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Abstract 

The depletion of high-grade iron ore encourages us to utilize the low-grade ore (i.e., 

goethite) more effectively. On the other hand, the shortage of coal, as well as the mitigation of 

high CO2 emission, need more intensive utilization of an alternative carbon source. Bioethanol 

as derived from biomass, regarded as a renewable and carbon-neutral resource, is a promising 

candidate as a reducing agent for ironmaking. Introducing ethanol to reduce iron ore through 

the chemical vapor infiltration (CVI) process is attractive as aiming for low-temperature 

reduction. This study describes the process intensification of the previous proposes CVI 

process. The new process has been proposed named as ethanol-assisted ironmaking. 

Chapter two describes the several aspects to intensify in the previously-proposed CVI 

ironmaking. As reported in the study, there were three proposed processes involved in CVI 

ironmaking: (1) production of porous hematite ore, (2) production on carbon composite (CVI) 

ore through integrated pyrolysis-tar decomposition, and (3) reduction of the CVI ore. Vacuum 

dehydration successfully intensified the process 1 in reducing time on goethite dehydration to 

1 h generating the similar porous hematite ore properties as in 24 h under atmospheric 

condition. On the other hand, the processes utilizing the inexpensive low-grade coal combined 

with renewable materials (i.e., biomass) or waste plastic (i.e., polyethylene) in process two are 

also investigated. It was concluded that the synergetic effect of combined coal-biomass or coal-

PE improves the pyrolysis performance to increase decomposition reactivity of heavy tar. More 

heavy tar decomposed to light tar, gas, and deposited carbon in the ore. However, carbon 

contents from those methods were still not enough from the requirement for a perfect 

reduction process.  

Chapter three describes the new ironmaking process called ethanol-assisted 

ironmaking. The porous hematite ore from mild-dehydrated goethite ore has been successfully 

reduced by charging ethanol (C2H5OH) under the heating conditions. In the experiments, 
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ethanol was dropwise added to the mild-dehydrated, porous iron ore beds at heating conditions 

using the temperature-program. As a result, the ethanol was soon decomposed to CO and H2, 

which then reduced the iron oxides. Porous iron ore acts as a suitable catalyst for ethanol 

decomposition as it simultaneously reduces to metallic iron. Interestingly, iron oxides were 

reduced at a lower temperature, compared to conventional coal-based ironmaking in the blast 

furnace. Metallic Fe was obtained at only 750 oC, showing a reduction degree 

of 81%, due to the contribution of hydrogen reduction. The longer charging time of ethanol 

promotes the higher reduction degree as well as sufficient compositions of reducing gas (H2 - 

CO) for the reduction process. The results of experiments using different iron ores revealed the 

general rule that the higher CW content in ore makes the larger surface area of the iron ore by 

mild-dehydration, causing higher reactivity in the reduction process. The results appealed that 

mild-dehydrated iron ore is good raw materials of ethanol-assisted ironmaking, due to its 

nanopores. This process demonstrates an intensification of the previously-proposed CVI 

process from three-step become two-step processes by combining process 2 and 3. 

Chapter four describes the kinetic analysis of simultaneous ethanol decomposition and 

iron reduction. The kinetic study is necessary for understanding the mechanism of the 

simultaneous ethanol decomposition – iron reduction process. There were 8 main reactions 

involved: (1) decomposition of ethanol, (2) decomposition of methane, (3) steam reforming of 

methane, (4) water gas shift, (5) Boudoard reaction, (6) direct reduction by C, (7) indirect 

reduction of iron oxide by CO, and (8) iron reduction by H2. Curve fitting methods were 

conducted with satisfying results (R2 higher than 0.90) calculating 24 parameters consisting 

reaction rate constants, activation energies, and diffusion factors. Interpretation on the obtained 

parameters of the diffusion factors shows that the reaction of gases inside 

pore might be inhibited by carbon deposition on the pore surface of iron ore. 
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Chapter five describes the exergy analysis and presents a feasibility study on the 

proposed ethanol-assisted ironmaking process. Applying a high exergetic and renewable 

reducing agent like ethanol for ironmaking would be attractive in the thermodynamic point of 

view. There are four processes involved in the proposed ethanol-assisted ironmaking: (1) 

Porous ore production from goethite ore mild-dehydration, (2) Porous ore reduction by ethanol, 

(3) Hot metal – slag separation, and (4) Ethanol recovery. From the viewpoints above, ethanol-

assisted ironmaking is an attractive method to solve problem-related resource, environment, 

and energy in future ironmaking industry. 
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CHAPTER I 

GENERAL INTRODUCTION 

 

 Brief Overview of Modern Steelmaking 

Technological approaches in manufacturing steel have significantly evolved since 

industrial production began in the late 19th century [1]. In general, the modern 

steelmaking, are still based on the original Bessemer Process, involves six steps: 

Ironmaking, as the first step, involves the raw materials  iron ore, coke, and lime being 

reacted and melted in a blast furnace. In the pretreatment step, the coke is prepared from 

coking coal by heating up the material in a limited oxygen atmosphere in the coke oven 

facility. Additionally, fine ore, limestone, and coke breeze are fed into the sinter plant or 

pelletizing facility to prepare sinter or pellet, respectively. Moreover, the coke,  

sinter/pellet, and limestone flux are sent to the top of a blast furnace to produce pig iron. 

By flowing heated air from the tuyere, several reactions occur inside as shown in Figure 

1.1.1. The main ironmaking reaction of a blast furnace at a temperature about 500 - 1700 

oC as mainly as follows: 

2C + O2 → 2CO 

3Fe2O3 + CO → 2Fe3O4 + CO2 

Fe3O4 + CO → FeO + CO2 

FeO + CO → Fe + CO2 

FeO + C → Fe + CO 
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Figure 1.1.1 Reaction zone and inner state of a blast furnace as in [1]. 

 

During the iron reduction process, blast furnace emits the waste materials such as 

the blast furnace gas (BFG) containing mainly CO2 and slag containing flux material. 

The resulting molten pig iron, also known as hot metal, still contains 4 - 4.5 mass% 

carbon and other impurities. The pig iron is then treated in the steelmaking process as a 

raw steel material. 

The second step, primary steelmaking, is to convert pig iron to steel. However, 

the steel is produced not only from pig iron but also from recycled steel materials. All 

primary steelmaking, nowadays, are now divided into two primary methods: basic 

oxygen steelmaking (BOS) and the more modern one, EAF (Electric Arc Furnace). In 

BOS methods, pig iron and also additional recycled scrap steel are fed to the molten iron 

in a high-temperature converter. Oxygen is blown through the hot metal, which reduces 

the carbon content to 0 - 1.5 mass%. In contrast, in EAF methods, recycled steel scrap is 

fed through use high-power electric arcs with the temperatures up to 1650 oC to melt the 
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metal and convert it into high-quality steel. Recently, the production sharing of BOS and 

EAF routes are 70% and 30%, respectively [2]. 

The third step, secondary steelmaking involves treating the molten steel produced 

from both BOS and EAF routes to adjust the composition in steel product. This step is 

performed by adding or removing certain elements and/or manipulating the temperature 

and production environment. Next, the fourth step, continuous casting sees the molten 

steel cast into a cooled mold causing a thin steel shell to solidify, then withdrawn as the 

shell strand. The strand is then cut into desired lengths depending on application; slabs 

for flat products (plate and strip), blooms for sections (beams), billets for long products 

(wires), or thin strips. Continuing to the fifth step, the primary forming, the cast steel is 

then formed into various shapes, usually by hot rolling, a process that eliminates cast 

defects and achieves the required shape and surface quality. Hot rolled products are 

divided into flat products, long products, seamless tubes, and specialty products. The final 

step, the manufacturing, fabrication, and finishing, known as the secondary forming 

techniques, give the steel its final shape and properties, which are including shaping (cold 

rolling), machining (drilling), joining (welding), coating (galvanizing), heat treatment 

(tempering), surface treatment (carburizing). 

 

 Ironmaking problems: resources, energy, and environment 

Steel consumption is one indicator of wealth and industrialization as depicted in 

Figure 1.2.1. Figure 1.2.2 shows a comparison of steel production and consumption 

between steel exporting country (i.e., Japan) and steel importing country (i.e., Indonesia). 

World crude steel production in 2017 reached 1,691 million tons. By 2050, steel 

consumption is projected to increase by 1.5 times that of present levels, to encounter the 

requirements of the growing population [3]. The iron and steel production are highly 
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reliant on the non-renewable raw material and fossil fuel as an energy source. By high 

worldwide demand for iron and steel material in the close future, the iron and steel 

industries face serious problems related to the resources, energy, and environment.  

 

Figure 1.2.1 Steel consumption versus gross domestic product per capita of different countries [3]. 

 

 

Figure 1.2.2 Crude steel production and consumption between steel exporting country (i.e., Japan) and steel 

importing country (i.e., Indonesia) [3] 
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1.2.1.  Depletion of high-grade iron ore and coal 

For producing 1 ton of pig iron, the typical ironmaking industry requires 350 kg 

of coking coal, 100 kg of pulverized coal, 1390 kg of high-grade ore and 120 kg of 

limestone [4]. The high amount of required iron ore makes the ironmaking process highly 

depends on the iron ore grade. By definition iron ore grade relies on its Fe-content which 

is usually found as magnetite (Fe3O4, 72.4%mass-Fe), hematite (Fe2O3, 69.9%mass-Fe), 

goethite (FeO(OH), 62.9%mass-Fe), limonite (FeO(OH)·n(H2O), 55%mass-Fe) or 

siderite (FeCO3, 48.2%mass- Fe) [5]. Figure 1.2.3 shows the transition of the average 

global produced iron ore grade is decreasing year by year [3]. The recent fall in world ore 

grade is due to the large consumption of low-grade Chinese ores [6]. This is mean that 

the high-grade ore resources are now becoming limited. This trend is then followed by 

the increasing price of high-grade ore containing total Fe more than 60%mass of from 15 

USD/ton in 2003 to 70 USD/ton in 2018[3].  

 

Figure 1.2.3 The trend of the iron ore world production and average iron ore grade [3] 

 

Figure 1.2.4 shows the current reserves of iron ore in the global production that 

indicates most of the iron ore producing countries rely on lower Fe content ore. When 
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low-grade iron ores with the high content of combined water (CW) such as goethite ore 

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

dehydrate the ore producing hematite or magnetite. Moreover, charging the goethite 

directly into a blast furnace is also not an option due to the removal of its CW forming 

the goethite become a porous-brittle ore, causing the permeability problem in the blast 

furnace [7]. Therefore, the innovative method should be considered to deal with goethite 

ore as ironmaking raw material. 

 

Figure 1.2.4 Global reserves of iron ore as of 2017, by country (in a million metric tons) [3] 

 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

13 

 

Figure 1.2.5 shows reserves to the production of various coals in the world. The 

higher ratio meant a large amount of availability and is limited in utilization. Apparently, 

the high-grade coal (HGC) has a lower ratio compared to low-grade coal for both sub-

bituminous and lignite. Therefore, the utilization of low-grade coal (LGC) should be 

more encouraged. However, the trend of coal reserves seems to decrease, in other words, 

in the future, coal both high-grade and low-grade will also be depleted. In addition, 

British Petroleum reported that as of 1035 billion tons of coal proven reserved divided 

by 7.7 billion ton/year of coal production, the coal-based industries would be only 133 

year remains on relying on coal (assuming business as usual). Thus, the utilization of 

alternative fuel like biomass or waste materials for industry, especially ironmaking 

should be strongly considered. 

 

Figure 1.2.5 Ratio of reserves to the production of high-grade coal and low-grade coal[8] 

 

Therefore, the effective utilization of low-grade ores such as goethite (FeOOH) 

and low-grade coal or even alternative fuel in the modern ironmaking industry is highly 

attractive to solve problems related to the depletion of high-grade iron ores and coal. 
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1.2.2.  High CO2 emission in ironmaking 

Approximately 15% of total carbon dioxide emitted in Japan is accounted for the 

iron and steel industry, in which the emissions from ironmaking process take about 70% 

of that amount [9]. Consequently, the ironmaking process should be an essential role in 

CO2 mitigation. Figure 1.2.6 shows the boundary conditions (boundary) differentiating 

the ironmaking process and the downstream processes and the material flow in the 

ironmaking process [10]. The ironmaking process centers on the blast furnace, which 

produces molten pig iron, and also includes the sintering machine, which produces 

sintered ore as a raw material for the blast furnace, coke ovens that produce coke, which 

is essential as a reducing agent, and hot stoves that generate the high temperature (approx. 

1200°C) hot blast blown into the blast furnace. Large amounts of CO2 are generated by 

the reduction reaction (Fe2O3+3CO → 2Fe+3CO2) in the blast furnace and the 

combustion reaction (C+O2 → CO2, CnHm+(n+m/4)O2 → nCO2+(m/2)H2O) of 

carbonaceous materials (coke breeze, etc.) and carbon-containing gases (blast furnace gas 

(B gas) and coke oven gas (C gas)) in the sintering machine, coke ovens, and hot stoves.  

 

Figure 1.2.6 Schematic diagram of material flow in the ironmaking process and the boundary of ironmaking 

[10] 
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Because the conventional integrated iron and steel mill process uses a 

considerable amount of carbon in the form of coal as a reducing agent and is energy 

intensive, the CO2 emissions are significant [11].  Figure 1.2.7 shows the CO2 emission 

from ironmaking in which 27% of total CO2 emission from industrial sector compared to 

others. The direct CO2 emissions from the iron and steel industries represent about 7% of 

the global total of 32.5 gigatons-CO2. 

 

Figure 1.2.7 Total global CO2 footprint of the different sector (data: direct CO2 emissions sources 2014 

(IEA))  showing iron and steel emits 7% of total global. [12]  

 

1.2.3.  High energy consumption 

The iron and steelmaking industry is one of the most energy-intensive industries 

in the world and consumes 19.5 EJ/year, which constitutes around 5% of the total global 

energy consumption [12]. The energy required in the production of steel depends on the 

process used, and it constitutes from 20% to 40%, a significant portion, of the cost of 

steel production. Thus, improvements in energy efficiency are necessary to reduce 

production costs and thereby improve competitiveness [13]. 
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 Recent innovative developments in ironmaking: CVI ironmaking 

The iron- and steelmaking is the most significant energy consuming in the 

industrial sectors. The high energy consumption is associated with the emission of CO2 

and other pollutants. The most common ironmaking process used in the world is the blast 

furnace which contributes around 70 % of the world’s steel production. Recently, the 

blast furnace has undergone significant modifications and improvements to reduce 

energy consumption and CO2 emissions. The modifications are being focused on two 

main approaches: (1) development of top charging materials and (2) injections of 

auxiliary fuels through blast furnace tuyeres. The enhancement of burden material quality 

and its charging mode into the blast furnace has resulted in a smooth and efficient 

operation. Recently, the usage of nut coke in the modern blast furnace is accompanied by 

higher production and lower reducing agent rates. Efficient recycling of in-plant fines by 

its conversion into briquettes with proper mechanical strength is applied in some blast 

furnaces to exploit the iron- and carbon-rich residues. Nowadays, novel composite 

agglomerates consist of iron ores and alternative carbonaceous materials represent a new 

trend for low-carbon blast furnace with lower dependence on the conventional burden 

materials. The recent investigations demonstrated that the novel composites could reduce 

the thermal reserve zone temperature in the blast furnace and consequently enhance the 

carbon utilization through its higher reactivity compared to fossil fuels. The top charging 

of bio-reducers and hydrogen-rich materials into the blast furnace is one of the 

remarkable innovations to mitigate the CO2 emissions. Although some of the previous 

approaches are recently applied in the modern blast furnace, others are still under 

intensive discussions to enhance its implementations [14]. 
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An innovative process in ironmaking namely chemical vapor infiltration (CVI) 

ironmaking was initially developed in 2009 by Hata et al. [15] and has begun to be 

sophisticated by Cahyono et al. [16]. Figure 2.1.1 present the current development in CVI 

ironmaking of goethite-based iron ore mentioning the proposed three-step process. The 

process one is the dehydration of goethite (FeOOH) based ore. Geothite has become 

attractive for its porous properties after its dehydration. The dehydration of goethite at 

300-500 oC with a heating rate of 3°C/min under air atmosphere creates micro- and 

mesopores ranging from 2 to 4 nm in size and a BET specific surface area as high as 70-

100 m2 g-1 [17]. Saito et al. optimized the dehydration temperature of goethite to control 

its pore morphology, suggesting that heating up to 300 oC with a heating rate of 3 oC/min 

and holding for 24 h are the optimum heating conditions for porous iron ore production 

[18].  

 

Figure 1.3.1 Process scheme of CVI ironmaking of goethite-based ore 

 

Process two is called the integrated pyrolysis–tar decomposition process. This 

process aims to reduce tar generated from solid fuel by decomposing it as deposited 

carbon over porous iron ore, as well as using chemical vapor infiltration (CVI) to produce 

carbonized ore [15]. The carbon, from the decomposition of biomass tar, is deposited 
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within the iron ore pores. Carbon tar filled the nanocracks and increased carbon content, 

which could be used as a potential reduction agent. In addition, indirect iron ore reduction 

by CO and H2 converting Fe2O3 to Fe3O4, simultaneously occur during tar decomposition. 

Therefore, the method offers benefits such as removal of tar and production of pre-

reduced ores containing deposited carbon namely CVI ore. Several investigations have 

been performed on the carbon deposition of various solid fuels, including high-grade 

bituminous coal, low-grade lignite coal, and biomass palm kernel shells. However, a new 

challenge was introduced: to produce a CVI ore with a higher carbon content as reduction 

agent as well as increasing performance on the prereduction step. 

Process 3 is the reduction of the carbonized (CVI) ore produced in process 2. CVI 

ore shows high reactivity during the reduction reaction that started at 750°C primarily 

and is a significantly lower temperature than the mixture of reagent magnetite and 

metallurgical coke [19]. It was confirmed that this high reactivity was due to the 

nanoscale contact between carbon and the ore and the less fused and less cross-linked 

nature of the biotar-derived carbon. Another interesting approach found for process 3 is 

by introducing the ironmaking through combustion synthesis [20].  A thick-layered-

carbon-infiltrated goethite ore was obtained by the tar impregnation method, and it was 

partially reduced to metallic iron in an oxygen atmosphere regardless of short time (less 

than 1 min) process. The experiment revealed that high temperature was generated due 

to the carbon combustion at the ore surface under an oxygen atmosphere, which appears 

to have led to the direct reduction reaction (FeOx + C → FeOx−1 + CO) inside the ore. 

Moreover, the nanocontacts between iron ore and carbon successfully made the reduction 

faster. 
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 Toward the utilization of higher exergetic fuels for ironmaking: ethanol-

assisted ironmaking  

1.4.1.  The alternative reducing agent for ironmaking 

One of the most important benefits that could be realized upon charging carbon 

composites into BF is the possibility and flexibility of top charging hydrogen-rich and 

bio-carbonaceous materials. The cost reduction, as well as GHG emission, is much 

affected by coke led to increased effort to reduce the coke consumption rate in the blast 

furnace operation. Around 1.5 tons of CO2 is emitted on each ton of produced hot metal 

[21]. The total worldwide CO2 emission associated with blast furnace ironmaking in 

2014–2015 is about 1733 million tons which mainly comes from the use of fossil fuel 

[22]. 

An approach is to find an alternative reducing agent related to its chemical exergy 

density. In thermodynamics, the exergy, a property of all materials and energy flow, 

depends on its states such as chemical composition, temperature, and pressure relative to 

the external environment. The exergy defines the maximum of useful energy output of 

the system. Exergy of the material consists of two types: the physical (thermomechanical) 

and chemical exergy. The physical exergy is depending on its physical state: mixture 

compositions, temperature, and pressure. While the chemical exergy is obtained when 

the considered system is brought into reaction with reference substances present in the 

environment [23]. The higher contents of O and Cl would result in smaller chemical 

exergy, while higher contents of H and C would lead to larger chemical exergy. The 

higher chemical exergy content of material can be interpreted as having a higher 

reactivity on the reduction process.  
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Table 1.4.1 shows the standard chemical exergy of some materials as ironmaking 

fuel. The higher-exergetic fuel for ironmaking is more attractive to be utilized. H2 is the 

best ironmaking fuel in this viewpoint of chemical exergy. Lower temperature reduction 

can be reached if we apply hydrogen in ironmaking. However, the strong endothermic 

reaction requiring the higher external heat source might not make this process become 

attractive.  

Table 1.4.1 Standard Chemical Exergy, ε0 (T = 298.15 K, p = 101.325 kPa), of some materials as 

ironmaking reducing agent. 

 

Recently, methane and coke are still feasible reducing agents in ironmaking. 

However, the limitation of its resources like natural gas and coal as non-renewable fossil 

fuels will be an obstacle of the future ironmaking. A simple way to resolve energy 

concerns is to use biomass resources in the ironmaking industry. Biomass is a recent term 

related to any organic materials that may contain useful fuel compounds. Examples of 

biomass materials are wood pulp waste associated with paper manufacture, agricultural 

waste such as grasses and crop byproducts like corn stalks, and known as municipal solid 

waste (MSW) in the industry. These biomass sources can be decomposed biologically by 
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various microbes to produce usable fuel, while at the same time offering new ways of 

using materials that were previously discarded into our environment, often with harmful 

effects.  

In the viewpoint of exergy, biomass fuel selection need to consider its H/C ratio 

as well as its O content. For an instant, sugar (C6H12O6), however, simply to be produced, 

its chemical exergy content is not so attractively high compared to other material for 

ironmaking fuel. When sugar then converted to ethanol (C2H5OH) through the 

fermentation process. In Table 1.4.1, ethanol was placed as among the high exergetic fuel 

for ironmaking. The ethanol then becomes attractive as ironmaking fuel [24]. Attribute 

to its decomposition producing H2, CO, and C, ethanol might be more superior to 

minimize the exergy loses within the ironmaking process. Therefore, as one of the 

hydrogen carrier, ethanol is a promising fuel candidate to initiate combined carbon-

hydrogen-based ironmaking. 

1.4.2.  Possibility ethanol as ironmaking fuel candidate 

Many research programs recently focus on the development of concepts such as 

renewable resources, sustainable development, green energy, as well as eco-friendly 

process, for energy supply. Increasing the use of biofuels for energy generation purposes 

is of particular interest nowadays because they allow mitigation of greenhouse gases, 

provide means of energy independence. Bio-ethanol is a fuel derived from biomass 

sources of feedstock; typically plants such as wheat, sugar beet, corn, straw, and wood. 

