount of decomposition material requires a significant 

amount of endothermic heat and result in large exergy consumption. Therefore, the CVI unit 

offers an advantage in terms of tar exergy recovery by producing a CVI ore containing carbon 

and a pre-reduced ore, Fe3O4. Furthermore, the remaining exergy of the unreacted tar and gas 

product was delivered to the separation unit to simultaneously perform the thermal exergy 

recovery and cooling process. The application of waste heat for heating the iron ore allows the 

dehydration process of proposed system to proceed without using any external energy source. 

Similar to the conventional system, clean gas was recovered and utilized in the other 

endothermic units such as the pyrolysis, CVI, and dehydration units. The amount of the 

discharged tar exergy from this unit was less than the conventional system, indicating that the 

proposed system reutilized the tar exergy to generate a useful product. 
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Fig. 5-5 Comparison of exergy losses showed that the proposed system decreased exergy 

losses compared to a conventional system by recovering both chemical and thermal exergy.  
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0 2000 4000 6000 8000 10000 12000 14000 16000

Conventional

Proposed

Pyrolysis Separation*)
Dehydration CVI process
Chemical exergy of tar

Exergy loss [MJ/ton-Fe]

9762.2

11888.3

16.7%
11

41
.3

388.8

14
22

.5

95
2.

5

57
9.

2

14
22

.5

*) In the proposed system, the separation process was integrated with ore dehydration (heat recovery) 



141 
 

total exergy loss. Thus, the proposed system decreased the exergy loss by around 16.7% through 

the recovery of both chemical and thermal tar exergy. The decomposition of the tar component 

into a lighter hydrocarbon and the carbon deposited in the iron-ore pores successfully decreased 

the total exergy losses.  

 

Fig. 5-6 Comparison of exergy losses and ore product for both conventional and proposed 

system at different amount of deposited carbon showed that the expected value of deposited 

carbon decreased significantly of exergy loss and enhanced dramatically of ore product 

exergy.  

 

Based on the experimental values, the amount of deposited carbon within the porous ore 

was lower than the expected, 10%mass. This value was calculated by using the remaining pore 

volume of the porous ore after the carbon deposition process [7, 9]. Fig. 5-6 shows the exergy 
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losses and ore product for both conventional and proposed system with different amounts of 

deposited carbon. As the carbon deposition originated from tar decomposition, increasing the 

carbon deposition enhanced the ore product exergy and decreased the chemical tar exergy 

outflow. Therefore, the expected value of carbon deposition declined significantly of total exergy 

loss. In addition to exergy loss, this circumstance improved also the overall efficiency of biomass 

utilization in ironmaking process, meaning that a similar amount of biomass input, 1906 kg PKS 

resulted in higher exergy of the ore product and smaller exergy losses.  

 

5.3.2 Application of CVI ironmaking on sinter plant 

 

Fig. 5-7 Schematic diagram of CVI ore application in the sinter plant showed that the 

carbon deposited in the ore had a high potential to reduce the consumption of coke breeze 

in the ironmaking industry.  
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The main purpose of the sinter plant is to prepare an iron ore as a suitable feedstock for 

the blast furnace through an agglomeration process. In the existing system, this process shows 

high energy consumption and produces a large amount of CO2 from the combustion of coke 

breeze and COG. To produce sinter, an iron ore and lime (CaO) are heated and melted at high 

temperatures. Therefore, the sinter plant is promising unit in the ironmaking industry to 

effectively utilize the CVI ore. The deposited carbon within the CVI ore could replace the coke 

breeze as an energy source in the sinter plant. Fig. 5-7 shows the schematic diagram of a sinter 

plant that utilized the CVI ore as a product of integrated pyrolysis-tar decomposition over porous 

iron ores. In addition to the deposited carbon, the reform pyrolysis gas could also be used as an 

energy source and substitute for COG. By using this system, the consumption of coke breeze and 

CO2 emissions could be reduced. 

The main energy source for ore agglomeration in the sinter plant comes from the 

combustion of solid fuel through an oxidation process. In addition to the deposited carbon, the 

CVI ore mainly contained prereduced iron ore, Fe3O4 as a result of indirect reduction in the CVI 

unit. Based on the Gibb’s free energy, the oxidation of Fe3O4 into Fe2O3 would occur 

spontaneously in the sinter plant through reaction (5.12).  

(5.12)                                             kJ 495.2- H   ;(s)OFe(g)O(s)O4Fe 32243 =Δ↔+  

Using the large supply of O2 from the input air, this reaction occurred completely without any 

CO2 generation. The reaction heat of this reaction could act as additional energy for the 

combustion and agglomeration processes in the sinter plant. In addition to the carbon content, 

this represented another benefit of the CVI ore, and therefore, it could also act as an energy-

storage system in the ironmaking process.  
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Fig. 5-8 Enthalpy content of the input iron ore in the sinter plant showed that the input 

enthaphy of CVI ore was higher than the minimum coke enthalpy at ratios of CVI ore 

above 70%.  