Bio-ethanol is currently made by large-scale yeast fermentation of sugars that are 

extracted or prepared from crops followed by separation of the bio-ethanol by distillation. 

One major problem with bio-ethanol production is the availability of raw materials for 

production. The availability of feedstocks for bio-ethanol can vary considerably from 
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season to season and depend on geographic locations. The price of the raw materials is 

also highly volatile, which can profoundly affect the production costs of the bioethanol 

[27]. Figure 1.4.1 shows yearly global ethanol production by country/region showing the 

global production of bio-ethanol increased from 40 million tons in 2007 to over 70 

million tons in 2016. With all of the new government programs in America, Asia, and 

Europe in place, total global fuel bio-ethanol demand could grow to exceed 100 million 

tons by 2020. However, the current production of ethanol is only concerned to 

accommodate the transportation fuel in which ethanol is used primarily in the gasoline 

blending. There is no available ethanol for ironmaking fuel yet. Therefore, a new business 

should be considered in utilizing ethanol for ironmaking reducing agent.  

 

Figure 1.4.1 Global ethanol production by country/region dan year [25] 

 

Recently, bioethanol production from lignocellulose holds excellent potential due 

to the widespread availability, abundance, and relatively low cost of cellulosic materials. 

There are still several hindrances on the way of developing an economically feasible 

technology, due to the complicated structure and inhomogeneous nature of the raw 

material. The economic and environmentally-friendly development of bioethanol from 

lignocellulose necessitates highly efficient process integration. Considerable successes 
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on pretreatment, enzymatic hydrolysis, fermentation, and distillation of ethanol have 

been achieved over the past few decades. Many new ideas, such as biorefinery and the 

concept of oriented conversion of classified composition, have been proposed and 

practiced in many ethanol plants using lignocellulose as raw materials. By an intelligent 

combination of pretreatment, hydrolysis, fermentation and product separation, the 

maximum efficacy and benefit of the process can be achieved due to the simultaneous 

production of many high-value co-products with ethanol from agricultural residues. 

Although the cost of ethanol from straw is still higher than ethanol from grains, further 

decrease in the cost of enzymes and efficient combination of other technologies will result 

in competitive bioethanol production from straw [26]. 

 

Figure 1.4.2 Bio-ethanol production scheme from lignocellulosic biomass material [27].  

 

Figure 1.4.3 shows the current situation of ethanol production methods.  The 

future ethanol production will be no longer depend on the conventional sugar 

fermentation only. A novel method: the syngas fermentation, that is developed by 
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Lanzatech [28], will be one of the possible solutions to ensure ethanol security for 

ironmaking purposes.  Using gas fermentation, producing ethanol from waste gas is also 

possible to mitigate the carbon emissions from the steel industry and even other industries 

without adversely impacting food or land security. From this point of view, ethanol-

assisted ironmaking becomes one attractive solution to be considered for future 

ironmaking. 

 

Figure 1.4.3 Current situation of ethanol production methods.  

 

 The scope of this study 

Introducing ethanol-assisted ironmaking is one process intensification in CVI 

ironmaking. Therefore, this thesis would comprehensively examine the step and 

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

studied by exergy analysis. The content of this thesis is divided into six chapters as 

follow: 

Chapter 1 presents the general introduction of this study. 

Chapter 2 describes several aspects related to ironmaking through simultaneous 

fuel decomposition- porous iron reduction, including an enhance in the dehydration 
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process of goethite ore through vacuum dehydration, as well as the effect of different 

fuels and its blending in CVI ironmaking process.  

Chapter 3 describes the fundamental phenomena of ethanol-assisted ironmaking. 

The reduction behavior of a porous hematite ore (as mild-dehydrated goethite) during 

ethanol decomposition is the focus on this chapter. 

Chapter 4 describes the kinetic study of simultaneous ethanol decomposition – 

iron reduction was evaluated for understanding the processing mechanism.  

Chapter 5 describes the exergy analysis and CO2 emission for the proposed 

process system of ethanol-assisted ironmaking, including the comparison with the 

conventional blast furnace. 

Chapter 6 summarizes the results of this thesis as a general conclusion. 
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CHAPTER II 

SEVERAL ASPECTS ON ENHANCING THE PREVIOUSLY PROPOSED CVI 

IRONMAKING PROCESS 

 

This chapter discusses several aspects related to ironmaking through 

simultaneous fuel decomposition-iron reduction to enhance those three processes of 

Chemical Vapor Infiltration (CVI) ironmaking as describe in Sub-chapter 1.3. This 

chapter consists of three subchapters: subchapter 2.1 describes an intensification in the 

proposed dehydration process of goethite ore. Subchapter 2.2 and 2.3 describe the effect 

of different fuel and its blending in the CVI process such as coal-biomass, and coal-

polyethylene, respectively. 

 

 Porous hematite ore production through vacuum dehydration 

2.1.1.  Introduction  

Goethite (FeOOH)-based ore has become attractive to be utilized in ironmaking 

[1]. As mildly dehydrated to remove its high combined water (CW), it changes to a 

nanoporous hematite ore [2]. The nanopore is a crucial role in providing a nanocontact 

between iron oxide and reducing agents such as C, CO, or H2, promoting a significant 

increase in its reduction reactivity[3,4,5]. When the goethite was dehydrated at 200–250 

°C, slit-like pores with a width less than 2 nm were formed along the [010] direction. Slit-

like pores changed to spherical micropores (300–500 °C) and eventually disappeared 

(600–800 °C). Compared to the synthetic goethite, natural goethite has a lower 

crystallinity and smaller primary particle size of under 100 nm. The natural goethite 

before dehydration contained 4 nm pores as cracks that remained even after heating to 
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800°C. In the case of natural goethite, the optimum dehydration temperature for higher 

surface area and pore volume was 350°C, which was higher than that of 250°C for the 

synthetic goethite [6].  

However, the long dehydration time of goethite ore is still one problem4. This 

study investigated the effect of vacuum condition on the mild-dehydration of goethite-

based ore reducing the dehydration time as one of the process intensifications for CVI 

ironmaking. 

2.1.2.  Experimental Methods 

2.1.2.1.  Materials 

FeOOH reagent, Goethite A (GA) ore, and Goethite B (GB) ore with the CW 

contents of 10, 9, and 7 wt.%, respectively, were used in this study. The total Fe-content 

of those samples were 63, 59, and 57 wt.%, respectively. Table 2.2.1 shows the material 

used in this study. Vacuum dehydration was carried out using a degassing apparatus 

(Quantachrome). The sample of 0.3 g was put into a quartz bulb cell equipped with a 

rotary high vacuum pump (the ultimate system pressure of 1.7 Pa). It was then heated by 

a controlled electric heater to the temperature of 100, 200, and 300 oC; heating rate of 10 

oC min-1, and hold for 30 min – 3 h. BET surface areas, pore volumes, and pore size 

distributions of the samples were measured on the N2 adsorption technique (Autosorb-6, 

Quantachrome).  

Table 2.1.1 Iron oxides and iron ores used as raw materials in this study. 

Ore name Code CW 

[wt%] 

T.Fe 

[wt%] 

FeO 

[wt%] 

SiO2 

[wt%] 

Al2O3 

[wt%] 

α-FeOOH reagent FeOOH 10.1 62.9 - - - 

Australian Ore A GA 8.6 58.6 n/a 4.5 1.6 

Australian Ore B GB 7.2 57.4 0.1 5.4 2.6 
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2.1.2.2.  Vacuum dehydration 

Figure 2.2.1(a) shows the mild vacuum condition was carried out in 

thermogravimetry (TG) apparatus modified by connecting it with a rotary vacuum pump 

at its heater chamber exhaust line. This configuration had the ultimate pressure of 3.7 

x103 Pa. The sample was placed in the 150ug alumina crucible heated with an electric 

furnace. Figure 2.2.1(b) shows the high vacuum dehydration using with the ultimate 

vacuum pressure of 1.7 Pa. The apparatus was set from a modification of the 

Quantachrome Auto-degassing apparatus. The sample was put into a quartz bulb cell, 

then heated with an electrically controlled mantle heater. The heating rate is set to 10 K 

min-1 up to 300 oC. The cell was assembled with the pressure and temperature indicator 

allowing us to conduct an in-situ pressure-temperature during dehydration experiment.  

The samples after dehydration were soon analyzed using gas adsorption technique to 

obtain the BET surface area, total pore volume, and pore size distribution. 

Ultra-high vacuum dehydration was also conducted in this study. The changes in 

the sample morphologies at elevated temperature from room temperature up to 500 oC 

were observed using in-situ transmission electron microscopy (TEM) JEM-ARM1300 

(JEOL) during heating. The heating rate was manually set at 10 oC min-1 and then hold 

for 10 min at specific temperatures for observation. 

The summary of the experimental conditions at three different vacuum pressures 

are shown in Table 2.2.2. 
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(a) 

 

(b) 

Figure 2.1.1 Apparatus setting for (a) mild-dehydration and (b) high-vacuum-dehydration experiments. 
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Table 2.1.2 Parameter of different experimental conditions in vacuum dehydration. 

Parameter Experiments 

Dehydration conditions Mild-vacuum High-vacuum Ultra-high-vacuum 

Ultimate system pressure [Pa] 3.7 x 103 1.7 5.6 x 10-6 

Experiment types Vacuum-TG In-situ Pressure-

Temperature 

Monitor 

In-situ TEM under 

heating 

Sample types FeOOH reagent FeOOH, GA & GB 

ores 

FeOOH, GA ore 

Sample mass [mg] 50 250  

Sample size 1 µm – FeOOH; 

1-2 mm - ores 

1 µm – FeOOH; 

1-2 mm - ores 

200 nm – FeOOH 

and GA ore 

Temp [oC] RT to 300 RT to 300 RT to 500 

Heating rate [K/min] 1 µm – FeOOH; 

1-2 mm - ores 

1 µm – FeOOH; 

1-2 mm - ores 

200 nm – FeOOH 

and GA ore 

Holding time  2 h 1 h 10 min  

Obtained data TG, DTG In-situ P-T, Pore 

characterization 

In-situ TEM 

images 

 

 

 

2.1.3.  Result & Discussions 

2.1.3.1.  Thermogravimetric behavior of FeOOH reagent under mild-vacuum 

dehydration 

Figure 1 shows the comparison between the thermogravimetric profiles of 

FeOOH reagent during dehydration under atmospheric and mild-vacuum conditions. 

There are two peaks detected from FeOOH decomposition. Under different conditions, 

FeOOH dehydration temperature shift from 295.4 oC (at atmospheric - air 100 ml/min) 

to 281.1 oC (mild-vacuum – no air flow). 
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Figure 2.1.2 TG profiles of FeOOH reagent during dehydration under atmospheric and vacuum conditions 

(-72.5 kPag). 

 

2.1.3.2.  Dehydration behavior on high vacuum 

Figure 2.1.3 shows the comparison of the dehydration behavior between high-

vacuum and atmospheric dehydration process of FeOOH reagent. The dehydration 

performance at Figure 2.1.3(a) means the removal of the combined water (CW) from the 

FeOOH sample after dehydration, which is calculated using the following equation  

𝐶𝑊𝑅 =
𝐶𝑊𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝐶𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑥100%      ( 2.1-1) 

𝐶𝑊𝑅 =
(𝑊𝑠0−𝑊𝑠1)

0.101 𝑊𝑠0 𝑋𝐹𝑒𝑂𝑂𝐻 
𝑥100%    ( 2.1-2) 

Where 𝑊𝑠0 denotes the mass of FeOOH sample before dehydration [g]. 𝑊𝑠1 is 

the mass of FeOOH sample after dehydration [g]. The factor of 0.101 is the mass fraction 

of the combined water at raw FeOOH reagent [-]. 𝑋𝐹𝑒𝑂𝑂𝐻 is the mass fraction of FeOOH 

content in the sample. In the case of goethite reagent, 𝑋𝐹𝑒𝑂𝑂𝐻 is set to be 1. However, the 

data of FeOOH content in case of iron ore might be difficult to find. Therefore, this 
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equation is simply applicable for FeOOH reagent only. The results of different 

dehydration conditions were also compared with the previous study on FeOOH 

dehydration under an atmospheric condition in [6], in which the dehydration under air 

condition at the temperature of 300 oC, a heating rate of 10 oC min, and holding time of 

24 h. Interestingly, the mild-dehydration of 1 h under high-vacuum condition (P = 1.7 

Pa) removes 95 mass% of CW. It has a similar result with 24 h at atmospheric one. Under 

vacuum condition, porous hematite can be produce faster significantly.  

 

 

(a) 

 

(b)  

Figure 2.1.3 Comparison of (a) dehydration performance and (b) pore properties between high-vacuum and 

atmospheric dehydration process of FeOOH reagent atmospheric conditions. 
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The BET surface area, pore volume, and pore size distribution of the FeOOH 

reagent samples after vacuum dehydration were observed (Figure 2.2.2(b)). The NLDFT 

pore size distribution shows that the pore size of 2 - 4 nm is generated within 1 h at 300 

oC, then shifted to a larger pore size after a more extended time. The high-vacuum 

condition might not affect the main dehydration temperature because the significant CW 

removal still occurs at 300 oC. Vacuum dehydration only promotes a faster CW removal 

from oxide structure which is proceeded within 30 min after 300 oC reached (in case of 

FeOOH reagent).  

Figure 2.1.4 shows the in-situ pressure-temperature profiles of FeOOH reagent, 

GA ore, and GB ore during mild-dehydration at 300 oC under vacuum condition. All three 

samples show the pressure increase when the temperature increases from 100 to 300 oC, 

which is mean that the goethite dehydration, releasing water vapor, occurs rapidly in this 

range temperatures. The pressure increases due to water vapor generation during heating. 

When the temperature was held at 300 oC, the pressure drops back to its original state due 

to the dehydration start to finish. Interestingly, under the high-vacuum condition, within 

1 h at 300 oC, the dehydration seems to be finished.  

 

Figure 2.1.4 In-situ pressure-temperature profiles on high-vacuum dehydration of FeOOH reagent and ores.  
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Theoretically, 1 molecule of goethite decomposes to a molecule of hematite and 

a molecule of water (FeOOH → Fe2O3 + H2O(g)). This decomposition reaction is 

spontaneously started at 83 oC as its thermodynamic properties.   The decomposition of 

goethite apparently consists of two steps process. The first is the solid decomposition of 

FeOOH to Fe2O3 and adsorbed water (2FeOOH →Fe2O3 + H2O(ads) ). This reaction is 

very quick. Second, soon after adsorbed water was formed, it will diffuse out as water 

vapor (H2O(ads) → H2O(g)) leaving the porous Fe2O3 structure. The second step is a kind 

of mass transport phenomena of the combined water which its properties generally 

increases with temperature. That is why it needs the higher temperature to increase the 

overall rate process in the actual goethite dehydration process. Furthermore, the diffusion, 

or in general, the overall mass transfer of combined water is driven by the difference 

between the concentration of water inside pore and in the bulk gas phase outside of pore. 

Vacuuming condition can increase the driving force (e.g., the water concentration), 

resulting in an enhance the overall performance of the goethite dehydration process.  

Figure 2.1.5 shows the comparison between the pore properties of iron oxide and 

ores from high-vacuum dehydration at 300 oC. The NLDFT pore size distribution shows 

the nanopores of 2 nm-pore sized are generated in FeOOH reagents within 30 min under 

vacuum condition. It then shifted to a larger pore size after a more extended time. This is 

also related to The BET surface area and total pore volume of FeOOH reagent which is 

at 30 min higher than at 1 h. Meanwhile, in case of GA and GB ores, after vacuum 

dehydration, the BET surface area and total pore volume are less than the FeOOH 

reagent. This is related to CW content in the ores, which are less than the FeOOH reagent. 

However, it looks like longer time is needed to generate nanopore in ores. 
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Figure 2.1.5 Pore properties of iron oxide and ores from high-vacuum dehydration at 300 oC.  

 

2.1.3.3.  Dehydration behavior on ultra-high vacuum condition 

The in-situ TEM result in Figure 2.1.6 and 2.1.7 show that both FeOOH reagent 

and GA ore having the nanocrack formation at elevated temperatures. Interestingly, under 

ultra-high-vacuum condition (P= 5.6 x 10-6 Pa), FeOOH dehydration generating nanopore 

starts to occur at 100 oC. The dehydration temperature seems closer to the theoretical 

FeOOH dehydration temperature of 83 oC. In the ultra-high vacuum condition, the 

removal of CW from iron oxide structure extremely faster.  This is due to the driving 

force of CW removal under ultra-high vacuum condition become much higher than other 

conditions. Small-mesopores are generated at 100 – 300 oC then start to disappear 

significantly at 400 oC by merging into the bigger pore size. In the case of natural iron 

ore (GA ore), the small-mesopore starts to be generated at 100 oC. Most of the slit-shaped 

pores are generated at 200 - 300 oC. At higher than 300 oC, the slit-shaped pore starts to 

vanish, merging into a larger round-shaped (cylindrical) pore. 
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Figure 2.1.6 In-situ TEM images on ultra-high vacuum dehydration (P = 5.6 x10-6 Pa) of FeOOH 

reagent. 

 

 

 

Figure 2.1.7 In-situ TEM images on ultra-high vacuum dehydration (P = 5.6 x10-6 Pa) of GA ore. 
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2.1.4.  Resume 

Porous ore utilization is a crucial point to apply high reactivity ore reduction. 

Vacuum condition significantly reduces the time for dehydration of goethite-based ore.  

However, it might not significantly reduce the dehydration temperature under mild- and 

high-vacuum pressure. Goethite ore high-vacuum-dehydration is finished within 1 h at 

300 oC producing nanoporous hematite ore.  Using in-situ TEM observation, under the 

ultra-high vacuum condition, the removal of CW from iron oxide structure extremely 

faster and decreasing temperature of goethite dehydration is possible. Small-mesopores 

are generated at 100 – 300 oC then start to disappear significantly at 400oC by merging 

into the bigger pore size. 
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 Integrated Pyrolysis–Tar Decomposition over Low-Grade Iron Ore for 

Ironmaking Applications: Effects of Coal–Biomass Fuel Blending 

(As presented in Kurniawan, A., Abe, K., Nomura, T. and Akiyama, T., 2017. Energy & 

Fuels, 32(1), pp.396-405.) 

2.2.1.  Introduction 

In modern blast furnace operation (a typical case in Japan) 385 kg of coke per ton 

hot metal is needed, while 112 kg of pulverized coal per ton hot metal is injected [1]. For 

every ton of coke produced, around 1.6 ton of coking coal is used [2]. The coking coal 

(the high-grade coal) now become limited availability, and higher cost [3]. Instead of the 

low-grade coals (i.e., sub-bituminous or lignite coals), different fuel types are available 

for CVI ironmaking such as woody biomass have also gained much attention solving 

environmental concerns as well as reducing greenhouse gas emissions. Furthermore, 

utilization of any individual biomass material faces typically several problems, such as 

seasonal harvesting which limits year-round availability, higher transportation costs, and 

lower fuel-qualification properties [4].  

The co-utilization of different fuels is an attractive way to solve these problems. 

Recently, tremendous experiments have been conducted to study the co-pyrolysis of 

biomass and coal and led to different conclusions. A number of studies have reported a 

synergetic effect in the co-processing of coal and biomass, in particular, during co-

pyrolysis and co-gasification [5-7]. This co-processing synergy is likely due to the higher 

hydrogen/carbon molar ratio (H/C) of biomass compared with coal, which could facilitate 

coal decomposition [5,6,8]. In previous coal-biomass co-pyrolysis studies, however, 

reports of synergetic effects on the kinetics and product distributions vary when using 

coal-biomass blends [9-11]. This difference might depend on the experimental conditions 
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used, such as temperature, pressure, heating rate, type of reactor, type of coal, type of 

biomass, and biomass blending ratio (BBR) [12-14]. Many co-pyrolysis studies have 

been performed using thermogravimetric analysis (TGA). In fact, synergies have only 

been noted for very low-rank coal, where coal and biomass volatile evolution regimes 

overlap [15]. 

Thermochemical conversion of carbonaceous materials such as coal and biomass 

is a complex process involving numerous homogeneous and heterogeneous reactions 

[16]. Conversion begins with the pyrolysis or devolatilization reaction, a thermal 

decomposition process resulting in the release of various gases and tar from the feed 

while leaving a high carbon char [17]. 

Although co-pyrolysis has been already proposed and studied from so many 

viewpoints as described above, yet none has studied the effect of coal-biomass co-

pyrolysis that to be applied in CVI process for ironmaking that was developed by 

previous researchers [1]. Herein, the effect of the BBR on coal-biomass integrated co-

pyrolysis–tar decomposition over low-grade iron ore was studied, including changes in 

product distribution behavior influenced by the blending ratio. Furthermore, a kinetic 

study of the co-pyrolysis at different BBRs using 2-DAEM was also useful to be 

performed to improve understanding of the co-pyrolysis phenomena. The objective of 

this study is to find the synergetic effect of BBRs on coal-biomass during integrated co-

pyrolysis–tar decomposition over low-grade iron ore. 

This subsection investigates the effect of different fuels and its combination in the 

CVI process, dividing into solid-based fuel and fluid-based fuel. 
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2.2.2.  Experimental Methods 

2.2.2.1.  Materials 

Indonesian sub-bituminous coal, woody biomass, and polyethylene reagent were 

used as carbonaceous materials in this study. The proximate and ultimate analyses are 

shown in Table 2.2.1. Both materials were crushed and sieved to a granular size of 125–

355 µm. To observe the co-pyrolysis effect, coal and biomass were hand-mixed at BBRs 

of 0%, 25%, 50%, 75%, and 100%.  

Table 2.2.1 Proximate and ultimate analysis of Indonesian coal and woody biomass sample. 

Sample 

Proximate [mass%, air-

dried basis] 

Ultimate [mass%, dry ash free 

basis] 

VM Ash FC TM* C H N S O** 

Tanjung Enim sub-bituminous 

coal, coal 

45.2 5.7 49.1 11.7 65.7 4.9 1.1 0.7 27.6 

Calliandra calothyrsus wood, 

biomass 

72.4 2.0 15.9 9.7 52.0 6.2 0.6 0.00 41.2 

VM, Ash, FC, = Volatile matter, Ash content, Fixed carbon  

TM* = Total moisture (% as received basis) 

C, H, N, S = Carbon, Hydrogen, Nitrogen and Sulphur content  

O** = Oxygen content was calculated by different 

 

Two types of iron ores: Australian limonite and Indonesian laterite ores were 

utilized in this experiment with the properties shown in Table 2.2.2. The ore was crushed 

and sieved to obtain samples with similar particle sizes, ranging from 0.95–2 mm. In 

order to both increase surface area and form porous material, the ore was dehydrated at 

723 K with a heating rate of 3 K min-1 and a holding time of 4 h in air atmosphere. 

Dehydration at 723 K should be enough for dehydration because it has been reported that 

combined water (CW) starts to decompose at 603 K and is completely removed at 723 

K, changing goethite (FeOOH) to hematite (Fe2O3) [23]. In order to confirm this effect, 

the average pore volume, Brunauer–Emmett–Teller (BET) surface area, and pore 

distribution of the sample ore were measured using a gas adsorption measurements 

(Autosorb 6AG, Yuasa Ionics Co. Ltd., Osaka, Japan).  
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Table 2.2.2 Properties Sebuku (Indonesian) iron ore sample. 

Parameter Value 

Particle size [mm] 0.95-2.00 

Total Fe content [mass%] 51.41 

SiO2 content [mass%] 3.04 

Ni content [mass%] 0.48 

Al2O3 content [mass%] 7.21 

Combined water content [mass%] 9.02 

 

2.2.2.2.  Thermogravimetric analysis on biomass-coal and PE-coal co-pyrolysis 

Thermogravimetric (TG) curves were obtained by pyrolysis experiments using a 

Mettler Toledo DSC-1. Coal, biomass, polyethylene (PE) and their blends were dried at 

482 K for 24 h prior to the TG experiment. The sample weights were adjusted to be close 

to 5 mg, and an argon flow (100 NmL min-1) was continuously maintained. The 

experiments were carried out in dynamic temperature conditions; in this case the 

pyrolysis temperature was varied from 298–1073 K with a constant heating rate of 50 K 

min-1. All data were then analyzed to investigate the effect of co-pyrolysis from its 

decomposition phenomena. 

 

2.2.2.3.  Integrated pyrolysis–tar decomposition 

A co-pyrolysis effect on integrated biomass-coal pyrolysis–tar decomposition 

was observed by comparing the product distribution at each different biomass blending 

ratio (BBR). A quartz reactor tube (inner diameter of 30 mm, the height of 550 mm) 

equipped with a temperature-controlled furnace was used to conduct the tar 

decomposition and carbon deposition experiments as shown in Figure 2.2.1. Experiments 

were performed at atmospheric pressure with an N2 flow of 250 mL min-1 (STP). Solid 

fuel was continuously added to the reactor using a bowl feeder at a rate of 0.1 g min-1 for 

40 min after the reactor reached the constant temperature needed for pyrolysis and tar 
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decomposition at 1073 and 873 K, respectively. Cahyono et al. have discussed the 

selection of these temperatures previously.34  

 

Figure 2.2.1 Apparatus configuration for integrated pyrolysis-tar decomposition-carbon deposition over 

iron ore 

 

The char product was collected using a Steel Use Stainless (SUS) 304 mesh 

(aperture diameter of 40 µm, wire diameter of 30 µm), while the tar vapor and gases were 

flowed directly through to the iron ore bed (3 g) for the tar decomposition process. Tar 

product was collected separately as heavy and light tar. Tar trapped in the thimble filter 

(383 K) was measured as heavy tar by adapting Xu et al.’s methods [25]. While remaining 

tar collected in the cold trap (200 K) was measured as light tar. Incondensable gases were 

diluted with an N2 flow of 400 mL min-1 (STP), and then measured using a gas 

chromatograph (Agilent 3000, INFICON Co., Ltd., Yokohama, Japan) to observe the H2, 

CH4, CO, and CO2 produced during the process. Char structure was observed using 

scanning electron microscopy (SEM; JSM-7001FA, JEOL, Tokyo, Japan). Ore structure 
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and composition were characterized using X-ray diffractometry (XRD; Miniflex, Rigaku, 

Tokyo, Japan), while a gas adsorption measurement (Autosorb 6AG, Yuasa Ionics Co. 

Ltd., Osaka, Japan) was used to examine changes in the surface area, average pore 

diameter, and pore size distribution. The carbon content within the iron ore was measured 

using a CHN/O/S elemental analyzer (CE-440; EAI, United States). From these 

experimental results, effects on the BBR were evaluated by performing experiments 

using combined coal-biomass at different blending ratios while observing the product 

distributions. 

 

2.2.3.  Result and Discussion 

2.2.3.1.  Thermal decomposition behavior of coal-biomass co-pyrolysis. 

Pyrolysis characteristics of coal-biomass blending at different BBRs were 

observed using thermogravimetric (TG) analysis at 50 K min-1 in an inert atmosphere 

(Figure 2.2.2). A biomass blending ratio of 0% (BBR-0%; i.e., 100% coal) has the 

smallest total weight loss due to its high fixed carbon content. In this case, more char and 

less volatiles are produced. On the contrary, BBR-100% (i.e., pure biomass) has the 

highest weight loss due to the high volatile matter content of biomass consisting mainly 

of tars and pyrolytic water, which are released much earlier than in the case of coal 

pyrolysis. The differential thermogravimetric (DTG) curve shows the decomposition rate 

peaks of the coal-biomass blends. Two decomposition rate peaks observed in one DTG 

curve for BBR-0% can be attributed to a two-step pyrolysis decomposition process. An 

additional shoulder peak occurring after the decomposition peak in the DTG curve for 

BBR-100% was also observed. Coal and biomass are individually pyrolyzed in a primary 

reaction step that mainly results in the devolatilization of light components as light tar 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

47 

 

and gases. The mixture of components produced from coal and biomass triggers the 

synergetic effect in a secondary reaction step that results in aromatization of 

macromolecules, thereby producing char while continuing to release gases. This reaction 

also involved reforming, water-gas shift, cracking, dehydration, oxidation, 

polymerization, and gasification reactions.36  

 

Figure 2.2.2 TG/DTG profiles and the highest decomposition rate temperatures for coal-biomass blending 

with different BBRs during pyrolysis; coal and biomass particle size, 125–355 µm. 

 

Corresponding to the pyrolysis temperature in Figure 2.2.2, the highest 

decomposition rate of BBR-0% occurs at a higher temperature, while BBR-100% has a 

lower decomposition temperature. The temperature of the highest decomposition rate of 

coal-biomass co-pyrolysis decreases with increasing BBR. In fact, the temperature of 

biomass decomposition depends on the cellulose, hemicelluloses, and lignin content. 

However, cellulose is mainly responsible for volatiles; lignin is the main contributor to 

char, while hemicelluloses contribute almost equally to both.40 It is obvious that the 

temperature decrease is not linearly proportional to the BBR, which means that 
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introducing 25wt% of biomass to coal pyrolysis can cause a significant shift of pyrolysis 

temperature.  This is probably due to the volatile compound generated from biomass 

might cause convective mass transfer effect that promotes more decomposition rate in 

coal particle. Another report also described that biomass has a strong cooling effect of 

pyrolysis that could lower pyrolysis temperature that is caused by two reasons.41 First, 

the pyrolysis process is an endothermic reaction. Second, when the generated volatile 

flowed through the particle from inside to outside, it would cause convective cooling 

effects on the particle. 

 

2.2.3.2.  Kinetic study on coal-biomass co-pyrolysis using the distributed activation 

energy model (DAEM).  

The synergetic effect on coal-biomass co-pyrolysis is not explicitly shown from 

mass changes in the TG experiment (Figure 2.2.2), apart from the temperature shift of 

the highest decomposition rate in the DTG curve. However, this temperature shift could 

be interpreted as the shift of the activation energy obtained from the kinetic study of 

pyrolysis which means different decomposition reaction occurs in coal-biomass blending. 

However, the decomposition reaction is very complex and hard to be observed during the 

experiment. The kinetic study could be more convenient tools to investigate the 

decomposition reaction as well as to observe the synergetic effect of coal-biomass 

blending.  Some researchers reported that a complex reaction occurred during pyrolysis 

that could be approximated using the distribution activation energy model (DAEM) that 

was first introduced by Vand, however, still under development [13-21]. Filippis et al. 

had successfully developed and performed a model based on a double distribution of the 

activation energy (2-DAEM). This model was able to adequately describe the two 
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separate steps of primary and secondary pyrolysis, which characterized the 

thermochemical processing of most of the energetic materials [22]. The method is also 

attractive for analyzing the synergetic effect of combining coal-biomass on the pyrolysis 

from a kinetic viewpoint.  

The basic assumption of the DAEM is that many solid fuel decomposition 

reactions take place during pyrolysis. It can be simply approached as a sum of an 

unlimited number of parallel first order decomposition reactions. Applying the multiple 

Gaussian distributions of activation energy, so the DAEM equation can be written as: 
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where calcX  is the calculated residual volatile fraction of solid fuel at a given time 

[-]; n is the number of activation energy distributions; β is the heating rate [K s-1]; k0i is 

the pre-exponential factor of constituent i [s-1]; σi is the activation energy variance of 

constituent i, [kJ mol-1]; 𝐸0𝑖 is the mean activation energy of constituent i, [kJ mol-1]; R 

is the gas constant [J mol-1 K-1]; and T is the absolute temperature [K]. Gašparovič et al. 

reported that a constant pre-exponential factor for every decomposition reaction can be 

assumed for various activation energies [20]. Additionally, De Filippis et al. reported that 

coal and biomass pyrolysis were satisfactorily modeled using a double distribution of the 

activation energy (2-DAEM) by applying weighting factor w for each Gaussian 

distribution functions [22]. Adapting those previous methods, the 2-DAEM equation 

becomes:  
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where iw  means the contribution ratio of each reaction [-]. While 
=

=
2

1

1
i

iw . 

Furthermore, the parameter ik0  of each constituent can be set at the same constant value 

as 0k  to increase the independency of parameters estimation. Thus the 2-DAEM equation 

can be expressed as 
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The calcX  in eq. (2.2-3) represents the volatile fraction of the sample during 

pyrolysis, and can be experimentally evaluated from the TG data according to the 

equation: 

fmm

mm
X

−

−
=

0

0

exp

    (2.2-4) 

where
expX  is the observed residual volatile fraction at time t [-]; m  is the 

remaining mass obtained experimentally at time t [mg]; 0m  and 
fm  are the initial mass 

[mg] and the mass at final temperature [mg], respectively.  

Therefore, in eq. (2.2-3), only five parameters are estimated: contribution factor 

w , two mean activation energies, 01E  and 02E  coupled with two standard deviations
1  

and 
2 . These five parameters were estimated by a curve fitting method using the sum 

square error (SSE) as the objective function (eq. (2.2-5)).  
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        SSE = ∑ ( calcX −
expX )

2

     (2.2-5) 

Numerical solution for Eq.(2.2-3) was performed in MATLAB® adapting the 

Gašparovič et al. algorithm. Numerical integration for E-term and T-term of eq.(2.2-3) 

was calculated using “TRAPZ” and “QUADL” function, respectively.  Integration limit 

of E-term and T-term were set from 0 to 500 kJ mol-1 and 293 K to 1073 K, respectively. 

The curve fitting using this model was only limited to the decomposition process of solid 

fuel. Curve fitting was performed by running an optimization program to minimize the 

SSE value of 105 data points in eq. (2.2-5) using “LSQNONLIN” function with iteration 

parameters “TolX” = 1e-7; “TolFun” = 1e-7; “MaxIter” = 10000; “MaxFunEvals” = 

10000. The parameter 0k  was set to 1013. The initial guessing value of the parameters w ,

01E , 02E , 
1  and 

2  were 0.5, 200, 200, 5, and 5, respectively. Lower boundary for all 

parameters were set to zero. The goodness of fit using R2 were also calculated. The 

activation energy distribution was then plotted and analyzed ranging at 0 – 400 kJ mol-1 

to investigate the effect of combined coal-biomass in pyrolysis at different blending 

ratios. 

The curve fitting method was performed using the double-distributed activation 

energy model (2-DAEM). Figure 2.2.3(a) shows the curve fitting results of a 2-DAEM 

model that was satisfactorily fitted to the experimental data. Table 2.2.3 shows the 

obtained fitting parameters at different BBRs with SSE and the goodness of fit using R2 

for each curve are provided. 
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Figure 2.2.3 (a) Comparison between the experimental data (dotted lines) and the curves calculated by the 

2-DAEM (dashed lines) at different BBRs. (b) Double Gaussian activation energy distribution curves for 

coal-biomass co-pyrolysis at different BBRs obtained from the 2-DAEM fitting.  

 

Table 2.2.3 Kinetic parameter of thermal decomposition at various biomass blending ratio (BBR) obtained 

from 2-DAEM method with the Gaussian distribution. 

Parameter BBR0% BBR25% BBR50% BBR75% BBR100% 

ko [1/s] (fixed) 1013 1013 1013 1013 1013 

Eo1 [kJ/mol] 202.3 178.8 175.2 171.3 173.0 

Eo2 [kJ/mol] 214.1 218.2 204.1 197.1 197.6 

σ1 [kJ/mol] 7.2 16.4 9.2 6.1 7.1 

σ2 [kJ/mol] 45.9 43.2 44.7 46.8 51.9 

w [-] 0.24 0.50 0.51 0.68 0.78 

SSE 4.69 x10-3 8.76 x10-3 8.36 x10-3 5.17 x10-3 7.29 x10-3 

R2 0.9993 0.9989 0.9991 0.9995 0.9994 

 

Figure 2.2.3(b) shows the activation energy distribution curves for coal-biomass 

co-pyrolysis at different BBRs according to the simultaneous 2-DAEM using the 

Gaussian distribution function. The coal has two ranges of activation energy distribution 

from 195–209 kJ mol-1 and 168–260 kJ mol-1 with mean activation energies of 202.3 kJ 

mol-1 and 214.1 kJ mol-1, respectively, with the value of parameter w  is 0.24. The shape 

of its distribution curve shows that the activation energy of primary pyrolysis is 
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superimposed with the secondary reaction. This result is similar to a report by Fillipis et 

al. for Sulcis (subbituminous) coal that has two range of activation energy distributions 

of 195–209 kJ mol-1 and 185–289 kJ/mol with mean activation energy of 202 kJ mol-1 

and 237 kJ mol-1, respectively, with the value of parameter w  is 0.44 [22]. The two 

activation energy distribution ranges correspond to the two decomposition steps 

occurring during pyrolysis. The first peak of the distribution contributes to the primary 

step which light tar and gases are released at a lower temperature whereas the second 

peak of activation energy distribution corresponds to the secondary step which 

macromolecules are aromatized to produce char while gases continue to be released 

[32,33]. The superimposed two Gaussians could be interpreted as the cross-linking 

reactions and char condensation begin at the same time of the primary decomposition 

step. However, it is agreed that primary pyrolysis occurs in a narrower range of activation 

energy than secondary peak that means this process is fast.  The secondary pyrolysis step 

is slower and requires more energy to be accomplished. Meanwhile, biomass has 

narrower ranges of activation energies, 165–180 kJ mol-1 and 145–249 kJ mol-1 with 

mean activation energies of 173.0 kJ mol-1 and 197.6 kJ mol-1, respectively, with the 

value of parameter w  is 0.78. Similar result also reported by other researchers [19,22]. 

The narrower range of activation energies of biomass means that it has faster 

decomposition than coal. The higher value of parameter w  for biomass means that the 

overall biomass pyrolysis reaction is highly dominated by primary decomposition step.  

It corresponds to the biomass exhibits more rapid gas evolution than coal due to the 

relatively lower bond energies of ether (R–O–R) and C–C bonds associated with 

lignocellulosic biomass, compared to the aromatic C=C bonds typically found in coal 

[33]. At higher BBR, primary decomposition peak shifts to the lower activation energy 
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meaning the primary decomposition reaction seem correlate to the shift of pyrolysis 

temperature (Figure 2.2.1b).  In this case, the biomass behavior predominates the primary 

decomposition of the blending, thereby contributing to the more volatiles released. In 

contrast, the secondary peaks of activation energy distributions become lower at higher 

BBRs. The behavior of secondary decompositions seems to be dominated by coal. The 

higher amount of coal in the blends would increase the number of secondary 

decomposition reactions. At BBR-25%, the activation energy distribution curve of 

primary decomposition obviously has a different trend.  The wider range of the primary 

peak at this blending could be interpreted as the interaction coal and biomass in the 

blending promotes the other complex reactions resulting in the lowest number of primary 

decomposition comparing to other BBRs. Yet, there is slightly no trending change for 

secondary decomposition reaction. On the other hand, this phenomenon could also be 

interpreted from the value of the parameter w  (Table 2.2.3) that increase at higher BBRs 

with the significant increase occurs at BBR-25%. In this case, introducing a small amount 

of biomass (25wt%) could affect the significant change in overall kinetic behavior. This 

effect could be called as the synergetic effect of co-pyrolysis. However, the synergetic 

effect of coal-biomass co-pyrolysis is confirmed only for primary decomposition 

reaction. This synergetic effect is confirmed in a later subsection. 

 

2.2.3.3.  The synergetic effect of co-pyrolysis on integrated coal-biomass co-pyrolysis–

tar decomposition 

The integrated coal-biomass co-pyrolysis–tar decomposition over low-grade iron 

ore was designed to reduce the tar product while simultaneously converting it to carbon 

deposited into the iron ore. Moreover, production of high carbon content carbonized ore 
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is desired. Figure 2.2.4 shows the product distribution carbon yields from integrated coal-

biomass pyrolysis, both for pyrolysis only (case A), and for pyrolysis–tar decomposition 

over porous iron ore (3 g) (case B). The observed pyrolysis products were the carbon 

yield of char, heavy tar, light tar, deposited carbon in iron ore (case B only) and gas at 

any BBRs. Heavy tar and light tar in this experiment were separated by the boiling point 

according IEA tar protocol that the components with the boiling point higher than 378 K 

could be categorized as heavy tar fraction [25].  

 

Figure 2.2.4 Carbon yield product distribution of integrated pyrolysis–tar decomposition in a N2 

atmosphere at a pyrolysis temperature of 1073 K and a tar decomposition temperature of 873 K for 40 min. 

Case A: co-pyrolysis only; Case B: co-pyrolysis with tar decomposition over porous iron ore (3 g). 

 

The deposited carbon in iron ore is the carbon amount of solid fuel that deposited 

in iron ore bed during CVI process, which was evaluated from mass balance. In contrast, 

carbon content in iron ore was measured by CHN/O/S elemental analyzer. The term of 

the deposited carbon and the carbon content in CVI ore were introduced to distinguish 
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the different points of view.  It was obvious that the total carbon yield of the biomass 

pyrolysis product is lower than the coal product since biomass has a lower carbon content 

than coal. Total carbon yields of the coal-biomass blends gradually decreased at elevated 

BBRs. 

Effects of coal-biomass co-pyrolysis on gas products are shown in Figure 2.2.5. 

For case A, only CO gas significantly increased at higher BBRs. This is due to OH 

radicals from biomass attacking the aromatic rings in coal and reacting with aliphatic 

species, thereby generating more CO.11,12,20 Moreover, H2 and CO2 gas only changed 

slightly at elevated BBRs. However, co-pyrolysis had no significant effect on CH4 

production. In case B, the introduction of iron ore into tar pyrolysis increased the amount 

of H2, CH4, CO and CO2 due to the catalytic activity of iron ore. The reactions involved 

were tar reforming11 as in Eq. (2.2-6).  The significant increase of H2 and CO2 at higher 

BBRs could be correlated to the presence of water from biomass pyrolytic tar promoting 

steam reforming as in Eq. (2.2-7) and water gas shift reaction (WGSR) as in Eq.(2.2-8).  

Tar → H2(g) + CH4(g) + CO(g) + CO2(g) + … 

other light hydrocarbons + C(s) ( 2.2-6) 

CH4(g) + H2O(g) ↔ CO(g) + H2(g)    ( 2.2-7) 

CO(g) + H2O(g) ↔ CO2(g) + H2(g)     ( 2.2-8) 

Another researcher reported that Fe2O3 has a good catalytic activity for steam 

reforming [34] and WGSR [35].  However, H2 was found decrease at BBR-100%. This 

was probably due to H2 is consumed by hydrocracking process of biomass tar [36]. 

Blending coal to biomass could provide sufficient carbon amount in gas promoting more 

H2 through steam reforming and WGSR to overcome the H2 consumption of 

hydrocracking process. In this case, the water content in tar could be an important role in 
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the gas reaction. An investigation of the effect of water content in tar decomposition is 

necessary to be conducted. This will be left for the next future study. 

.  

Figure 2.2.5 Effect of co-pyrolysis at different BBRs on gas H2, CH4, CO, and CO2 product distribution of 

integrated pyrolysis–tar decomposition in N2 atmosphere. Pyrolysis and tar decomposition temperatures 

were 1073 K and 873 K, respectively. The reaction time was 40 min. Case A: pyrolysis; case B: integrated 

pyrolysis with tar decomposition over porous iron ore (3 g).   

 

The linear reference line method was preferable to observe the synergetic effect 

of co-pyrolysis for each pyrolytic product.  Synergetic effects can be approximated by 

the deviation of each observed datum and the reference line, as expressed in equation 

(2.2-9). 
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where 𝛿𝑖 is the calculated synergetic effect at different BBRs, 𝑦𝑖 is the observed 

data of each product, 
 i refy is the reference line calculated as (=

𝑦100𝑖+𝑦0(100−𝑖)

100
 ), and 𝑖 is 

the experimental BBR percentage. The non-zero deviation value means that the 

synergetic effect occurs in coal-biomass blending. All synergetic effects were clearly 

found on co-pyrolysis product distributions in both case A and case B (Figure 2.2.6). In 

case A, synergetic effects of coal-biomass co-pyrolysis contribute to decreased char and 

heavy tar with increased light tar and gas products. In case B, the effect became more 

significant after introducing tar decomposition over porous iron ore. Overall, a significant 

synergetic effect occurred at BBR-50%.  

 

Figure 2.2.6 The synergetic effect on carbon yield product distributions of integrated pyrolysis–tar 

decomposition in an N2 atmosphere at a pyrolysis temperature of 1073 K and tar decomposition 

temperature of 873 K for 40 min. Case A: co-pyrolysis only; case B: co-pyrolysis with tar decomposition 

over porous iron ore (3 g).  