 

In the existing plant, 1061 kg of the total iron ore was fed into the sinter plant with 37 kg 

of coke breeze as energy source to produce 1 ton of sinter. Fig. 5-8 shows the enthalpy of the 

CVI ore at different ratios compared to the total input ore for 1 ton of sinter product. The 

horizontal line indicates the minimum coke enthalpy input in the existing system. It is clear that 

the enthalpy of total input ore (original ore and CVI ore) was enhanced at a higher ratio of CVI 

ore because of the amount of deposited carbon and Fe3O4. The total enthalpy of CVI ore was 

supplied by two different sources, namely re-oxidation of Fe3O4 and deposited carbon with ratio 

of 39.8% and 60.2% respectively. The enthalpy of total input ore became more than the 

minimum coke enthalpy when the CVI ore content was above 70% of the total input ore. This 

indicated that the CVI ore enthalpy was sufficient for the sintering process without the addition 
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of any coke breeze. Accordingly, the oxidation enthalpy of Fe3O4 also had a significant effect on 

the total enthalpy of the CVI ore.  

 

Fig. 5-9 Effect of CVI ore utilization on the consumption of coke breeze in sinter plant 

showed that the proposed system offered an extensive amount of coke breeze savings.  

 

Based on the enthalpy content of the input ore, the amount of coke breeze was estimated 

at different ratios of the CVI ore, as shown in Fig. 5-9. The amount of coke breeze saving had a 

linear correlation with the CVI ore input to the sinter plant, and a larger coke saving was 

achieved at a higher ratio of the CVI ore to the total input ore. When the ratio of the CVI ore was 

40%, the consumption of coke breeze in the sinter plant decreased to 14.4 kg, and more than 

60% was saved as compared to the existing system. The coke breeze saving could become 100% 

when the CVI ore content was above 70% of the total input ore, meaning that the sinter plant 

could proceed without addition of coke breeze. Based on these results, the application of the CVI 
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ore in a sinter plant led to extensive decreases in coke breeze and CO2 emissions in the 

ironmaking process.  

 

5.4 Conclusions 

The exergy analysis was performed to assess the benefit of CVI process and the 

application of CVI ore in the sinter plant was also discussed for decreasing the CO2 emission. 

Several conclusions could be obtained as follow: 

1. A process system diagram of the integrated pyrolysis-tar decomposition through CVI 

process was successfully constructed which consisted of three units: pyrolysis, CVI, and 

dehydration-separation. The iron ore was utilized for energy storage in this system through 

deposited carbon within the pores of the ore and Fe3O4. The energy requirements of this 

system were sufficiently supplied via the recycling of pyrolysis gas.  

2. The exergy of CVI ore enhanced drastically in the CVI unit because of the reduction 

reaction and carbon deposition as a result of tar decomposition. The total exergy losses 

decreased by 16.7% compared to a conventional system by recovering the chemical and 

thermal tar exergy. When the carbon deposition reached the expected value (10%mass), the 

total exergy losses declined significantly to around 37.0% compared to a conventional. 

Thus, the proposed system is a promising method for recovery chemical and thermal tar 

exergy using porous low-grade iron ores. 

3. In the sinter plant, the amount of the deposited carbon was sufficient to completely replace 

coke breeze when the CVI ore content was above 70% of the total input ore. The total 

enthalpy of CVI ore was sourced by re-oxidation of Fe3O4 and deposited carbon with the 

ratio of 39.8% and 60.2% respectively. The application of the CVI ore in a sinter plant 
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resulted in an extensive decrease in the coke breeze and CO2 emissions in the ironmaking 

industry. 
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Chapter 6 

General Conclusions 

 

As a main industry in the world, the iron and steel industry is facing serious problem 

related to limited resources and expensive price of high grade iron ore used to produce good 

quality of iron and steel. The industry is also one of the second most energy-intensive industries 

in the world which contribute to almost 5% of world energy consumption. In addition, excessive 

utilization of fossil fuel causes this industry as biggest contributor to global CO2 emission. The 

proposed process, CVI ironmaking offered solution of the problem related to resource, energy 

and environment simultaneously. The proposed process consists of three main steps as follow: 

(1) production of porous material, (2) production of iron/carbon composite, (3) 

Oxidation/reduction of CVI ore. This thesis focused on the second step which is critical and 

controls the process to produce CVI ore. This step consists of integrated pyrolysis-tar 

decomposition over low grade ore.  The dehydrated of low grade ore which porous material was 

utilized as carbon storage and catalyst of tar decomposition. This method presented several 

benefits such as effective utilization of low-grade iron ore and low rank coal/biomass, close 

arrangement of carbon and iron ore which gives fast iron reduction reaction. Several important 

parameters were discussed in this study such as various porous material, different carbon source, 

optimum temperature, and microstructure as well as exergy analysis. A summary of each chapter 

is given below. 