  

Char products tended to decrease at elevated BBRs. The highest amount of 

synergy on char was found at BBR-75%. Char that was captured in SUS mesh in both 

cases was not influenced by the presence of iron ore; therefore, this could be confirmed 
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as the reproducibility of the synergetic effect on char. SEM observations on char particles 

confirmed the synergetic effect of co-pyrolysis on char (Figure 2.2.7).  Coal chars (a1 – 

a4) and biomass chars (b1-b4) remained still maintain their round shape and flakes-like 

shape, respectively. So, it could be distinguished between them in the char mixture at any 

BBRs. Coal chars from coal only (a1) seems only had a small number of cracks and pores 

on its surface. While after blending with biomass, more cracks and pores were formed on 

the coal char surface. The morphology of coal char in the blend then became a loosely 

packed, more porous structure at elevated BBRs (a2-a4). The largest pore was observed 

on coal char surface at BBR-75% (a4).  However, there was little to no change in biomass 

char in the blend during co-pyrolysis. This was probably due to volatile matter in the 

biomass promoting more coal particle decomposition, but the opposite was not observed.  

 

Figure 2.2.7 SEM images of pyrolysis char products at different BBRs in an N2 atmosphere at 1073 K for 

40 min. Coal char particles at BBR-0%, 25%, 50%, and 75% are shown in a1, a2, a3, and a4, respectively. 

Biomass char particles at BBR-25%, 50%, 75%, and 100% are shown in b1, b2, b3, and b4, respectively. 

 

A synergetic effect of coal-biomass co-pyrolysis was also found for tar 

decomposition (Figure 2.2.8). The effect was observed on the amount of reacted tars 
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during tar decomposition and on the ratio of deposited carbon (Figure 2.2.8(a)). 

Compared to the reacted heavy tar, the deposited carbon ratio and carbon content (Figure 

2.2.8(b)) have similar curve shapes and peaks to BBR-25%. The reacted heavy tar 

apparently contributes to increasing the deposited carbon ratio, thereby giving the carbon 

content increase in CVI ore. This phenomenon probably correlates with the kinetic 

behavior discussed earlier regarding activation energy distribution. However, a molecular 

investigation of the heavy tar would be needed to confirm this effect. 

 

Figure 2.2.8 Effect of coal-biomass co-pyrolysis on the amount of reacted tar and the deposited carbon 

ratio (a) and carbon content in the CVI ore (b) during tar decomposition over porous iron ore in an N2 

atmosphere. Pyrolysis and tar decomposition temperatures were 1073 K and 873 K, respectively. The 

reaction time was 40 min. Case A: pyrolysis; case B: integrated pyrolysis with tar decomposition over 

porous iron ore (3 g). 

XRD analysis was performed to clarify changes in the iron ore structure occurring 

during ore structure from goethite to hematite with the following reaction: 

2FeOOH(s) → Fe2O3(s) + H2O(g)     ( 2.2-10) 

There was no FeOOH peak after dehydration at 723 K (Figure 2.2.9). Thus, the 

dehydration was complete at this temperature. A similar result has been reported 

previously [22]. The removal of combined water increased the porosity of the dehydrated 
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ore (Figure 2.2.10(a)). After dehydration, the ore was dominated by pores smaller than 4 

nm that were then infiltrated by carbon via CVI (Figure 2.2.10(b)). Synergetic effects of 

coal-biomass co-pyrolysis on carbon infiltrated CVI ores were confirmed by a decrease 

in the BET surface area and total pore volume of the CVI ore which correlated with the 

carbon content in the CVI ore. However, it could not be ascribed that directly correlated 

by pyrolysis fuel type and BBR. 

 

Figure 2.2.9 XRD spectra of changes in the original ore, dehydrated ore, and CVI ores. Pyrolysis and tar 

decomposition temperatures were 1073 K and 873 K, respectively. The reaction time was 40 min. All CVI 

ores had a magnetite structure during the CVI process at any BBR. 

 

During the tar decomposition, all CVI ore obtained from different coal-biomass 

blends was reduced to magnetite (Figure 2.2.9). No synergetic effect was found in the 

reduction of hematite to magnetite corresponding to coal-biomass co-pyrolysis at any 

BBR in case B, which means that this reduction occurs during the tar decomposition 
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process at 873 K. This reduction result was agreed to other reports [1, 24]. This reduction 

involved prominent reactions of iron ore component with gas evolved during tar 

decomposition such as indirect reductions and dry gas reforming: 

3Fe2O3(s) + CO(g) → 2Fe3O4(s) + CO2(g)    (2-11) 

3Fe2O3(s) + H2(g) → 2Fe3O4(s) + H2O(g)    (2-12) 

CH4(g) + CO2(g) → 2H2(g) + 2CO(g)    (2-13) 

 

Figure 2.2.10 Effects of co-pyrolysis on total pore volume and BET surface area (a), and pore size 

distribution (b) of iron ore and CVI ore at different BBRs. Pyrolysis and tar decomposition temperatures 

were 1073 K and 873 K, respectively. The reaction time was 40 min. SAA analyzer conditions: Adsorbate 

N2; molecular weight = 28.0134 g/mol; cross-sectional area = 16.2 Å²/molecule; non ideality = 6.580E-05; 

P/Po tolerance = 2; outgas temperature = 393 K; outgas time = 1.0 h; bath temperature = 77.35 K. All 

samples were dried under vacuum at 378 K for 24 h prior to SAA analysis.    

 

2.2.4.  Summary 

Introducing coal-biomass co-pyrolysis to the integrated pyrolysis–tar 

decomposition process was attractive, since synergetic effects were observed on the 

pyrolysis products, and the tar decomposition process increased the carbon content of 

CVI ore. The following conclusions have been reached:  
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1. Thermogravimetric (TG) experiments showed that pyrolysis of combining coal and 

biomass had a synergetic effect that lower the decomposition temperature. The 

temperature shift had a non-linear correlation with the biomass blending ratio (BBR). 

A co-pyrolysis kinetic study using the 2-DAEM was performed, showing that coal-

biomass blending had a synergetic effect on co-pyrolysis. However, the synergetic 

effect of coal biomass co-pyrolysis is confirmed only for primary decomposition 

reaction. 

2. The reference line method was used to identify synergetic effects on each pyrolysis 

product. A positive synergetic effect on coal-biomass co-pyrolysis has also been 

found for increasing light tar and gas as well as for decreasing char and heavy tar 

product. Overall, a significant synergetic effect occurred at BBR-50%.  

3. Coal-biomass co-pyrolysis had a synergetic effect in increasing carbon content in 

CVI. The highest CVI carbon content (4.70 wt%) was obtained using BBR-25%. This 

is due to increased reacted heavy tar contributes to increasing the deposited carbon 

ratio. In other words, the co-pyrolysis of coal blending with 25 wt% of biomass 

(which has a lower carbon amount) could produce higher carbon content CVI ore.  

However, the carbon content was not enough for a perfect reduction of iron ore. That 

is why future work still needs to be conducted to produce higher carbon content CVI 

ore which is required for the iron reduction process. 
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 Integrated Pyrolysis-Tar Decomposition of Polyethylene-Coal Blends over 

Low-Grade Iron Ores 

(as presented in Open Chemistry 2018 – under review) 

2.3.1.  Introduction 

Recently, the shortage of both high-grade coal as a carbonaceous reducing 

material as a primary reduction agent (i.e., coke) as well as high-grade iron ore as a raw 

material become the main problems in ironmaking industries. As reported in a modern 

blast furnace operation, to produce each ton of hot metal, it required coke and pulverized 

coal injection of 385 kg and 112 kg, respectively [1]. Around 1.6 ton of coking coal is 

needed to produce each ton of coke [2]. Since the coking coal (the high-grade coal) are 

now become limited availability, and higher cost, the utilization of alternate sources - 

instead of the low-grade coals (i.e., sub-bituminous or lignite coals)- waste plastic or 

wood biomass have gained much attention solving environmental concerns as well as 

reducing greenhouse gas emissions. Moreover, one study predicted that, until 2025, 

around 10 million tons annual of Indonesian mismanaged waste plastic pollute its ocean 

[3]. Indonesia, becoming the second most significant plastic waste contributor to the 

world, has seriously been taking the issue in the state of emergency regarding 

mismanaged waste plastic. As one approach, the combining utilization of low-grade coal 

and plastic waste is an attractive method to solve the issue. Since, most of the waste 

plastic component (up to 74 mass-%) is polyethylene (PE) [4], the utilization of PE as 

ironmaking fuel has already become attractive to be studied [5]. 

On the other hand, the depletion of high-grade iron ores is now highly driving 

some research works aiming for the effective utilization of low-grade ores (i.e., goethite) 

in the modern ironmaking industry. Goethite (FeOOH), however, due to its high 
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combined water content, will cause some permeability problems if it is directly charged 

into a blast furnace [6,7]. One researcher proposed a new process called the integrated 

pyrolysis–tar decomposition process to solve these problems simultaneously [8]. This 

process was designed to reduce pyrolytic tar product by decomposing it as deposited 

carbon over dehydrated low-grade iron ore, as well as to produce carbonized ore via 

chemical vapor infiltration (CVI). Similar reports mentioned a possible application using 

steelmaking slag [9] as well as utilizing various solid fuels (i.e., high-grade bituminous 

coal, low-grade lignite coal, and palm kernel shells) [10]. The decomposition of tar 

produced carbon that deposited within the iron ore pores, resulting in a partial reduction 

of the iron. Furthermore, the nanocracks suitable for carbon deposition were initiated and 

propagated during the dehydration. Interestingly, the carbon tar entering the nanocracks 

within ore plays a role as a potential reduction agent [11] with a significantly higher 

reduction reactivity due to the nanoscale contact between iron oxide and carbon [12].  

To produce an ore with carbon deposited in the pore as its reduction agent, is a 

new challenge in these works, including blending PE-coal as its fuel. Although PE-coal 

co-pyrolysis has been already studied [13,14], yet none has investigated the effect of PE-

coal co-pyrolysis that to be applied in the CVI process for ironmaking. At this time, the 

effect of the blending PE-coal on integrated co-pyrolysis–tar decomposition over low-

grade iron ores were studied, observing the changes in product distributions at various 

blending ratios. The objective of this study is to find the synergetic effect of the blending 

ratio on PE-coal on its pyrolytic tar decomposition over low-grade iron ore. 
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2.3.2.  Experimental Methods 

2.3.2.1.  Materials 

As the carbonaceous materials, Indonesian Tanjung Enim coal (sub-bituminous 

coal) and polyethylene (PE) reagent were employed in this experiment with the proximate 

and ultimate analyses data are shown in Table 2.3.1. The particle size of coal and PE 

reagent were 125–355 µm (as crushed and sieved) and 1000 µm (as received)., 

respectively.  

Table 2.3.1 Proximate and ultimate analysis of Indonesian coal, woody biomass and PE reagent sample. 

Sample 

Proximate [mass%, air-dried 

basis] 
Ultimate [mass%, dry ash free basis] 

VM Ash FC TM* C H N S O** 

Tanjung Enim sub-

bituminous coal, coal 

45.2 5.7 49.1 11.7 65.7 4.9 1.1 0.7 27.6 

Polyethylene (PE) 

reagent 

99.9 0.08 15.9 9.7 84.9 14.5 0.00 0.0 0.0 

VM, Ash, FC, = Volatile matter, Ash content, Fixed carbon  

TM* = Total moisture (% as received basis) 

C, H, N, S = Carbon, Hydrogen, Nitrogen and Sulphur content  

O** = Oxygen content was calculated by different 

 

Two type of iron ores: Australian limonite and Indonesian laterite ores were 

utilized in this experiment with the properties shown in Table 2.3.2. The ores were 

dehydrated at 500 oC with a heating rate of 3 oC min-1 and hold for 4 h under air 

atmospheric conditions. The dehydration treatments were needed to remove the 

combined water (CW) forming porous ore increasing the surface area. One report 

mentioned that the CW is completely removed at 500 oC, changing goethite (αFeOOH) 

to hematite (αFe2O3) [15]. The average pore volume, Brunauer–Emmett–Teller (BET) 

surface areas were measured using a gas adsorption measurement (Autosorb 6AG, Yuasa 

Ionics Co. Ltd., Japan). 
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Table 2.3.2 Brief properties of iron ores employed in this study. 

Parameter Limonite ore Laterite ore 

Total Fe content [mass%] 57 51 

Ni content [mass%] 0 0.48 

Combined water [mass%] 8.1 9.02 

Particle size [mm] 0.95 - 2.0 0.95 - 2.0 

Surface area [m2 g-1] 
21a 25a 

71b 87b 
a As received; b After dehydration at 500 oC for 4 hr 

2.3.2.2.  Thermogravimetric analysis on PE-coal co-pyrolysis 

Thermogravimetric (TG) curves of coal, polyethylene, and the blend at 50wt%-

PE were obtained using Mettler Toledo TG DSC-1. Each sample of around 5 mg weight 

was put into a 150µl alumina crucible and heated under 100 NmL min-1 of argon flow. 

The temperature was increased from 25 to 120 oC with a heating rate of 85 oC min-1 then 

hold for 30 min at 120 oC to remove the moisture in the sample. Then, it heated up to 

1000 oC with a constant heating rate of 75 oC min-1 and hold for 10 min at 1000 oC to 

obtain the thermal decomposition behavior under an inert atmosphere. The inert (argon) 

gas flow then switched to 100 Nml min-1 of airflow for 20 min to obtain the amount of 

remaining ash in the sample. 

 

2.3.2.3.  Integrated pyrolysis-tar decomposition of PE-coal blends 

Figure 1 shows the scheme of experimental apparatus and condition on integrated 

pyrolysis-tar decomposition in a quartz reactor tube (the ID of 30 mm, the height of 550 

mm) equipped with electrical furnace like the previous study [20]. The experiments were 

carried out with an N2 flow of 250 mL min-1 (STP) at atmospheric pressure. The 

carbonaceous materials were continuously charged to the reactor at a rate of 0.1 g min-1 

for 40 min after the reactor reached the constant set temperature. The temperatures were 

set for the pyrolysis at 700, 800, & 900 oC while the tar decomposition at 400, 500, & 

600 oC as well selected in the similar study [16]. The pyrolytic char product was trapped 

in the upper part using a wire mesh (SUS304, 400 mesh), while the tar vapor and gases 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

70 

 

were flowed directly through to the iron ore bed (3 g) for the tar decomposition process. 

Tars trapped in the thimble filter (110 oC) and the cold trap (-73 oC) were measured as 

heavy and light tar, respectively. The gases then measured using an online gas 

chromatograph (Agilent 3000, INFICON) to observe the concentrations of H2, CH4, CO, 

and CO2. Char structures were visualized using scanning electron microscopy (SEM; 

JSM-7001FA, JEOL). The ore structure and composition were characterized using X-ray 

diffractometry (XRD; Miniflex, Rigaku). The carbon contents of the iron ores were 

measured using a CHN/O/S elemental analyzer (CE-440; EAI). Though this experiment, 

the effects of the PE-coal blending ratios on the product distributions of the integrated 

pyrolysis-tar decomposition were evaluated at 0, 25, 50, 75 and 100 wt%-PE. 

 

2.3.3.  Result and Discussions 

2.3.3.1.  Decomposition behavior of PE, coal, and PE-coal blending.  

Figure 2 shows the TG result on pyrolysis of PE, TE Coal (coal), and the blending 

of PE-coal (50wt.% PE). TG experiments were set to observe the decomposition behavior 

of the samples including the moisture drying (at 120 oC for 30 min), thermal 

decomposition (pyrolysis at 120 - 1000 oC) and char combustion (at 1000 oC for 30 min 

under air flow). PE reagent has no moisture in it. PE reagent is rapidly decomposed at 

400-500 oC leaving no char detected under this condition. In contrast, coal has inherent 

moisture that can be removed at 120 oC. Coal starts to be decomposed slightly at 220 oC, 

and rapidly at 400-500 oC as similar with PE. However, the coal was still being 

decomposed at 1000 oC leaving around 50wt% of char remains. It is probably due to the 

coal has more complex components to be decomposed rather than PE reagent, although, 

PE has more carbon content than coal. Meanwhile, the PE-coal blend 50wt%-PE 
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attributes both behaviors with a rapid decomposition at around 500 oC. Comparing with 

the reference curve of PE-coal at 50wt% PE, it was apparent that the experimental curve 

of the PE-coal blend is tightly fit to the reference curve, even the combustion behavior is 

also similar.  In another way, it was confirmed that the PE decomposition temperature is 

identical to sub-bituminous coal decomposition. 

 

Figure 2.3.1 TG curves of coal (dotted line), PE (dashed line), and the blend at 50wt%-PE (solid line). TE 

Coal:50wt%PE (green ref. line) means the reference curve of PE-coal mixture at 50wt%-PE that is 

calculated by averaging the curves of PE and coal data. 

 

2.3.3.2.  The synergetic effect of integrated pyrolysis-tar decomposition of PE-coal 

blends 

Reducing the tar products is the aim of the integrated pyrolysis–tar decomposition 

over low-grade iron ore. Tar is simultaneously converted to a deposited carbon in the 

pore of iron ore. Additionally, the production of higher carbon content carbonized ore is 

desired as well as the higher H2, CO, and CH4 contents in the tail gas. Figure 3 shows 

the product distribution carbon yields from PE-coal pyrolysis in three cases. Case a is the 

pyrolysis only. While, Case b1 and b2 are the integrated pyrolysis–tar decomposition 
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over porous limonite and laterite ores, respectively. It was apparent that in Case b1 and 

b2 (Figure 3(a)) the iron ore has a catalytic effect of cracking heavy tar producing light 

tar and gas. The reactions involved were tar reforming as in Eq. (2.3-1).   

Carbonaceous material (e.g. Coal, PE) → H2(g) + CH4(g) + CO(g) + CO2(g) + …  

other light hydrocarbons + C(s)     (2.3-1) 

Gas reforming reaction also occurred during iron ore interaction increasing H2 

and CH4 in case b1. Additional H2 and CH4 in Case b2 (Figure 3(b)) occur at the presence 

of Ni in the ore. Some researchers mentioned that Ni has a more powerful catalytic 

performance than iron oxide [18]. However, it suppresses the carbon deposition in iron 

ore. 

 

Figure 2.3.2 Carbon product distributions (a) and composition of product gas (b) from the integrated 

pyrolysis-tar decomposition over limonite and laterite ores. The experimental conditions were: fuel types, 

50wt.%-PE; pyrolysis temp. = 800 oC; tar decomposition temp. = 500 oC; reaction time = 40 min; Case a: 

pyrolysis only; Case b1 & b2: pyrolysis-tar decomposition over limonite & laterite ores, respectively. 

 

Effects of PE-coal co-pyrolysis on the product distribution carbon yields and gas 

compositions are shown in Figure 4. The total carbon yield increase at the higher blending 
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ratio is due to PE has more carbon content than coal. Blending PE-coal could suppress 

heavy tar production and increase light tar and gas. CH4 is increased at the higher 

blending ratio. However, H2 is found decreasing in the blending ratio at higher than 

50wt%-PE. One report mentioned that H2 might be consumed by tar hydrocracking 

process [19,20]. CO was decreased at higher blending ratio due to the lack of oxygen 

content in the fuel blends. Meanwhile, CO2 tended to be higher than CO as the result of 

iron oxide reacting with CO as well ore reduction occurs. 

 

Figure 2.3.3 Carbon product distributions (a) and composition of product gas (b) from the integrated 

pyrolysis-tar decomposition over limonite ore at different blending ratios. The experimental conditions 

were: fuel types, TE coal & PE blends; ore type: dehydrated limonite ore; pyrolysis temperature = 800 oC; 

tar decomposition temperature = 500 oC; and reaction time = 40 min. 

 

To clarify the effect of PE-coal blend for each pyrolytic product, the linear 

reference line the synergetic effects can be estimated by the deviation of each observed 

datum from the reference line, as well expressed [20]: 
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𝛿𝑖,𝑗 =
𝑦𝑖,𝑗−𝑦𝑖,𝑗

𝑟𝑒𝑓

𝑦
𝑖,𝑗
𝑟𝑒𝑓      ( 2.3-2) 

where 𝛿𝑖,𝑗 is the deviation value (the synergetic effect) at different blending ratios, 

𝑦𝑖,𝑗 is the observed data of each pyrolytic product, 𝑦𝑖,𝑗
𝑟𝑒𝑓

 is the reference line calculated 

using (=
𝑦100,j +y(100−𝑖),𝑗

100
), 𝑖 is the experimental PE-coal blending ratio [wt.%-PE], and 𝑗 

is the product of pyrolysis (e.g., chars, deposited, carbon in ore, heavy tar, light tar, and 

gas). The non-zero value of 𝛿𝑖,𝑗 means that the synergetic effect occurs in PE-coal blends 

on pyrolysis. The synergetic effects were clearly found on the PE-coal blend in the 

integrated pyrolysis-tar decomposition over limonite ore (Figure 5). In the integrated 

pyrolysis-tar decomposition, synergetic effects of coal-polyethylene blend contribute in 

significantly decreasing heavy tar, slightly decreasing char, increasing the carbon 

deposition, light tar, and gas products. Overall, a significant synergetic effect occurred at 

the blending ratio of 50wt%-PE. 

 

Figure 2.3.4 The synergetic effect of PE-coal on integrated pyrolysis-tar decomposition over limonite ore 

at different blending ratios. The experimental conditions were: fuel types, TE coal & PE blends; ore type: 

dehydrated limonite ore; pyrolysis temperature = 800 oC; tar decomposition temperature = 500 oC; and 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

75 

 

reaction time = 40 min. 𝑖 denotes the experimental PE-coal blending ratio [wt.%-PE], and 𝑗 is the product 

of pyrolysis (e.g., chars, deposited, carbon in ore, heavy tar, light tar, and gas). 

 

SEM observations on char particles confirmed the effect of PE-coal co-pyrolysis 

on char product (Figure 6). Pyrolysis of PE produced small particle chars (at 100w%PE), 

while coal chars (0 – 75wt%PE) remained still maintaining their original shapes. So, it 

could be easily distinguished between them in the char mixture at any blending ratios. 

Coal chars from coal only (0wt%PE) seem only had small cracks and pores on its surface. 

Similar like biomass-coal blending, on the blending with PE, more cracks and pores were 

formed on the coal char surface. The morphology of coal char in the blend then became 

a loose-packed, more porous structure at the higher blending ratios (25-75wt%PE). The 

most significant cracks were observed on the coal char surface at 75wt%PE. The similar 

cracking phenomena were also found on pyrolysis at elevated temperature. It is probably 

due to volatile matter in the polyethylene promoting more coal particle decomposition.  
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Figure 2.3.5 SEM images of char products on PE-coal co-pyrolysis at different blending ratios and 

pyrolysis temperatures. 

 

2.3.3.3.  Carbon depositions and structures of iron ore from tar decomposition reaction 

The carbon content of iron ores after tar decomposition reaction as influenced by 

fuel blending, pyrolysis temperatures, and tar decomposition/CVI temperatures were 

shown in Figure 7. The deposited carbon content, as the product of heavy tar 

decomposition, increase when the PE-coal blend was introduced to integrated pyrolysis-

tar decomposition (Figure 7(a)). Meanwhile, under the effect of pyrolysis temperature 

(Figure 7(b)), carbon content decrease at a higher temperature. Higher temperature 

pyrolysis generates more significant amounts of volatile matter (tar and gases). However, 
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the higher pyrolysis temperature is also not preferable, because the produced heavy tar is 

predominantly decomposed in the pyrolytic zone rather than decomposed in the surface 

of iron ore. On the other hand, the higher temperature of tar decomposition (Figure 7(c)) 

promotes a higher kinetic of tar produces more carbon deposited into porous iron ore. 

However, since the small pores in iron ore will disappear at a higher temperature (>500 

oC). It will limit the amount of carbon deposited into the pore of iron ores. The previous 

researcher already mentioned that the pyrolysis and tar decomposition were both highly 

sensitive to temperature and exhibited different behaviors during carbon deposition [16]. 

In this experiment, the optimum temperatures for pyrolysis and tar decomposition should 

be determined to maximize the carbon deposition. The maximum carbon deposit (4.4 

mass%) was obtained at the blending of 50wt%-PE, pyrolysis temperature of 800 oC, and 

CVI reaction temperature of 600 oC. However, the carbon content in iron ore is still far 

from the stochiometric expectation which is up to 18 mass%-C required to reduce Fe2O3 

to metallic-Fe. It was also suggested that around 24 mass%-C is needed to promote a 

faster reduction process [22].   

XRD analysis and SEM observation on ores (as shown in Figure 8) were 

performed to observe the iron ore structure changes after the dehydration and after tar 

decomposition reactions.  
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Figure 2.3.6 The carbon content of ores after tar decomposition reactions. (a), (b), and (c) correspond to 

the effect of PE-coal blending, pyrolysis temperatures, and tar decomposition/CVI temperatures, 

respectively.  (Remarks: Ta = Pyrolysis temperature; Tb = Tar decomposition/CVI temperature). 

 

Figure 2.3.7 XRD patterns of limonite ores at the raw condition, after dehydration at 500 oC, and after 40 

min reaction on integrated pyrolysis-tar decomposition at 400, 500, & 600 oC. SEM images of the ores at 

raw, dehydrated, and after reaction at 500 oC were also provided. 

 

As received, the limonite ore has αFeOOH (goethite) peaks on XRD pattern as 

well correspond with the needle-like structure observed using SEM. After the 
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dehydration at 500 oC, there is no FeOOH peak on XRD patterns neither the needle-like 

structure in the SEM image. Thus, the dehydration might be completed at this 

temperature. One report mentioned that along with releasing the CW; the ore structure 

changes from αFeOOH (goethite) to αFe2O3 (hematite) with the following reaction [21]: 

            2αFeOOH(s) → αFe2O3(s) + H2O(g)        ( 2.3-3) 

During the tar decomposition reaction, the ore was reduced to magnetite (Fe3O4). 

Hematite was fully reduced to magnetite during tar decomposition at higher than 400 oC. 

Graphite carbon was deposited on the surface of iron ore during tar decomposition/CVI 

process. This reduction result agreed to another report [20] involving the reactions of 

hematite component in the iron ore with CO and H2 [23] during tar decomposition process 

such as indirect reductions: 

     3Fe2O3(s) + CO(g) → 2Fe3O4(s) + CO2(g)       ( 2.3-4) 

     3Fe2O3(s) + H2(g) → 2Fe3O4(s) + H2O(g)        ( 2.3-5) 

2.3.4.  Summary 

Waste plastic (i.e., PE) is attractive as an alternative carbon resource for 

ironmaking through CVI method. PE decomposition is like the subbituminous coal 

decomposition. Iron ore has a catalytic effect on cracking heavy tar producing light tar 

and gas. Gas reforming reaction also occurs during iron ore interaction. The presence of 

Ni content in iron ore performs as a reforming catalyst in producing more H2 in the gas 

stream. The higher blending ratio of PE-coal suppresses heavy tar production and 

increase light tar and gas. The higher PE content in the blending can increase CH4. The 

blending at 50wt%-PE was found optimum in lowering heavy tar product, increasing gas 

amount, and increasing carbon deposition. The more porous chars were obtained at, the 

higher PE blending as well as increasing the pyrolysis temperature.  Hematite is reduced 
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to magnetite during tar decomposition at higher than 400 oC with contains carbon deposit.  

The highest carbon deposit (4.4 mass%-C) was obtained at the blending of 50wt%-PE, 

pyrolysis temperature of 800 oC, and CVI reaction temperature of 600 oC. Further 

searches are still needed to increase the amount of deposited carbon into porous iron ore 

to proceed iron ore reduction to metallic-Fe. 
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 Conclusions 

This chapter concludes several aspects to intensify in the previously proposed 

CVI ironmaking: 

1. Production of nanoporous hematite from goethite is time-consuming due to the 

removal of combined water is slow under atmospheric air condition. Vacuum 

dehydration (P = 1 kPa) of goethite successfully removed the CW in 1 hour at 300 oC 

generating similar porous hematite with 2-4 nm pore-sized, surface area, and total 

pore volume as found in the previous 24 h under atmospheric air condition. Vacuum 

dehydration is attractive to make it faster and suitable in an actual application. 

2. Introducing coal-biomass co-pyrolysis to the integrated pyrolysis–tar decomposition 

process was attractive since coal-biomass co-pyrolysis has a synergetic effect to 

enhance overall pyrolysis efficiency in increasing carbon content in CVI. The highest 

CVI carbon content (4.70 wt%) was obtained using BBR-25%. This is due to 

increased reacted heavy tar contributing to increasing the deposited carbon ratio. In 

other words, the co-pyrolysis of coal blending with 25 wt% of biomass (which has a 

lower carbon amount) could produce higher carbon content CVI ore.   

3. Waste plastic (i.e., PE) is also attractive as an alternative carbon resource for 

ironmaking through CVI method. PE decomposition is like the subbituminous coal 
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decomposition. Iron ore has a catalytic effect on cracking heavy tar producing light 

tar and gas. The higher blending ratio of PE-coal suppresses heavy tar production and 

increase light tar and gas. The higher PE content in the blending can increase CH4. 

The blending at 50wt%-PE was found optimum in lowering heavy tar product, 

increasing gas amount, and increasing carbon deposition. 

However, the deposited carbon content was not enough for the perfect reduction 

of iron ore as depicted in Figure 2.4.1 for comparison with the previous study to produced 

CVI ore or carbon composite iron ore.  

 

Figure 2.4.1 Simulated required carbon content in CVI ore for perfect iron reduction with some footprints 

of producing carbon composite ore from nanoporous iron ore. 
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CHAPTER III 

REDUCTION BEHAVIOR OF POROUS HEMATITE ORE OVER ETHANOL 

DECOMPOSITION 

 

 Introduction 

Recently, numerous methods have been proposed to reduce carbon dioxide 

emissions in the ironmaking process. The Paris Agreement (2015) requires the 

implementation of several actions on climate change mitigation by reducing greenhouse 

gas emissions [1].  One of the most challenging problems for reducing carbon dioxide 

emissions is to replace non-renewable carbonaceous materials such as coke as the 

reducing agent in ironmaking. Another difficult challenge is to improve the reactivity of 

iron ore and the reducing agent, resulting in the opportunity to perform faster and lower-

temperature reduction processes. In the case of blast furnaces, the temperature of the 

thermal reserve zone, where the temperature is 1000 °C, is determined by the reaction 

rate of coke gasification by carbon dioxide; this prevents the effective use of the reducing 

agent [2]. Thus, one of the most effective solutions to improve reactivity is to place 

composites of the iron ore and carbon in close contact with each other [3−6].  

On the other hand, to overcome the abundance trend of low-grade iron ore (i.e., 

goethite) over hematite/magnetite ore, an innovative solution is required. A new 

ironmaking method known as chemical vapor infiltration (CVI) ironmaking using a 

renewable carbonaceous material such as biomass together with nanoporous hematite ore 

was proposed [7]. This process requires three steps to reduce iron ore. The first step is 

the dehydration process of the combined water (CW) contained in the goethite in high 

amounts, e.g., 8.8 mass% in lower temperature (so-called mildly-dehydration), to change 
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the goethite ore structure to nanoporous hematite ore [8]. The second step is the 

carbonization process of the porous iron ore to invoke the simultaneous mechanisms of 

pyrolysis, catalytic tar decomposition, and carbon deposition through CVI in one 

integrated process [9–13]. The deposited carbon structure, detected as amorphous carbon, 

provides higher reactivity for the reduction process [14].  Infiltration of carbon into the 

ore pores improves not only the reactivity of the iron ore but also its mechanical strength 

[15]. During tar decomposition and carbon deposition in iron ore, the iron ore structure 

changes from hematite to magnetite (or even wüstite), meaning the reduction occurs; that 

is called pre-reduction processes [16]. However, because pre-reduction produces mainly 

the magnetite structure, the reduction degree (RD) is only approximately 11% [17]. Thus, 

it requires a third step, which is the reduction process to reach metallic Fe (RD 100%) 

[18]. Narrowing the large gap of RD from 11% to 100% by increasing the RD from the 

pre-reduction process has aroused much research interest. By focusing on the 

improvement of the pre-reduction mechanism, CVI technology might become more 

attractively applicable.  

One approach is to introduce a small-molecule carbonaceous material such as 

ethanol as the reducing agent in porous hematite ore. As a biomass derivative considered 

carbon-neutral in contributing to CO2 emission, bioethanol is widely applicable as a fuel 

with a simple production process. It might be attractive as a reducing agent in ironmaking 

to solve the depletion of carbonaceous reducing agents in ironmaking as well [19]. Yet, 

few researchers have tried to explore the merits of ethanol use in ironmaking, because the 

ethanol availability is bound by the limitation of land use for ethanol crops and the lower 

yield of ethanol fermentation technologies [20]. However, ethanol yield technologies are 

still emerging, and gas fermentation has become attractive [21]. Recently, some projects 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

87 

 

have started to utilize the tail gas consisting of H2-CO-CO2 and waste heat from the 

steelmaking process to produce ethanol via gas fermentation by microorganisms [22,23]. 

Those emerging technologies are promising approaches to ensure the availability of 

ethanol. Therefore, ethanol-assisted ironmaking might become an attractive option in the 

future. 

Chapter 2 discusses the simultaneous decomposition of ethanol over porous iron 

ore along with the reduction of the porous iron ore, in which the effects of decomposition 

temperatures, ethanol flowrates, and charging temperatures on the reduction were mainly 

investigated by temperature-programmed reaction experiments. Different iron ores with 

different CW content were also investigated. Combined with the utilization of 

nanoporous iron ore, this approach would enhance the merits of co-utilization of low-

grade iron ore with a renewable reducing agent. 

 

 Materials and experimental methods 

3.2.1.  Preparation of porous ore samples  

Different iron ores: Australian goethite (GE) ore, Western Australian (WA) ore, 

and Brazilian Riodoce (RC) ore with different CW contents were employed. Porous 

hematite (Fe2O3) reagent produced from goethite (FeOOH) reagent was also used as a 

reference. Table 1 shows the compositions and pore structure of the iron oxide and ores 

used in the experiments. The original ore was sieved so that a particle size ranged from 1 

to 2 mm. The reagent and ores were first mildly dehydrated at 300 °C with a heating rate 

of 3 °C min−1 and kept for 24 h under air atmosphere by a method like that in [8]. The 

heating profile of mild-dehydration of the iron ore materials is shown in Figure 3.1. This 

heat treatment makes the ore porous because CW is removed from the ore producing 
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hematite structure with many nanopores. In order to confirm this effect, the surface area 

and pore volume of the ores were analyzed using N2 adsorption equipment (Autosorb 

6AG, Yuasa Ionics) before and after, as shown in Table 2. 

Table 3.2.1 Properties of iron ore samples. 

Sample  Particle size Total Fe [mass%] Combined water [mass%] 

FeOOH reagent 1 µm 62 9.7 

GE ore 

(Australian iron ore) 
1–2 mm 57 8.6 

WA ore 

(Australian iron ore) 
1–2 mm 61 5.1 

RC ore 

(Brazilian iron ore) 
1–2 mm 65 0.77 

 

 

Figure 3.2.1 Temperature profile of the furnace for mild-dehydration of iron ores; FeOOH changes to slit-

shaped nano-porous Fe2O3. 

 

Table 3.2.2 Brunauer-Emmett-Teller (BET) surface area and total pore volume of different iron ores before 

and after mild-dehydration treatments. 

Sample  
BET surface area [m2/g] 

Total pore volume 

[cm3/g] 

Originala Dehydratedb Originala Dehydratedb 

FeOOH reagent 15 110 0.1301 0.1760 

GE ore 13 92 0.0409 0.1058 

WA ore 12 79 0.0620 0.1213 

RC ore 2 11 0.0081 0.0211 

a = as received, b = after 24 h dehydration at 300 °C under air atmosphere 

SAA analyzer condition: Adsorbate N2, mol.wt = 28.0134 g/mol, cross-sec area = 16.2  Å²/molec., non-

ideality = 6.580×10−05, P/Po toler.  = 2, outgas temp.= 120 °C, outgas time = 1.0 h, bath temp. = 77.35 K. 

 

3.2.2.  Ethanol decomposition over porous iron ores 

 Figure 3.2 shows the experimental apparatus scheme for the temperature 

programmed reaction (TPR) of the ethanol decomposition process. Approximately 0.3 g 
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of iron ore was placed as a packed bed (7 mm of bed length) in a quartz tube reactor (6 

mm of ID, 554 mm of length).  Quartz wool of approximately 0.04 g was also put as bed 

support (8 mm of support length).  The detailed information of the reactor set was 

reported in a similar study [24]. Argon at 100 Nml min−1 was introduced to keep the 

atmosphere in an inert condition. The reactor was heated in a vertical infrared (IR) 

furnace from room temperature to different final temperatures (400–900 °C) at a heating 

rate of 10 °C min−1. A thermocouple for the programmed temperature was placed inside 

the quartz tube below the bed support. A preliminary experiment had already conducted 

to confirm that there is no temperature disparity at the different axial position in the 

reaction.  

Ethanol (C2H5OH) reagent (99.5 vol%) at a liquid flow rate of 0.04 ml min−1 was 

introduced using a peristaltic injection pump into the ore bed in a quartz tube starting 

from 100 °C until the final temperature was reached. The starting temperature was chosen 

to ensure that the ethanol was vaporized (the boiling point of ethanol is 78 °C) before 

contacting the iron ore surface. The upper quartz wool was placed as an impingement 

baffle to prevent unvaporized ethanol liquid drops from propagating through the iron ore 

bed.  
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Figure 3.2.2 Experimental apparatus scheme for ethanol charging to iron ore beds 

 

The gas concentrations of the outlet gases, such as C2H5OH, H2, CH4, CO, CO2, 

and H2O were analyzed online using quadruple mass spectroscopy (QMS200, Pfeiffer). 

The evolution of total outlet gas flowrate was also monitored by a gas flowmeter. The 

molar flowrates of each gas were calculated using 

�̇�𝑖 = 𝑓𝑇
𝐶𝑖

100

106

24.0548
    ( 3.2-1) 

where �̇�𝑖 is the calculated molar flowrate of each components 𝑖 (i.e., C2H5OH, 

H2, CH4, CO, CO2, H2O) [µmol min-1]. 𝐶𝑖 is the gas concentration of each component 𝑖 

measured by QMS200 [mol%]. 𝑓𝑇 is the total volumetric flowrate in the reactor outlet 
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gas [Nml min-1].  The factor of (
106

24.0548
) is the conversion factor of gas volumetric 

flowrate to molar flowrates at NTP-Normal Temperature and Pressure - condition [µmol 

Nml-1]. The NTP condition is defined as air at 20oC (293.15 K) and 1 atm. Figure 3.3 

shows a schematic of the heating and ethanol charging scenarios during the reaction.  

 

Figure 3.2.3 Temperature profile of the furnace in ethanol charging. 

 

3.2.3.  Sample characterizations 

Characteristics of the ore structures and compositions before and after the 

reactions were analyzed using X-ray diffractometry (XRD; Miniflex, Rigaku). The 

carbon content in the iron ore was calculated by the weight change of the iron ore after 

reduction in ethanol decomposition and after combustion at 1000 °C for 30 min under 

500 ml min−1 of air flow. Considering the reoxidation of reduced iron ore to hematite, the 

carbon content calculation as expressed  

𝑋𝐶 = (1 −
𝑤𝑠𝑏

𝑤𝑠𝑎
(1 −

23.99

55.85

 𝑋𝐹𝑒0 𝑋𝑅𝐷𝑎

(1−𝑋𝐶𝑊)
)) 𝑥 100%   ( 3.2-2) 

where 𝑋𝐶 is the fraction of carbon content in the sample after reduction in ethanol 

decomposition [mass%]. 𝑤𝑠𝑎 and 𝑤𝑠𝑏 are the sample weight after reduction in ethanol 
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decomposition and after combustion in air flow, respectively [mg]. The factor of (
23.99

55.85
) 

corresponds to the ratio of the stoichiometric mass equivalent of oxygen to Fe in Fe2O3 

structure (calculated as FeO1.5). 𝑋𝐹𝑒0 and 𝑋𝐶𝑊 are the mass fraction of total Fe and the 

combined water (CW) content in raw material, respectively [-].  𝑋𝑅𝐷𝑎 is the mass fraction 

of the reduction degree (RD) of the sample after a reduction in ethanol decomposition     

[-]. The reduction degree (RD) of each sample was then calculated using 

𝑅𝐷 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑜𝑥𝑦𝑔𝑒𝑛

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑏𝑙𝑒 𝑜𝑥𝑦𝑔𝑒𝑛
𝑥100%    ( 3.2-3) 

However, it was difficult to evaluate the exact amount of removed and removable 

oxygen because the presence of gangue materials such as SiO2, Al2O3, and other oxides 

might be different within the ore samples. The RD of each sample was then calculated 

on the basis of the composition of iron oxides in the sample using  

𝑅𝐷 = ∑ 𝑥𝑖𝑅𝐷𝑖        ( 3.2-4) 

where 𝑥𝑖 is the mass fraction of iron oxide component i (i = Fe2O3, Fe3O4, FeO, 

Fe, or Fe3C) in the sample from the composition of oxide structure adapting the reference 

intensity ratio (RIR) methods [25].  𝑥𝑖 is the weight fraction of component i according to 

the intensity of X-rays diffracted by a selected plane (hkl) of the component. 𝑅𝐷𝑖 is the 

reduction degree of the different iron structures, where 𝑅𝐷𝑖 of Fe2O3, Fe3O4, FeO, Fe, 

and Fe3C are 0%, 11%, 30%, 100%, and 100%, respectively. 

 

 Result and discussions 

3.3.1.  Ethanol decomposition over goethite (GE) ore 

The ethanol was charged into the reactor with the liquid flow rate of 0.04 ml min−1 

in an argon flow at 100 Nml min−1 (3623 µmol min−1) at a transient temperature of 100 
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– 900 oC with a heating rate of 10 K min-1. The observed amount of remaining ethanol is 

address as the ethanol molar flowrates in the bulk gas phase at the outlet reactor calculated 

from the gas concentration measured by QMS and the total gas flowrate. Figure 3.4(a) 

shows the comparison of the remaining ethanol molar flowrates on the decomposition in 

three cases. Case 1 is the ethanol decomposition without introducing any ore to observe 

only the ethanol thermal decomposition behavior under an inert atmosphere. Cases 2 and 

3 are the ethanol decomposition introducing the raw and dehydrated GE ore (porous 

hematite ore), respectively. In Case 1, the ethanol molar flowrate increases rapidly to 390 

µmol min−1 at 150 °C as initial charged, then slowly reaches its maximum of 632 µmol 

min−1 at 550 °C. The ethanol molar flowrates decrease above 550 °C as significant 

thermal decomposition of ethanol occurs. When iron ores were introduced in Cases 2 and 

3, the ethanol molar flowrates decrease more significantly due to catalytic decomposition 

of ethanol through iron ores. The molar flowrate of ethanol (at 0.04 ml min-1 of liquid) 

entering the reactor was 686 µmol min−1. This value was calculated considering the 

ethanol liquid density and molar mass of 0.789 g ml-1 (20 oC) and 46.07 g mol-1, 

respectively. However, it was difficult to reach this value on the experiment since the 

total vaporization of ethanol and the thermal decomposition co-occurs at elevated 

temperature. The lower ethanol molar flowrate at below 550 oC is not because of a faster 

ethanol decomposition occur, but the ethanol vaporization rates seem slower at these 

temperatures. Therefore, to estimate the initial molar flowrate of ethanol entering the 

reactor without any decomposition reaction at this transient state, the reference line was 

roughly estimated using the logarithmic trend of ethanol molar flowrate of Case 1 among 

temperatures of 150-300 oC resulting the correlation equation of �̇�𝐶2𝐻5𝑂𝐻 𝐶𝑎𝑠𝑒1 =

175.56 ln(T)  −  475.51 with R² value (the goodness of fit) of 0.9714. �̇�𝐶2𝐻5𝑂𝐻 𝐶𝑎𝑠𝑒 1 is 
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the molar flowrate of ethanol in the Case 1 [µmol min-1] and T is the selected temperature 

in the assumption of no ethanol decomposition. The trendline was then extrapolated to 

reach the molar flowrate of 686 µmol min−1 at a higher temperature. 

(a) Ethanol molar flowrate in outlet reactor 

 

(b) Ethanol conversions 

 

Figure 3.3.1 (a) Ethanol molar flowrates in outlet reactor and (b) conversions during the decomposition 

process. Case 1 is the ethanol decomposition without introducing any ore.  Case 2 and Case 3 are the 

ethanol decomposition introducing the original GE ore (raw ore) and dehydrated GE ore (porous ore), 

respectively. The reference line in (a) was roughly estimated using the logarithmic trendline of ethanol 

flowrate of Case 1 among temperatures of 150-300 oC then extrapolated to reach the molar flowrate of 686 

µmol min−1 at the higher temperature. 