Chapter 1 provided the general introduction and a description of the purpose of this 

thesis. 
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Chapter 2 describes detail evaluation of CVI ironmaking process using low grade ore as 

carbon storage and catalyst of tar decomposition. The low grade ore shows significant effect on 

tar decomposition process to enhance carbon deposition and total gas product. The tar amount 

from pyrolysis was strongly affected on carbon deposition which bituminous, high grade coal 

produced highest carbon deposition due to large tar product. Beside tar amount, surface area and 

pore volume also played important role in this process. The Hamersley ore which possess larger 

combined water obtained higher content of deposited carbon compared to Robe-river ore. Larger 

combined water created more pore size less than 4 nm, which was suitable for carbon deposition. 

The carbon infiltrated and deposited effectively within nanopores which was formed during the 

dehydration of combined water. The amount of carbon deposition was proportional with the 

decreasing of surface area and pore volume.  

High-temperature pyrolysis generated large amounts of volatile matter (tar and gases), 

which caused high tar decomposition and produced large amounts of carbon deposition and 

gases. The deposited carbon was the major product of tar decomposition at lower temperatures 

(400–600 °C), whereas gases were mainly produced at higher temperatures (700–800°C), due to 

carbon gasification. However, sintering started at 800°C, and it significantly diminished the BET 

surface area and pore size distribution. The highest amount of deposited carbon was obtained at 

pyrolysis temperature of 800°C and a tar decomposition temperature of 600°C. In addition to 

decomposition process, the indirect reduction of iron ore simultaneaously happened to produce 

Fe3O4 at 600oC and FeO at 800oC.  As product of CVI process, the reduction of CVI ore began at 

750°C, while that of the reference mixture of Fe3O4 and coke started at 1100°C. The material 

exhibited higher reactive due to nanoscale contact between iron ore and carbon. 
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In the chapter 3, the kinetic analysis and carbon deposition phenomenon of tar 

decomposition over low grade ore were evaluated to understand the CVI process. Both kinetic 

constant and deactivation factor were evaluated successfully using simple proposed model with 

range of 0.13 – 0.55 s-1 and 1.72 – 2.53 s-1, respectively at 500-700oC with the activation energy 

of 44.86 kJ/mol. The deactivation factor exhibited similar tendency to amount of carbon 

deposition within pores iron ore. In the experiment, the decomposition of lignite tar exhibited 

similar profiles of H2 and CO generation which was rising shortly after starting the experiment 

because ore catalyst still owned high activity and no carbon poisoning. However, the excessive 

carbon deposition was also simultaneously occurred in the beginning of experiment and caused 

deactivation of ore catalyst.  

Chapter 4 studies the characteristic of the CVI product related with the microstructure of 

porous ore and distribution of carbon deposition. Based on the TEM images, a layered structure 

about 3-nm-diameter pores was observed after dehydration, due to removal of the hydroxide 

(OH) group from FeOOH. This pore size was deemed to be appropriate for tar decomposition 

and resultant carbon deposition. However, it was found that not all pores were filled with carbon. 

Some deposited carbon partially blocks the pores, which negatively affects the carbon deposition 

process. In addition to ore structure, the type of carbon deposited was also successfully evaluated 

using Raman spectroscopy.  The position of G peak was found to shift slightly, indicating that 

the sp3 content was reduced at elevated temperatures due to a greater degree of graphitization. 

The carbon deposition by CVI process over low-grade ore was categorized as amorphous carbon 

(a:C), with an sp3 content of 19–21%. These results can also be explained by high reactivity of 

the deposited carbon, which was improved not only by nanoscale contact between iron and 

carbon but also by specific molecule bonding and arrangement of amorphous carbon.  
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Chapter 5 describes exergy analysis and feasibility study on the application of CVI 

process in the ironmaking industry. The CVI process was significantly increased exergy content 

of iron ore by tar decomposition and carbon deposition. In the basis of 3.86%mass carbon 

deposition (experimental value) and producing of 1000 kg metallic Fe, the exergy loss of the 

proposed system was found to decrease by about 16.7% compared to that of conventional 

systems by the recovery of both chemical and thermal tar exergy. The exergy loss drastically 

decreased to 37.0% when the expected carbon deposition was attained (10%mass). The CVI ore 

offered great chance to replace the coke breeze as a heat source in sinter plant. Regarding to 

experimental value, the sinter plant could be operated without using additional coke breeze when 

the CVI ore content was 70% to total input ore. The total enthalpy of CVI ore consisted of the 

oxidation of deposited carbon and Fe3O4 in the ratio of 60.2% and 39.8%, respectively.  
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