 

The ethanol conversion as depicted in Figure 3.3.1(b) was calculated from  

𝑋𝐶2𝐻5𝑂𝐻 [%] =
�̇�𝐶2𝐻5𝑂𝐻 𝑖𝑛 −�̇�𝐶2𝐻5𝑂𝐻 (𝑇)

�̇�𝐶2𝐻5𝑂𝐻 𝑖𝑛
𝑥100%  ( 3.3-1) 

where 𝑋𝐶2𝐻5𝑂𝐻 is the conversion of ethanol on the decomposition process. �̇�𝐶2𝐻5𝑂𝐻 𝑖𝑛 is 

the initial molar flowrate of ethanol entering the reactor in gas phase [µmol min-1] at the 

reference line.  �̇�𝐶2𝐻5𝑂𝐻 (𝑇) is the molar flowrate of the remaining ethanol as calculated 

from the measurement by QMS during the experiments. The profiles of ethanol 

conversion reveal that the more significant ethanol decomposition occurred over 

dehydrated GE ore. According to the N2 adsorption analysis result, the surface area of 
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GE ores, both original and dehydrated ores, were 21 and 92 m2 g−1, respectively. Because 

the ethanol conversion increases in accordance with the increase of the surface area of 

the iron ore, it can be interpreted that the ethanol decomposition takes place inside the 

iron ore pores. The ethanol conversion in the presence of iron ores (both Cases 2 and 3) 

significantly increased at 300–500 °C because of the catalytic activity of the iron ore. The 

ethanol conversion slightly decreased at 500–650 °C and increased again at above 650 

°C. Somehow, the catalytic activity of the iron ore might be reduced at 500–650 °C in 

the ethanol decomposition. It is probably due to the structure change of the iron oxide 

during ethanol decomposition, as well reported in similar research [19].  

Figure 3.3.2 shows the gas evolved analysis of H2, CH4, CO, H2O, and CO2 during 

the ethanol decomposition process for the three cases. In Case 1, significant thermal 

decomposition occurred above 700 °C as per the increasing H2, CO, and CH4 profiles. 

Meanwhile, for Cases 2 and 3, those gases started to increase at 300 °C, confirming that 

the catalytic decomposition of ethanol starts to occur at this temperature, which is 

significantly lower than that of the thermal decomposition. The H2 generation of both 

Cases 2 and 3 are correlated to the decomposition of ethanol on the ore. The decrease in 

H2 and CO molar flowrates for both Cases 2 and 3 between 500–650 °C also corresponds 

to the behavior of ethanol decomposition.  The CO2 and H2O gases were not significantly 

increased in the case of the thermal decomposition of ethanol. It can be interpreted as the 

CO2 and H2O not being generated initially from the ethanol decomposition. For Cases 2 

and 3, it seems evident that with the addition of ores, the generated H2, CO, CH4, H2O, 

and CO2 gases increased significantly. The significant increase of CO2 and H2O in Cases 

2 and 3 reveals that those gases are generated from other reactions involved instead of 
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ethanol decomposition. Those possible reactions might be steam reforming, water gas 

shift reaction, and iron oxide reduction.  

 

Figure 3.3.2 Gases generation during ethanol decomposition. Case 1 is the ethanol decomposition without 

introducing any ore.  Case 2 and Case 3 are the ethanol decomposition introducing the original goethite ore 

(raw ore) and dehydrated goethite ore (porous ore), respectively.  

 

Carbon deposition also found in iron ore was introduced in the ethanol 

decomposition process. Figure 3.6 shows that some carbon is deposited in the iron ore 

during the ethanol decomposition process. Higher carbon deposition from ethanol 

decomposition was found at higher temperatures. Some studies have reported that carbon 

deposited from ethanol and CH4 has similar behavior in deposition rate and 

microstructure evolution [26]. The carbon deposition is well correlated with the behavior 

of ethanol decomposition; as well, as more CH4 is generated, more carbon is deposited. 

However, the structures of the deposited carbon will be left for further study. 
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Figure 3.3.3 Carbon content of dehydrated GE ore during the ethanol decomposition process. Carbon 

deposition increases significantly at higher temperatures. 

 

So far, the possible reactions involved during ethanol decomposition over iron 

ore pore surface are: 

C2H5OH(g) → H2(g) + CH4(g) + CO(g) + C(s)    ( 3.3-2) 

Fe2O3 + H2(g) ↔ Fe3O4 + H2O(g)     ( 3.3-3) 

Fe3O4 + H2(g) ↔ FeO + H2O(g)     ( 3.3-4) 

FeO + H2(g) ↔ Fe + H2O(g)       ( 3.3-5) 

Fe2O3 + CO(g) ↔ Fe3O4 + CO2(g)     ( 3.3-6) 

Fe3O4 + CO(g) ↔ FeO + CO2(g)     ( 3.3-7) 

FeO + CO(g) ↔ Fe + CO2(g)       ( 3.3-8) 

CH4(g) + H2O(g) ↔ CO(g) + H2(g)     ( 3.3-9) 

CO(g) + H2O(g) ↔ CO2(g) + H2(g)     ( 3.3-10) 

C(s) + CO2(g)  ↔ 2CO(g)      ( 3.3-11) 

 

A thermodynamic calculation using HSC v5.1 software (Outokumpu) was 

conducted to obtain the equilibrium product distribution during the ethanol 
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decomposition.  The results might be used to estimate how far the equilibrium to be. 

Figure 5 shows the thermodynamic equilibrium of the product distribution during the 

ethanol decomposition reaction in two cases: thermal decomposition of ethanol and 

ethanol decomposition with iron oxide reduction. In the case of thermal decomposition 

of ethanol (Figure 3.7(a)), theoretically, at lower temperatures, ethanol is completely 

decomposed to CH4, H2O, and deposited carbon. Above 200 °C, CH4 then decomposes 

to H2 and more deposited carbon. CH4 and H2O significantly decrease because steam 

reforming and water gas shift reactions slightly occur releasing CO2 also occur at 300–

600 °C. Above 600 °C, the Boudoard reaction significantly occurs, decreasing the 

deposited carbon and CO2 to generate more CO. At the higher temperature, ethanol is 

thermally decomposed to H2, CO, and deposited carbon. Significantly, when iron oxide 

(Fe2O3) is introduced to the ethanol decomposition (Figure 3.7(b)), H2 is consumed for 

iron reduction, thus releasing more H2O. CO2 also increases because of the iron reduction 

by CO. Interestingly, CO still increases because of direct reduction by consuming the 

deposited carbon, generating more CO rather than the CO being consumed by indirect 

reduction.  
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(a) Product distribution of  ethanol 

decomposition  

 

(b) Product distribution of ethanol  

decomposition with iron oxide reduction  

 

Figure 3.3.4 Thermodynamic equilibrium on product distribution during ethanol decomposition reaction in 

two cases: thermal decomposition of ethanol (a) and ethanol decomposition with iron oxide reduction (b). 

These calculations were conducted using software HSC 5.11 (Outokumpu).  

 

Comparing the analysis and the experiments shows that the trend of product 

distributions of ethanol decomposition was different from the thermodynamic results of 

the equilibrium condition. The equilibrium conditions can only be reached when the 

reactions are held for a long time at each temperature. In contrast, in the temperature-

programmed conditions of the experiments, the reaction occurred while the temperature 

increased, with no holding temperature. The residence times of iron bed (length of 7 mm) 

as ethanol catalytic decomposition are range from 0.12 - 0.10 s at 100 - 900 oC. The 

thermal decomposition might occur in the heated part of the reactor tube between the 

upper and lower quartz wool. In this case, considering the length of the heated part (200 

mm), the total residence time of the reactor becomes 3.36 – 2.77 s at 100 – 900 oC. The 

values of both residence times were calculated from the volume of iron bed and the heated 

part of the reactor tube divided by the measured volumetric flowrate, respectively. By 
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considering the experimental method with the thermal state is continuously changing 

with elevated temperature and the short of residence time, the ethanol decomposition in 

the experiments might be still far from equilibrium condition. However, the H2, CO, and 

CO2 trends already correspond with the equilibrium trends at the higher temperatures. 

Meanwhile, CH4 and deposited carbon in the experiments were still increasing with the 

ethanol still being decomposed. 

 

3.3.2.  Reduction behavior of porous iron ore at different temperatures 

To observe the reduction behavior of porous iron ore, the reactor operation was 

interrupted at 100 °C intervals. The samples then were quickly cooled and observed using 

XRD. The reduction behavior of dehydrated GE ores using ethanol decomposition is 

shown in Figure 3.8. XRD patterns at different temperatures show that after mild-

dehydration at 300 °C, GE ore has completely decomposed to hematite. After the 

introduction of ethanol decomposition, hematite is already reduced to magnetite at 600 

°C, FeO starts to be formed at 700 °C, and metallic Fe has significantly formed at 750 

°C. No FeO remains at 900 °C. Other report mentioned that in the case of introducing 

ethanol to iron oxide reagents [19], hematite is reduced mainly to magnetite up to 500 

°C. Some FeO is formed at 600 °C. Then, at 700 °C, mainly the metallic Fe is formed. 

However, the higher temperatures used in this study probably caused by the presence of 

gangue materials in the iron ores, the difference in the particle sizes, and the number of 

materials employed. Figure 6 shows that the RD increases significantly from 18% at 600 

°C to 81% at 750 °C. For blast furnace operation in the case of coke-iron ore [27], a 

reduction degree of over than 80% is reached at 1000 °C. Thus, using ethanol as an 
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ironmaking fuel for porous ore, significant reduction occurs at a lower temperature than 

when using coke fuel in the case of a blast furnace.  

 

Figure 3.3.5 XRD patterns and the reduction degree of iron ore on ethanol decomposition at different 

temperatures. Experimental conditions were: 0.04 ml min−1 of ethanol, 0.3 g of DH300 GE ore, argon flow 

rate of 100 Nml min−1, and heating rate of 10 °C min−1. 

 

3.3.3.  Reduction behaviors at different ethanol flow rates and starting temperatures 

Figure 3.9 shows the reduction behavior of dehydrated GE ore at different ethanol 

flow rates. On the XRD result (Figure 3.9(a)), significant metallic Fe was found only at 

a liquid ethanol flowrate of 0.04 ml min−1. This phenomenon might be correlated to the 

composition ratio of H2 to H2 + H2O during the ethanol decomposition (Figure 3.9(b)) in 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

102 

 

accordance with the phase diagram of iron oxides. It seems that only a liquid ethanol flow 

rate of 0.04 ml min−1 provides a sufficient H2 ratio to produce metallic Fe.   

 

Figure 3.3.6 (a) XRD patterns of the dehydrated goethite ore on ethanol decomposition at different ethanol 

flowrates. The ratio of reducing gas (b) H2 to H2 + H2O and (c) CO to CO + CO2 during the decomposition 

process. 

 

However, at liquid ethanol flow rates of 0.01, 0.02, and 0.04 ml min−1, the 

composition ratios of CO to CO + CO2 seem sufficient to produce metallic Fe (Figure 

7(c)). In this case, the reduction behavior might correspond more to the amount of H2 

than CO. This result agrees with some reports that the lower-temperature reduction 

behavior predominates because of the iron reduction of H2 rather than CO. The reduction 

by H2 was reported to practically occur at 590–630 °C, which is lower than that by CO 

at 700–900 °C [28–31]. 

Figure 3.10 shows the XRD patterns, reduction degree, and carbon content of 

porous iron ores at different starting temperatures of ethanol charged. When ethanol starts 
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charging at 100 °C, the highest amount of deposited carbon of 14 mass-% and an RD of 

81% were obtained. At 200 °C, the deposited carbon and the RD decreased to 11 mass-

% and 57%, respectively. At 300 °C, even using a higher flow rate of 0.06 ml min−1
, the 

RD reached only 36%, and the deposited carbon content reached only 9 mass-%.  

 

Figure 3.3.7 (a) XRD patterns and (b) reduction degrees and carbon contents of dehydrated goethite ore on 

ethanol decomposition at different ethanol start charging temperatures. The remarks of s100, s200, and 

s300 in (a) correspond to ethanol start charging temperature of 100, 200, and 300 oC in (b), respectively. 

Charging of the ethanol starts from each of those temperatures until a final temperature of 750 oC. The 

samples were observed after the final temperature was reached. 

 

This result reveals that the more extended contact of ethanol with iron ore results 

in a higher deposited carbon and reduction degree. In this case, the critical factor might 

be the ethanol infiltration to the ore pore at the lower-temperature steps. This step ensures 

that the ethanol has a higher probability of having contact with all the iron oxide surfaces 

within the ore. It seems that the limiting step of the simultaneous ethanol decomposition 

and iron ore reduction process is the ethanol infiltration into the iron ore pores.  
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3.3.4.  Reduction behaviors of different iron ores 

Reduction behaviors for different iron ores at 750 °C were also investigated as 

shown by the XRD result in Figure 3.11(a). The FeOOH and porous Fe2O3 reagents were 

used as model compounds to compare the effect of porosity in iron ores on the reduction 

behaviors. Under ethanol decomposition, the FeOOH reagent can only be reduced to FeO 

with Fe3O4 remaining. The RD of the reduced FeOOH reagent was only 25%. Meanwhile, 

the porous Fe2O3 reagent (from FeOOH dehydration) shows significant reduction 

behavior, producing metallic Fe and FeO with a reduction degree of 74%.  The 

dehydrated GE ore (Figure 10(b)) also has a significant reduction behavior as well as the 

dehydrated FeOOH reagent. The RD of the dehydrated GE ore (RD = 81%) was found 

to be higher than that of the dehydrated FeOOH reagent. The difference in reduction 

behavior between those two samples is probably due to the difference in the particle size 

employed. The porous Fe2O3 reagent has only 1 µm of particle size, whereas that of the 

dehydrated GE ore is 1-2 mm. The smaller particles size (1 µm) might agglomerate 

because of sintering, resulting in the smaller contact area between the iron oxide and the 

reducing agent, as similarly reported by other researchers [19].  

Different iron ores with various CW contents showed different reduction 

behaviors in Figure 3.11 (b). The RD of porous GE, WA, and RC ores were 81%, 79%, 

and 69%, respectively. RC ore, as a high-grade ore, showed a lower reduction degree 

compared to other low-grade ores (WA and GE ore). The reduction degree of porous iron 

ores seems directly proportional to the surface area of the ores after dehydration: 92, 79, 

and 11 m2 g−1, respectively. RC ore has the smallest contact area with reducing agents 

(such as ethanol, CO, and H2). Thus, the surface area of porous iron ores might play a 

role in the reduction behavior in ethanol-assisted ironmaking. The surface area is 
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generated by the removal of CW during the dehydration process. More CW contained in 

the ore corresponds to the larger surface area after mild-dehydration. Indirectly, higher 

CW in ore might provide more reactivity in the reduction process.  

 

Figure 3.3.8 XRD patterns and the reduction degrees of different (a) iron oxides and (b) dehydrated ores 

after ethanol decomposition at 750 oC. The raw FeOOH reagent in (a) was used without dehydration 

treatment. The different CW contents in the samples show the significant difference of BET surface area 

(in the brackets) of ores after mild-dehydration treatments prior to reductions. 

 

By introducing small-molecule carbonaceous material such as ethanol to porous 

ore reduction, the process intensification is fundamentally approached for CVI 

ironmaking development. Figure 3.12 shows the current proposed development of CVI 

ironmaking, including this study’s result, proposing two steps for the CVI ironmaking 

process, a reduction of one step from the previous approach. Low-temperature iron 

reduction by ethanol may be attractive for future ironmaking processes. However, further 

studies are needed to clarify the feasibility of the proposed process regarding the 

availability ethanol sources for ironmaking, possible reactor designs, carbon removal 

from the reduced iron, slag-hot metal separation, and residual gas (CO-H2) recovery. 
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Figure 3.3.9 Previous and current approaches in the development of CVI ironmaking. The current approach 

results in significant process intensification compared with the previous approach. 

 

 Conclusions 

Ethanol, a renewable source and considered carbon neutral when it is derived 

from biomass, is a promising candidate as a reducing agent for ironmaking. A 

fundamental experiment of ethanol decomposition over porous iron ore was conducted, 

resulting in several conclusions: 

1. Ethanol is decomposed to CO-H2 that then reduces the iron oxide via indirect 

reduction. The reduction temperature of 750 °C is significantly lower than that of the 

coke-iron oxide reaction in recent blast furnace operations, reaching an RD of 81%. 
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2. A longer time of ethanol charging in the porous iron ore promotes a more significant 

reduction degree, and the compositions of the reducing gas (H2 and CO) are sufficient 

for the reduction process.  

3. A significant reduction degree can be reached by ethanol decomposition with the 

porous ore from mild-dehydrating the high-CW ore. Porous iron ore acts as a suitable 

catalyst for ethanol decompositions as it simultaneously reduces to metallic iron. The 

higher CW in ore might provide the larger surface area in the iron ore, resulting in 

higher reactivity in the reduction process.  

The result of the proposed process intensification in the CVI ironmaking process 

reduces one step from the previous approach. Low-temperature iron reduction by ethanol 

may be attractive for future ironmaking processes. 
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CHAPTER IV  

KINETIC STUDY ON SIMULTANEOUS ETHANOL DECOMPOSITION AND 

IRON REDUCTION UNDER TEMPERATURE PROGRAMMED CONDITION 

 

 Introduction 

The light alcohol such as ethanol is a prominent candidate as a reducing agent for 

ironmaking [1]. Not only is it less hazardous but it can be produced from a variety of 

biomass sources. Its use could possibly lead to a decrease in CO2 emissions. Currently, 

bioethanol is produced by the fermentation of sugar cane, corn grains, and other starch-

rich materials, and is a mature technology [2]. Recent researchers have focused on 

producing bioethanol from lignocellulosic biomass, the so-called second-generation 

bioethanol. Ethanol production from lignocellulose would open the possibility for the 

utilization of different and low-cost biomass, such as agricultural wastes and forestry 

residues (e.g., straw, grasses, corn stover, and wood); in this way, a competition of 

energy-food production from agricultural sources would be avoided [3]. Another 

remarkable finding of ethanol production from gas fermentation, recently, is also getting 

more attractive to be implemented. Ethanol recovery like Lanzatech process, utilize the 

tail gas of iron and steelmaking processes might be one approach to realize the idea to 

ensure ethanol security as ironmaking fuel [4]. Yet, more approaches are needed to 

evaluate the benefit of ethanol utilization as a reduction agent for ironmaking.  

On the other hand, the abundance of goethite over hematite and magnetite ore 

might need more attention to be effectively utilized. Goethite, is a low-grade iron ore 

containing high combined water, needs more energy to be converted to hematite through 

a dehydration process prior to reduction [5]. For compensating the energy requirement 
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for a dehydration process, the reduction reaction should be faster or held at a lower 

temperature. As mentioned in the previous study, ethanol reduces the iron oxide at a low 

temperature compared to coke-iron oxide reaction; this feature is attributed to iron 

reduction by H2. Figure 4.1.1 shows the processing mechanism of ironmaking utilizing 

the porous iron ore from goethite dehydration as raw material.  

 

Figure 4.1.1 Mechanism of ethanol decomposition – iron reduction 

 

Ethanol is decomposed to H2, CO, and C that then reduces the iron oxide via 

indirect reduction and direct reduction. The reduction temperature of 750 °C is 

significantly lower than that of the coke-iron oxide reaction in recent blast furnace 

operations, reaching an RD of 81% [1]. Kinetic study on carbon composite ore through 

CVI method mentioned that a nano-contact between the iron oxide (within ore) and 

carbon from carbonized tar is one important key to perform a fast reduction reaction and 

lowering reduction temperature [6]. 

Ethanol assisted-ironmaking, however, is one novel idea to utilize ethanol as one 

of biomass form to be a reducing agent in ironmaking. However, it is still unclear, in 

particular, the mechanism of simultaneous ethanol decomposition and iron reduction still 
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remain unknown. Therefore, a kinetic study is necessary to explain more detailed 

mechanisms of the process. This study will reveal the understanding of the aspects of the 

simultaneous ethanol decomposition-iron reduction process. Overall, the hope is to move 

us closer to make the beneficial use of bioethanol as a reducing agent in the ironmaking 

process. 

 

 Experimental Methods 

4.2.1.  Sample preparation  

Australian goethite (GE) with the total Fe content of 57wt% and combined water 

(CW) of 8.6wt% was employed in this study. The original ore was sieved so that a particle 

size ranged from 1 to 2 mm. Two cases of ore were prepared, the original (without 

dehydration) and the mild-dehydrated ones.  The porous ore was prepared by mild-

dehydration at 573 K with a heating rate of 3 K min−1 and kept for 24 h under air 

atmosphere as the method like in [1]. The surface area and pore volume of the ores were 

analyzed using N2 adsorption equipment (Autosorb 6AG, Quantachrome) to confirm the 

effect before and after, as shown in Table 4.2.1. 

Table 4.2.1 Brunauer-Emmett-Teller (BET) surface area and total pore volume of different iron ores before 

and after mild-dehydration treatments. 

Sample  BET surface area [m2/g] 
Total pore volume 

[cm3/g] 

 Originala Dehydratedb Originala Dehydratedb 

Goethite ore 15 110 0.1301 0.1760 

a = as received, b = after 24 h dehydration at 300 °C under air atmosphere 

SAA analyzer condition: Adsorbate N2, mol.wt = 28.0134 g/mol, cross-sec area = 16.2  Å²/molec., non-

ideality = 6.580×10−05, P/Po toler.  = 2, outgas temp.= 120 °C, outgas time = 1.0 h, bath temp. = 77.35 K. 

 

 

4.2.2.  Simultaneous ethanol decomposition and iron reduction in temperature 

programmed reaction 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

116 

 

Approximately 0.3 g of dehydrated iron ore was placed in a quartz tube reactor 

(ID of 6 mm) equipped with an infrared furnace using approximately 0.04 g of quartz 

wool as bed support.  The detailed information of the reactor set was reported in [1]. 

Argon at 100 Nml min−1 was introduced to keep the atmosphere in an inert condition. 

The reactor was heated in a vertical infrared furnace to different temperatures (673–1173 

K) at a heating rate of 10 K min−1. Ethanol reagent (99.5 vol%) at 0.04 ml min−1 was 

drop-wise introduced using a flow-controlled peristaltic pump into the reactor starting at 

373 K until the final temperature reached. The outlet gases, such as C2H5OH, H2, CH4, 

CO, CO2, and H2O were analyzed online using quadruple mass spectroscopy (QMS200, 

Pfeiffer).  

 

4.2.3.  Sample analysis and characterizations 

4.2.3.1.  Gas analysis 

The outlet reactor gases, such as C2H5OH, H2, CH4, CO, CO2, and H2O were 

analyzed online using quadruple mass spectroscopy (QMS200, Pfeiffer). The evolution 

of total outlet gas flowrate was also monitored and recorded using a gas flowmeter. The 

molar flowrates of each gas were calculated using the equation: 

�̇�𝑖 = 𝑓𝑇
𝐶𝑖

100

106

24.0548
    ( 4.2-1) 

where �̇�𝑖 is the calculated molar flowrate of each components 𝑖 (i.e., C2H5OH, H2, 

CH4, CO, CO2, H2O) [µmol min-1]. 𝐶𝑖  is the gas concentration of each component 𝑖 

measured by QMS200 [mol%]. 𝑓𝑇 is the total volumetric flowrate in the reactor outlet 

gas [Nml min-1].  The factor of (
106

24.0548
) is the conversion factor of gas volumetric 
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flowrate to molar flowrates at NTP - Normal Temperature and Pressure - condition [µmol 

Nml-1]. The NTP condition is defined as air at 20oC (293.15 K) and 1 atm.  

 

4.2.3.2.  Reduction degree (RD) calculation 

Characteristics of the ore structures and compositions before and after the 

reactions were analyzed using X-ray powder diffractometry (XRD; Miniflex, Rigaku). 

The reduction degree (RD) of each sample was then calculated using 

𝑅𝐷 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑜𝑥𝑦𝑔𝑒𝑛

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑚𝑜𝑣𝑎𝑏𝑙𝑒 𝑜𝑥𝑦𝑔𝑒𝑛
𝑥100%   ( 4.2-2) 

However, it was difficult to evaluate the exact amount of removed and removable 

oxygen because the presence of gangue materials such as SiO2, Al2O3, and other oxides 

might be different within the ore samples. The RD of each sample was then calculated 

on the basis of the composition of iron oxides in the sample using  

𝑅𝐷 = ∑ 𝑥𝑖𝑅𝐷𝑖      ( 4.2-3) 

whereas 𝑥𝑖 is the mass fraction of iron oxide component i (i = Fe2O3, Fe3O4, FeO, 

Fe, or Fe3C) in the sample from the composition of oxide structure adapting the reference 

intensity ratio (RIR) methods.  𝑥𝑖 is the weight fraction of component i according to the 

intensity of X-rays diffracted by a selected plane (hkl) of the component. 𝑅𝐷𝑖  is the 

reduction degree of the different iron structures, where 𝑅𝐷𝑖 of Fe2O3, Fe3O4, FeO, Fe, 

and Fe3C are 0%, 11%, 30%, 100%, and 100%, respectively.  

 

 

 

4.2.3.3.  Carbon content calculation 
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The carbon content in the iron ore was calculated by the weight change of the iron 

ore after reduction in ethanol decomposition and after combustion at 1000 °C for 30 min 

under 500 ml min−1 of air flow. Considering the reoxidation of reduced iron ore to 

hematite, the carbon content was calculated using 

𝑋𝐶 = (1 −
𝑤𝑠𝑏

𝑤𝑠𝑎
(1 −

23.99

55.85

 𝑋𝐹𝑒0 𝑋𝑅𝐷𝑎

(1−𝑋𝐶𝑊)
)) 𝑥 100%    ( 4.2-4) 

where 𝑋𝐶  is the carbon content in the sample after a reduction in ethanol 

decomposition [mass%]. 𝑤𝑠𝑎  and 𝑤𝑠𝑏  are the sample weight after reduction under 

ethanol decomposition and after combustion in air flow, respectively [mg]. The factor of 

(
23.99

55.85
) corresponds to the ratio of the stoichiometric mass equivalent of oxygen to Fe in 

Fe2O3 structure (calculated as FeO1.5). 𝑋𝐹𝑒0 and 𝑋𝐶𝑊 are the mass fraction of total Fe and 

the combined water (CW) content in raw material, respectively [-]. 𝑋𝑅𝐷𝑎  is the mass 

fraction of the reduction degree (RD) of the sample after a reduction in ethanol 

decomposition [-].  

 

4.2.4.  Kinetic analysis 

4.2.4.1.  Reactions mechanisms in the gas-solid system 

Ethanol vapor decomposed rapidly in the presence of iron ore means that the 

catalytic reaction of ethanol decomposition occurs. Simultaneously, the Fe2O3 changes 

to metallic-Fe, reduction occurs.  In this approach, there are eight main reactions involved, 

(1) Decomposition of ethanol; (2) Decomposition of methane; (3) Steam reforming of 

methane; (4) Water gas shift reaction; (5) Boudoard reaction; (6) Iron reduction by 

carbon; (7) Iron reduction by CO; (8) Iron reduction by H2. The kinetic equations with 
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the second order reaction at each reaction in term of generation of component 𝑗  is 

expressed as in Eq. 4.2-5. 

𝑟𝑗 = 𝑘𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑖 𝑛𝑗𝑛𝑘     ( 4.2-5) 

The mechanisms of ethanol decomposition in gas-solid reaction systems can be 

evaluated as depicted in Fig. 3. The mechanism includes the mass transfers of both 

reactants and products, in term of external diffusion and internal diffusion in the pore,  

the adsorption/desorption into the pore surface, and the surface reactions.  

 

Figure 4.2.1 Simplified reaction pathway of ethanol decomposition over the surface of iron ore. (1) Mass 

transfers of reactants in term of external diffusion and internal diffusion in pore; (2) Mass transfers of 

reactant adsorption; (3) Surface reaction of adsorbed phase; (4) Mass transfer of product desorption; and 

(5) Mass transfer of product in term external diffusion and internal diffusion in the pore. 

 

In overall terms, introducing a resistance concept in reaction model would 

simplify the overall kinetic term as in Eq. 4.2-6. 

1

𝑘𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑖
=

1

𝑘𝑑𝑖
+

1

𝑘𝑟𝑖
      ( 4.2-6) 

Where 𝑘𝑖 𝑜𝑣𝑒𝑟𝑎𝑙𝑙  is the overall rate coefficient in bulk reaction 𝑖 , 𝑘𝑑𝑖  is rate 

coefficients of mass transfer including external diffusion and internal diffusion in the 

pore, 𝑘𝑟𝑖 is rate coefficients of reactions (surface reaction). Mass transfer phenomena of 

gases into pore including internal and external diffusion are evaluated by the coefficient 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

120 

 

of apparent mass transfer rate effect on overall kinetic 𝐶𝑑𝑗 , for each component 𝑗. Thus, 

the overall kinetic term should be  

𝑘𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑖 = 𝐶𝑑𝑗𝑘𝑟𝑖  with 𝐶𝑑𝑗 = (
𝑘𝑑𝑖

𝑘𝑑𝑖+𝑘𝑟𝑖
)

𝑗
   ( 4.2-7) 

Some assumptions were taken into consideration: (1) 𝐶𝑑𝑗  was assumed as a 

constant. (2) Since the iron ore bed (0.3 g) in the reactor (ID = 6 mm; H = 7 mm) is quite 

small, and with a preliminary experiment confirming the temperature is uniform at any 

axial position around bed position. In other meaning, reactions were assumed uniform at 

any positions in bed. (3) The reduction of FeOx are considered as an oxygen removal of 

from iron oxide (i.e. FeOx + xC → Fe + xCO with x = 1.5 for hematite). This reaction 

can be simplified as RO(s) + C(s) → CO(g).  

In the complex system, the overall rate generation of component 𝑗  can be 

expressed  

𝑟𝑗 = 𝐶𝑑𝑗 ∑ 𝑘𝑟𝑖𝑛𝑗𝑛𝑘     ( 4.2-8) 

An Arrhenius-type overall kinetic equation was used to model 𝑘𝑟𝑖 expressing 

𝑘𝑟𝑖 = 𝑘𝑓𝑟0𝑖 exp (−
𝐸𝑎𝑖

𝑅
(

1

𝑇
−

1

𝑇0
))    ( 4.2-9) 

whereas 𝑘𝑓𝑟0𝑖  is the rate coefficient of forward reaction 𝑖  at 𝑇0 [mol-1 s-1]; 𝐸𝑎𝑖  is the 

activation energy of reaction 𝑖 [J mol-1]; 𝐾0𝑖 is the equilibrium constant of reaction 𝑖  at 

𝑇0 [-]; ∆𝐻𝑟𝑖  is the enthalpy of reaction 𝑖 [J mol-1]; 𝑅 is the ideal gas constant [=8.314 J 

mol-1K-1]; 𝑇, 𝑇0  are temperature [K] and the reference temperature [K], respectively; and 

𝛽 is heating rate [i.e., 10 K/min]. The term of (
1

𝑇
−

1

𝑇0
) in the overall kinetic equation was 

introduced to improve the independency of each parameter during curve fitting. 
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Applying a transient thermal state with a heating rate 𝛽 =
𝑑𝑇

𝑑𝑡
 , the mole balance 

of each components 𝑗 can be expressed below  

𝑑𝑛𝑗

𝑑𝑇
=

1

𝛽
(�̇�𝑗0 + 𝐶𝑑𝑗 ∑ 𝑘𝑟𝑖𝑛𝑗𝑛𝑘)   ( 4.2-10) 

With 𝑖 is the reaction number (1~8). 𝑗, 𝑘 are the components indices related to 

reaction 𝑖 (e.g., RO, C, CO, CO2, H2, H2O, CH4, C2H5OH), respectively. 𝑛𝑗 , 𝑛𝑘are the 

amounts of components 𝑗 𝑎𝑛𝑑 𝑘 [mol]. �̇�𝑗0  is the molar flowrate of gas entering the 

reactor. In the case of ethanol, �̇�𝐶2𝐻5𝑂𝐻
0  is 686 mol min-1, while for other product gases, 

the �̇�𝑗0 = 0, respectively.  

 

4.2.4.2.  Curve fitting procedures 

Therefore, as in Eq. (4.10), 24 parameters are estimated, consists of eight kinetics 

constants of reactions at T0 (= 1073 K), 𝑘𝑓𝑟10 ~ 𝑘𝑓𝑟80, eight activation energies, 𝐸1 ~ 𝐸8, 

and eight coefficients of the mass transfer effect, 𝐶𝑑𝐴  ~ 𝐶𝑑𝐻 . These parameters were 

estimated by a curve fitting method using the sum square error (𝑆𝑆𝐸) as the objective 

function. Since SSE should be not containing any units. Thus, the unitless SSE was 

introduced in the fitting as in Eq. 4.2-11. 

𝑆𝑆𝐸̅̅ ̅̅ ̅ =  ∑ (
𝑛𝑗𝑐𝑎𝑙𝑐

−𝑛𝑗𝑑𝑎𝑡𝑎

𝑛𝑗𝑑𝑎𝑡𝑎

)
2

    ( 4.2-11) 

Numerical solution for Eq. (4.2-10) was performed in MATLAB®. Numerical 

integration for simultaneous ordinary differential equation of Eq. (4.2-10) was calculated 

using “ode15s” function. Curve fitting was performed by running an optimization 

program to minimize the 𝑆𝑆𝐸̅̅ ̅̅ ̅ value of 100 data points in eq. (4.2-10) using “lsqnonlin” 

function with iteration parameters “TolX” = 1e-10; “TolFun” = 1e-10; “MaxIter” = 8000; 
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“MaxFunEvals” = 10000. Initial guess value of the parameter 𝑘10 ~ 𝑘80 ,𝐸1 ~ 𝐸8, 𝐶𝑑𝐴 ~ 

𝐶𝑑𝐻, were 10-3, 105, and 0.5, respectively. Lower boundary for all parameters were set as 

zero. The goodness of fit using R2 were also calculated.  

  

 Results and Discussions 

Temperature-programmed reduction (TPR) is a technique for the characterization 

of solid materials and is often used in the field of heterogeneous catalysis to find the most 

efficient reduction conditions [7]. An oxidized catalyst precursor is submitted to a 

programmed temperature rise while a reducing gas mixture flows over it. Figure 4.3.1 

shows simultaneous ethanol decomposition with iron reduction reaction. Data was 

reorganized to find a correlation between kinetic activity and oxide structure in the ore. 

These data can be interpreted briefly that significant ethanol decomposition is started at 

300 oC, together with iron reduction by CO. 

     Fe2O3 + CO → Fe3O4 + CO2         ( 4.3-1) 

At 400 oC, Iron reduction by H2 is started: 

     Fe2O3 + H2 → Fe3O4 + H2O     ( 4.3-2) 

     Fe3O4 + H2 → FeO + H2O      ( 4.3-3) 

At 600 ~ 700 oC, Ethanol decomposition seems slower when iron ore structure 

change from Fe3O4 to FeO. Above 700 oC, Significant iron reduction by deposited-C is 

started: 

FeO + C = Fe + CO      ( 4.3-4) 
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Figure 4.3.1 Simultaneous ethanol decomposition-iron reduction of dehydrated goethite ore in [1].  

 

By calibrating them into gas concentration data and then multiplying them with 

total flowrate data using equation (4.1), the gas flowrate data were obtained in the 

expression of the mole amount per time unit (e.g., in a unit of mol min-1). Meanwhile, 

RO and carbon contents in the ore are evaluated after the reactor reached the specific 

temperatures. The samples were taken out to be analyzed. The RO and carbon content 

are expressed as the accumulated amount (i.e., in a unit of mol).   To have the same unit 
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order of all measured amount for curve fitting, the molar flowrate data of generated gases 

j were reformed into the accumulated molar amount of gas using the equation below 

𝑛𝑗,𝑇𝑖

𝑎𝑐𝑐 = 𝑛𝑗,𝑇𝑖−1

𝑎𝑐𝑐 + ∑
𝑇𝑖+𝑇𝑖−1

2𝛽
(�̇�𝑗,𝑇𝑖

𝑖
𝑖=2 + �̇�𝑗,𝑇𝑖−1

))   with 𝑖 = index of data point    

  ( 4.3-5) 

The gas data were reformed into the accumulated amount. Fig. 4.3.2 shows the 

accumulated amount of ethanol and gas generated from ethanol decomposition over iron 

ore.  
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Figure 4.3.2 Accumulated gas data 

 

4.3.1.  Curve fitting results: k0, Ea, and Cd 

Figure 4.3.3 shows the curve fitting result of each component with the goodness 

of fitting (R2) also calculated.  



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

126 

 

 

Figure 4.3.3 Curve fitting results. The R2 closes to 1 means the model is almost perfectly fitted to 

experimental data. The model is satisfactorily fit to the data for H2O, C, RD, CO, H2, and C2H5OH. 

However, it was quite fit to CH4 and CO2. 
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Table 4.3.1 Obtained parameters of reaction kinetic from curve fittings 

No Reactions 

Obtained parameters Comparison to references 

𝑘𝑓𝑟0𝑖 

[1/min.mol] 

𝐸𝑎𝑖  

[kJ/mol] 
𝐸𝑎𝑖  

[kJ/mol] 
References 

1 

Decomposition of ethanol:  

C2H5OH(g) → CH4(g) + H2O(g) 

+ C 

0.346 1.77  1.87~16.8 [8] 

2 
Decomposition of methane: 

CH4(g) → C(s) + 2H2(g) 
0.199 25.23  60 [9] 

3 

Steam reforming: 

CH4(g) + H2O(g) → CO(g) + 

3H2(g) 

0.747 127.05 169.5  [10] 

4 

Water gas shift reaction  

CO(g) + H2O(g) → CO2(g) + 

H2(g) 

1.41 51.65  45 [11] 

5 
Boudoard reactions:  

C(s) + CO2(g) → 2CO(g) 
1.82E-09 123.02  120~310 [12] 

6 

Iron reduction by Carbon: 

FeOx(s) + xC(s) → Fe(s) + 

xCO(g); x=1.5 

0.051 139.24  280 [13] 

7 

Iron reduction by CO:  

FeOx(s) + xCO(g) → Fe(s) + 

xCO2(g); x=1.5 

1.35x10-3 118.91  116~151 [14] 

8 

Iron reduction by H2:  

FeOx(s) + xH2(g) → Fe(s) + 

H2O(g); x=1.5 

6.83x10-4 99.68  61.5~71 [15]  

 

 

4.3.2.  Interpretation of parameter 𝐶𝑑𝑗  

Table 4.3.2 shows the obtained parameters of 𝐶𝑑𝑗  from the curve fittings. The 

parameter of 𝐶𝑑𝑗  was introduced to compensate for the unknown effect of particle size, 

surface area, etc. as well as mass transfer effect through simultaneous surface reaction 

occurs. 𝐶𝑑𝑗  in this term correlates with the mass transfer properties of each reacted 

component. 𝐶𝑑𝑗  could be also introduced as Thiele modulus describing the relationship 

between diffusion and reaction rate in porous ore with no mass transfer limitations. This 

value is generally used in determining the effectiveness factor for catalyst pellets. This 

approach is set according to some assumptions.  (1) Diffusion through a surface film is 
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very fast compared to diffusion into the grain interior. This is usually a safe assumption 

since surface films are normally very thin. (2) The pores in the catalyst grain are 

interconnecting, and the diffusion of reacting gases and products takes place through 

these pores and not through the solid catalyst [16]. 

 

Table 4.3.2 Obtained parameters of 𝐶𝑑𝑗 from the curve fitting result 

Components, 𝑗 Obtained 𝐶𝑑𝑗 
Thiele modulus, 

𝜑 ≈
(1−𝐶𝑑𝑗)

𝐶𝑑𝑗
 

Interpretation: 

Overall generation of component 𝑗 is controlled by  

RO 0.8662 0.15 Diffusion 

H2O 0.6707 0.49 Diffusion 

CO 0.6083 0.64 Diffusion 

C 0.2046 3.89 Surface reaction 

C2H5OH 0.0437 21.89 Surface reaction 

CH4 0.0403 23.84 Surface reaction 

H2 0.0236 41.43 Surface reaction 

CO2 47.34 47.34 Surface reaction 

 

Interpretation on obtained parameters of 𝐶𝑑𝑗  shows that the reaction of gases 

inside pore might be inhibited by carbon deposition on the surface of iron ore.  

SEM-EDS cross-section analysis of porous iron ore reduced by ethanol show that 

the carbon was deposited inside ore (Figure 4.3.4) TEM images also show that amorphous 

deposited carbon covering the iron surface as depicted in Figure 4.3.5. This could be 

interpreted that ethanol is infiltrated into the iron ore pore and simultaneously 

decomposed to deposited carbon and reducing gas CO and H2. The generated reducing 

agents then reduce the iron oxides to metallic-Fe. It was agreed that the nano-contact of 

reducing agent with iron ore promotes higher reaction rate of iron ore reduction as well 

reported in [6] for the case of carbon composite ore. However, the process might be 

different, since the reducing agent is not only carbon but also involving H2 and CO 
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reduction as well. The reduction under ethanol only reaches 81% of RD at 1023 K is 

because of pore was already cover by carbon. 

 

Figure 4.3.4 SEM-EDS cross-section analysis for carbon mapping of dehydrated iron ore reduced by 

ethanol. (Red means carbon) 
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Figure 4.3.5 TEM images of dehydrated GE ore after reduced by ethanol. 

 

 

 

Figure 4.3.6 Schematic reaction mechanism of ethanol decomposition and iron reduction   

 

 Conclusions 

1. The kinetic study is necessary for understanding the mechanism of the simultaneous 

ethanol decomposition – iron reduction process. 

2. There were 8 main reactions involved: decomposition of ethanol, decomposition of 

methane, steam reforming of methane, water gas shift, Boudoard reactions, iron 

reduction by C, iron oxide reduction by CO and iron reduction by H2 
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3. Curve fitting methods were conducted with satisfying results (R2>0.90) calculating 

24 parameters consisting 𝑘𝑓𝑟0𝑖, 𝐸𝑎𝑖, and 𝐶𝑑𝑗 . 

4. Interpretation on obtained parameters of 𝐶𝑑𝑗 shows that the reaction of gases inside 

pore might be inhibited by carbon deposition on the pore surface of iron ore.  
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CHAPTER V 

SYSTEM EVALUATION OF ETHANOL-ASSISTED IRONMAKING: 

EXERGY AND CO2 EMISSION ANALYSIS 

 

 Introduction 

World crude steel production reached 1,691 million tonnes (Mt) in 2017. By 2050, 

steel use is projected to increase by 1.5 times that of present levels, to meet the needs of 

our growing population [1]. The iron and steelmaking industry is one of the most energy-

intensive industries in the world and consumes 19.5 EJ/year, which constitutes around 

5% of the total global energy consumption [2]. The amount of energy consumed in the 

production of steel depends on the process used, and it constitutes a significant portion 

of the cost of steel production, from 20% to 40%. Thus, improvements in energy 

efficiency are necessary to reduce production costs and thereby improve competitiveness 

[3]. In the blast furnace process, iron ore is reduced (meaning that oxygen molecules in 

the ore bond with the carbon molecules), leaving pure molten iron and carbon dioxide. 

The molten iron is transferred to a basic oxygen furnace, where super-heated oxygen is 

used to remove any remaining impurities. Coal consumption and heat generation make 

the process highly energy intensive. In addition, the process requires metallurgical coal 

(coking coal), which is costlier than steam coal because of its lower ash and sulfur content 

[4]. 

The primary energy source is fossil fuels, and such ironmaking is one of the most 

significant contributors to CO2 emissions, 6.7% of the total global emissions [5]. 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 [6]. In 
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addition, a simple way to resolve emission concerns is to use biomass resources in the 

ironmaking industry [7]. 

Ethanol, is counted as carbon-free fuel if it is derived from biomass, is attractive 

as ironmaking fuel [8]. Ethanol is one of promising fuel candidate to initiate hydrogen-

based ironmaking. In Table 5.1.1, ethanol was placed as among the high exergetic fuel 

for ironmaking. Attribute to decomposition producing H2 and CO; ethanol is attractive to 

minimize the exergy loses within ironmaking. However, the recent production of ethanol 

is only to accommodate transportation fuel. New business should be considered in 

utilizing ethanol for ironmaking purpose. 

In the other hand, 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 623 K with a heating 

rate of 3 K/min in the air creates micropores ranging from 2 to 4 nm in size and a BET 

specific surface area as high as 70 m2/g [9]. Because of these,  an iron ore/carbon 

composite (IOC) had been proposed by introducing carbonaceous material into the pores 

to enhance the reduction rate of iron ore [10]. The reduction rate of an iron ore composite 

sample prepared using FeOOH reagent, and thermoplastic carbon resin is dramatically 

enhanced and proceeds at temperatures as low as 973 K.  
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Table 5.1.1 Standard Chemical Exergy, ε0 (T = 298.15 K, p = 101.325 kPa) of some material as ironmaking 

fuel. 

Substance 

(phase) 

Name MW 

[kg/kmol] 

H-density 

and 

{C-density} 

Standard chemical 

exergy, ε0 

[mole%] [mass%] [MJ/kmol] [MJ/kg] 

H2(g) Hydrogen 2.02 100 {0} 100 {0} 236.1 118.1 

CH4(g) Methane 16.04 80 {20} 25 {75} 831.2 52.0 

C4H9OH(l) Butanol 74.12 66.7{26.7} 13.4{64.8} 2712.8 36.6 

C(s)(graphite) Coke, 

Graphite 

12.01 0 {100} 0 {100} 409.9 34.2 

C2H5OH(l) Ethanol 46.07 66.7{22.2} 13 {52.2} 1356.9 29.5 

CH3OH(l) Methanol 32.04 66.7{16.7} 12.5{37.5} 756.1 23.6 

NH3(g) Ammonia 17.03 75 {0} 17.6 {0} 337.9 19.9 

C3H8O3(l) Glycerin 92.09 57.1{21.4} 8.7{39.1} 1762.6 19.2 

C6H12O6(s) Sugar 

(Glucose) 

180.16 50 {25} 6.7 {40} 3091.6 17.2 

CO(NH2)2(s) Urea 60.06 80 {12.5} 6.7 {20} 688.6 11.5 

CO(g) Carbon 

Monoxide 

28.01 0 {50} 0 {42.8} 274.7 9.8 

 

Our proposed process for ethanol-assisted ironmaking can be seen in Fig 5.1.1., 

in which 4 processes are needed.  Process 1 is goethite ore dehydration. This mild-

dehydration is conducted in low-temperature heating. As Genki et al. suggested in [11], 

the dehydration temperature of 573 K is enough for dehydrating the CW producing 

nanoporous hematite ore. Process 2 is ethanol-assisted reduction furnace. Ethanol is 

charged into a reduction furnace, allowing the iron ore reduction in a lower temperature. 

Process 3 is the melting furnace, separation of slag and melting iron occurs in the furnace. 

And process 4 is the ethanol recovery from gas generated from process 2 and 3. 
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Figure 5.1.1 The proposed integrated system of ethanol-assisted ironmaking with ethanol recovery. 

 

A specific analysis method was required to understand the energy efficiency and 

complexity of the proposed method. Exergy analysis based on the second law of 

thermodynamics is one best method to assess the energy efficiency of the proposed 

method and to compare it with existing systems [12]. The exergy analysis is better than 

an enthalpy balance or a heat balance because exergy can express the quality of energy 

and evaluate different forms of energy like chemical, thermal, pressure and mixing 

energy by a unified measure [13]. It is found to be the best tool of the cycle optimization 

for given input information [14]. 

Therefore, an exergy analysis was performed using the developed process system 

diagram to evaluate the advantages of the proposed method over conventional methods. 

In this chapter, two proposed systems of ethanol assisted ironmaking were compared to 

the conventional ironmaking blast furnace and direct reduction process. 
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 Analysis method 

5.2.1.  Exergy analysis 

The concept of exergy was developed by J. Willard Gibbs in 1878. It was further 

developed by Zoran Rant in 1957. In 1965, H. D. Baehr termed the part of the energy that 

is converted into all other forms of energy as exergy. Exergy is based on the second law 

of thermodynamics and the concept of irreversible production of entropy [15], [16], [17]. 

It is a useful work potential of energy. Exergy analysis helps in finding the losses taking 

place in a system. By this method, energy conversion at different points, various 

component efficiencies and points of most substantial losses are easily obtainable, and 

hence it helps in taking necessary action to decrease them [18]. 

As a similar calculation method that in [19], exergy evaluation describes the 

thermodynamic change from the available energy to the unusable one in the form of work. 

On the term related to the change of enthalpy and entropy, exergy, itself, is defined as 

follow: 

휀 =  𝐻 − 𝐻0 − 𝑇0(𝑆 − 𝑆0)    ( 5.2-1) 

Exergy consists of chemical and physical exergy terms. On both terms, exergy 

can be expressed as follow:  

휀 =  휀𝐶 +  휀𝑇 +  휀𝑃 +  휀𝑀    ( 5.2-2) 

where 휀𝐶 is the standard chemical exergy equal to 𝑒𝐶. In contrast, 휀𝑇, 휀𝑃 and 휀𝑀 

are related to temperature, pressure and mixing exergies, respectively. They are expressed 

as: 
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휀𝐶 =  ∑ 𝑛𝑖휀𝐶𝑖
0      ( 5.2-3) 

휀𝑇 = (∑ 𝑛𝑖𝐶𝑃𝑖) [𝑇 − 𝑇0 − 𝑇0 ln (
𝑇

𝑇0
)]    ( 5.2-4) 

휀𝑃 = (∑ 𝑛𝑖)𝑅𝑇0 ∑ [ln (
𝑃

𝑃0
) − (1 −

𝑃0

𝑃
)]   ( 5.2-5) 

휀𝑀 = 𝑅𝑇0 ∑ [𝑛𝑖𝑙𝑛 (
𝑛𝑖

∑ 𝑛𝑖
)]     ( 5.2-6) 

The exergy loss (EXL) was calculated as the difference between the exergy of the 

input material (ε in) and that of the output material (ε out) in each unit of the system. The 

reference chemical exergy (휀𝐶𝑖
0 ) was described as the chemical exergy of each substance 

at 298 K and 1 atm calculated based on the Gibbs free energy.  

The exergy can be calculated for all substances in various states. Many different 

forms of substances and types of energies are considered in the system. Therefore, the 

concept of exergy is beneficial for evaluating the energy efficiency of a system. The 

exergy loss (EXL) in a process can be calculated by the following equation: 

𝐸𝑋𝐿 =  휀𝑖𝑛 − 휀𝑜𝑢𝑡 =  휀𝑑𝑖𝑓𝑓 −  휀𝑑𝑖𝑠𝑠    ( 5.2-7) 

where 휀𝑖𝑛 , 휀𝑜𝑢𝑡 , 휀𝑑𝑖𝑓𝑓 , and 휀𝑑𝑖𝑠𝑠  denote the exergy inflow of a system, exergy 

outflow of the system, diffusion exergy that is lost outside the system and dissipation 

exergy resulting from an irreversible reaction, respectively. 

 

5.2.2.  Process design and evaluation 

There are two cases in the current study proposing the ethanol-assisted 

ironmaking: case one is without ethanol recovery and case two is coupled with ethanol 

recovery, as presented in Figure 5.2.1. The boundaries were set only for ironmaking 
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process only, in which the process includes from the dehydration of goethite ore, 

reduction by ethanol, until hot metal-slag separation.    

 

(a) 

 

 (b) 

Figure 5.2.1 Process design schemes of ethanol-assisted ironmaking. (a) Case 1: without ethanol recovery, 

and (b) Case 2: coupled with ethanol recovery. 

 

The exergy calculations were made based on the following steps and assumptions: 

1. The overall process system of ethanol-assisted ironmaking to be analyzed were split 

into 4 sub-processes. Process 1: Goethite mild-dehydration is set at 573 K with 

intermediate heat, Q1, is supplied additionally from another process. Process 2: 

Ethanol is introduced to perform primary reduction at 1023 K with the reduction 

degree (RD) up to 81%. The reduction degree was considered from the experimental 
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data of [8]. Intermediate heat supply, Q2, is also considered. Process 3: to extend the 

RD up to 100%, the additional furnace is needed as well as to separate hot metal and 

slag. Limestone is introduced as flux. Additional fuel as coke is required to increase 

the temperature up to 1833 K.  

2. On the case two (Figure 5.2.1(b)), process 4 is introduced as ethanol recovery by 

utilizing the waste gas from process 2. The ethanol recovery process is considered 

through a gas fermentation process [20].    

3. Assumptions: 

• Overall mass balance was developed based on 1000 kg-hot metal on the process 

3. 

• Gangue material is taken into consideration as 30wt% of raw goethite ore input 

in the presence of SiO2 and Al2O3. 

• The adiabatic condition was approached, as an ideal fully isolated system with no 

heat loss. 

• Additional intermediate heats were calculated from heat balance on the 

corresponding sub-system. 

• All process was evaluated at atmospheric condition with no change in pressure 

condition. Thus, only chemical and thermal exergies were considered. 

4. The thermodynamic calculation was conducted using a simulation through HSC 5.1 

software. The output calculation are 1) heat and mass balance; 2) Enthalpy flowchart; 

and 3) Exergy flowchart of each process. 

 A comparison with an existing ironmaking system in case of a blast furnace was 

also made considering the boundary system limited to the sintering process, coke 

production, and blast furnace. 



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

141 

 

 

 

 Result and Discussions 

5.3.1.  Exergy analysis of each process in the proposed ethanol-assisted ironmaking 

system 

5.3.1.1.  Goethite ore dehydration (Process 1) 

Heat and material balance on process 1 is depicted in Figure 5.3.1. To produce 

1000 kg-hot metal, 1419 kg FeOOH is required. Considering the presence of gangue 

materials like SiO2 and Al2O3, goethite ore of 1741 kg is required as the raw material 

input in Process 1. Dehydration of FeOOH is an endothermic process with the reaction 

as follows: 

2FeOOH → Fe2O3 + H2O ΔHr
298K = 55.17 kJ/mol 

The process becomes spontaneous at a temperature above 356 K, with ΔHr = 

54.49 kJ/mol. The simulation also shows that the heat required to supply the dehydration 

process is 0.813 GJ for 1741 kg of goethite ore at 573 K. 

 

Figure 5.3.1 Heat and material balance on process 1.  
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(a) 

 

  

 

(b) 

 

Figure 5.3.2 Enthalpy flow chart (a) and exergy flow chart (b) of the mild-dehydration process producing 

porous hematite ore from goethite ore. 

 

Enthalpy flow on process 1 shows that the mild-dehydration of goethite ore need 

the heat supply (Q1) of 0.813 GJ per 1419 kg goethite ore. The heat supply (Q1) is 

consumed to overcome the endothermic heat for dehydrating the combined water in 

FeOOH, as well as the sensible heat for increasing the temperature from room 

temperature to 573 K. Exergy flow, shows if Q1 supplied as thermal heat at 573 K, it 

would have an exergy of 0.398 GJ per 1419 kg of goethite ore. 

Table 5.3.1 shows the effect of temperatures on exergy loss (EXL) on ore 

dehydration process. In case of only providing the electricity as a heat source, exergy loss 

around 68% of exergy input. In contrast, providing the heat supply (Q1) instead of 

electricity, for instance like hot air at 873 K, the EXL drops to 52%. Interestingly, 

lowering the temperature of heat supply (Q1), the dehydration process will occur with 

34% of EXL. It concluded that the dehydration process could be conducted more exergy 

efficiently at the lower temperature. The heat source at 573 K can be easily obtained by 

applying the low-temperature waste heat from other processes.  
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Table 5.3.1 Temperature selections for Q1 to minimize EXL 

 

5.3.1.2.  Ethanol-assisted reduction furnace (Process 2) 

In this process, the porous ore of produced from process 1 is reduced by ethanol 

that is injected at 843 kg/ton hot metal in an ethanol-assisted reduction furnace. Ethanol 

is thermally decomposed to H2, CO, and C that then reduce the iron ore and exhausting 

ER gas. Heat and mass balance of ore reduction process by ethanol is depicted in Figure 

5.3.3. The ER gas composition was calculated as thermodynamic equilibrium by 

targeting the reduction degree in reduced ore of 81% at 1023 K.  

 

Figure 5.3.3 Mass and heat balance at the ethanol-assisted reduction furnace 
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The energy and exergy flowcharts of process 2 are shown in Figure 5.3.4. Ethanol 

has high enthalpy as well as exergy content contributes as a reducing agent for porous 

iron ore. However, an intermediate heat supply (Q2) was still needed, calculated from 

heat balance to overcome the required heat for reducing Fe2O3 to Fe by ethanol as well 

as increasing temperature to 1023 K. The ER gas still contains a large enthalpy to be 

utilized due it still containing high amount of H2 (54 mol%). The exergy of ER gas is also 

still high causing the exergy loss in process 2 is very low. Therefore, the decomposition 

of ethanol, which is producing a gas containing H2 and CO, makes it become 

thermodynamically promising for ironmaking application in the exergy viewpoint. 

 

(a) 

 

(b) 

 

Figure 5.3.4 Enthalpy flowchart (a) and exergy flowchart (b) of the ethanol-assisted reduction (Process 2) 

 

5.3.1.3.  Melting and Separation of Hot Metal (Process 3) 

Process 3, as is depicted in Figure 5.3.5, is designed for melting the reduced iron 

as hot metal as well as separating it from slag material. Hot metal - slag separation occurs 

at T>1809 K, in this case, we assumed at 1833 K is sufficient to carry out the process. 

Since in process 2, the reduced ore only reaches the reduction degree of 81% and the 

carbon content of 14mass%. The reduction reaction will be continued in process 3 to 
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reach 99.9%, an assumption. However, additional fuel (i.e., coke) is still required as the 

heat source for melting. Required O2 is calculated for coke combustion reaction: C + O2(g) 

→ CO2(g). The oxygen is supplied stoichiometrically, in assumption, to avoid the excess 

oxygen re-oxidize the metallic iron in the hot metal.  

 

Figure 5.3.5 Heat and Mass balance of hot metal – slag separation (Process 3) 

 

 

 

(a) 

 

(b) 

Figure 5.3.6 Enthalpy (a) and exergy (b) flow of hot metal – slag separation (Process 3) 
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5.3.1.4.  Recovery ethanol from exhaust gas (Process 4) 

Ethanol, conventionally, is produced from glucose fermentation by yeast, with 

CO2 emitted as a by-product. This fermentation process is performed in the absence of 

oxygen, considering it as the anaerobic process [21]. Recently, Lanzatech technology 

offers breakthrough methods to produce ethanol from waste steel gas for transportation 

fuel purposed [20]. When gas fermentation is deployed in the steel mill, instead of 

sending a residual gas stream to a flare or power generation unit, it is cooled, cleaned and 

injected into a fermentation vessel containing proprietary microbes and liquid media. The 

microbes grow and increase their biomass by consuming CO/CO2/H2. As a byproduct of 

this growth, they make ethanol and chemicals that can be recovered from the fermentation 

broth, similar to the way that yeast make ethanol or other products[22]. Nevertheless, this 

process can be considered as one promising method to recover the ethanol for waste gas 

of the process 2, improving the ethanol fuel efficiency of the proposed ethanol-assisted 

ironmaking process. 

The evaluation of ethanol recovery in this process 4 is based on the Lanzatech 

technology with a thermodynamic approach. Exhaust gas from process 2 (ER gas) is used 

as raw input for process 4. Process units involved are tail gas preconditioner and gas 

fermentation. The gas fermentation is performed in the room temperature. The 

simplification of the gas fermentation process to produce ethanol with by-product 

assumed as the mainly acetic acid can be evaluated as reaction below: 

 4H2 + 2CO → C2H5OH + H2O               ΔH298K = -307 kJ/mol; ΔG298K = -134 kJ/mol  

2H2 + 2CO → CH3COOH                      ΔH298K = -264 kJ/mol; ΔG298K = -122 kJ/mol 

Heat and mass balance of recovery ethanol from SR gas is depicted in Figure 

5.3.7. Ethanol of 354 kg can be recovered from SR gas of 1755 Nm3 that is generated 
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from 843 kg of ethanol supplied as fuel in the process 2. This process will emit 354 kg 

CO2. However, this CO2 emission will be counted as carbon neutral. 

 

Figure 5.3.7 Heat and mass balance of ethanol recovery from ER gas.  

 

 

  

 

(a) (b) 

Figure 5.3.8 Enthalpy flow (a) and exergy flow (b) of ethanol recovery from ER gas. 

 

5.3.2.  Overall exergy evaluation on case 1 and 2 

Figure 5.3.9 and 5.3.10 show the overall energy and exergy flow of the proposed 

ethanol-assisted ironmaking on case 1 (without ethanol recovery). The total inflowing 

energy of 33.2 GJ with 87% of it contributed for process 2 meaning the process 2 is the 
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most energy-intensive among the three processes. The inflowing energy in process 2 is 

dominated by ethanol as fuel. Nevertheless, the outflowing energy from process 2 also 

contributes 51% of the total overall outflowing energy.  

Figure 5.3.9 Overall enthalpy flow of ethanol-assisted ironmaking: case 1 
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Figure 5.3.10 Overall exergy flow of ethanol-assisted ironmaking: case 1 

 

Figure 5.3.11 and 5.3.12 describe the energy and exergy flow of ethanol-assisted 

ironmaking with ethanol recovery (case 2). In this case, ER gas in case 2 was treated in 

the ethanol recovery unit (process 4) to produce ethanol again. The recovered ethanol 

from ER gas is then recycled to process 2 to reduce the required amount of fresh ethanol. 

The sensible heat from ER gas was also utilized as heat supply (Q1) for the dehydration 

process (process 1). Meanwhile, SF gas from process 3 was utilized as heat supply (Q2) 

for ethanol-assisted reduction process (process 2). However, additional O2 is needed to 

convert chemical energy to thermal energy through the combustion process.  



A. Kurniawan. “Ethanol-Assisted Ironmaking using Mild-Dehydrated Goethite Ore” 

150 

 

 

Figure 5.3.11 Overall enthalpy flow of ethanol-assisted ironmaking: case 2 
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Figure 5.3.12 Overall exergy flow of ethanol-assisted ironmaking: case 2 

 

Table 5.3.2 shows the comparative analysis of the proposed ethanol-assisted 

ironmaking versus conventional blast furnace operation. The aim of introducing an 

ethanol recovery in case 2 is to utilize the possible unused waste heat from case 1 such 

as ER gas and SF gas. ER gas containing much H2 and CO is the most critical part that 

can be recovered as ethanol. The recovered ethanol then is recirculated back to reduce 

the fresh ethanol feed in Process 2. As applying the ethanol recovery system in ethanol 

assisted ironmaking (case 2), the exergy efficiency, in the term of the exergy of main 

product divided by the total exergy input, increase significantly to 52% from 29% of case 

1. The significant increase in the exergy efficiency is due to the significant saving in the 

input ethanol exergy. Also, the significant increase in exergy efficiency was also obtained 
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in comparison with the conventional blast furnace using coke as a reducing agent (that of 

38%), attributed to the simultaneous reduction by H2, CO, and C-deposited from ethanol. 

CO2 emission in ethanol ironmaking would significantly lower than a blast 

furnace which is attributed from the hydrogen reduction process releasing water steam, 

counted as carbonless reduction. Also, CO2 released from ethanol recovery can be 

counted as carbon-free, resulting in an additional benefit from an environmental aspect. 

As a comparison for producing 1 ton of hot metal, the ratio of carbon-free on CO2 

emission of ethanol ironmaking gives 73% and 70% from case 1 (no ethanol recovery) 

and case 2 (with ethanol recovery), respectively. The decrease in the carbon-free ratio in 

case 2 compared to case 1 is because of more combustion occurs in converting SF gas 

from process 3 as a recovered heat supply for process 2.   

 

Table 5.3.2 Comparative analysis of ethanol-assisted ironmaking versus conventional blast furnace 

operation. 

Parameter 

Ethanol-assisted Ironmaking 

Blast Furnace 

route* 
Case 1  

(no recovery) 

Case 2 

(with heat and 

ethanol recovery) 

Fresh-Ethanol consumption 

[kg/t-HM] 
843 489 - 

Coke consumption [kg/t-HM] 100 100 450 

O2 supply [kg/t-HM] 356 526 933 

Intermediate Heat [GJ/t-HM] 
Q1 = 0.8 

Q2 = 4.1 
- - 

Total Exergy in [GJ/t-HM] 32.82 17.84 22.37 

Total Exergy out [GJ/t-HM] 

(Hot metal exergy [GJ/t-HM]) 

30.75 

(9.2) 

13.25 

(9.2) 

17.4 

(8.6) 

Exergy loss [GJ/t-HM] 2.07 4.76 4.96 

Exergy efficiency [%] 

(= εhot metal/Σεin x100%) 
29 52 38 

CO2 emission [kg/t-HM] 
537 (from ethanol) 

200.7 (from coke) 

837 (from ethanol) 

362 (from coke) 

 

1650 (from coke) 

Ratio of carbon free emission 

[%] 
73 70 0 

*Parameters analysis on ironmaking of blast furnace route as in [23], excluding the coke oven operation.  
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Ethanol-assisted ironmaking using mild-dehydrated goethite ore is a novel 

process in ironmaking. This study already demonstrated the possibility of ethanol as a 

reducing agent for ironmaking on a laboratory scale and the thermodynamic system 

evaluation, given an interesting result. However, to ensure this idea become applicable in 

industrial scale, high effort would be needed to face the future challenges in ethanol-

assisted ironmaking such as: to conduct scale-up experiments, to design the reactor for 

ethanol-assisted ironmaking in detail aspect,  to apply an evaluation on rigorous system 

design, and to ensure the bioethanol security for ironmaking industry as well.  

In my opinion, so far, the proper reactor for realizing the application of this idea 

is reduction shaft furnace like in MIDREX process.  The MIDREX process typically uses 

natural gas as reductant and fuel using the reformer. It is possible to modify easily by 

substituting natural gas to ethanol. Fig. 5.3.13 shows the proposed process for ethanol-

assisted ironmaking that equipped with the COREX’s melting furnace and ethanol 

recovery of LANZATECH.  
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Figure 5.3.13 Proposed process for ethanol-assisted ironmaking using a shaft furnace like in MIDREX 

process combined with COREX’s melting process and ethanol recovery of LANZATECH. 

 

 Conclusions 

On a thermodynamic viewpoint, applying a high exergetic and renewable 

reducing agent like ethanol for ironmaking is attractive. The exergy analysis for the 

proposed process of ethanol-assisted ironmaking was successfully conducted with the 

conclusions:  
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1. There are four processes involved in ethanol-assisted ironmaking: (1) Ore mild-

dehydration, (2) Porous ore reduction by ethanol, (3) Hot metal – slag separation, and 

(4) Ethanol recovery. 

2. Upon enthalpy-exergy analysis, as the basis of 1000 kg-Fe (total product):  

o Process 1: Additional heat required for ore dehydration (Q1) = 0.81 GJ with 

exergy efficiency=28%. 

o Process 2: Additional heat required for reduction by ethanol (Q2) = 3.7 GJ with 

exergy efficiency= 42% 

o Process 3: Additional fuel (i.e., coke) is required to as heat source.  Required O2 

is calculated as on reaction: C + O2(g)  CO2(g). In this case, the exergy 

efficiency= 60% 

o Process 4: 42% of ethanol can be recovered, with exergy efficiency=64%. 

3. Overall evaluation: Benefits of bioethanol as a reducing agent for ironmaking are 

52% of exergy efficiency and 70% of carbon-free emission 

4. Future challenges are to apply a rigorous system design, to design the reactor/furnace 

for ethanol-assisted ironmaking, as well as to ensure the bioethanol security for 

ironmaking industry 
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CHAPTER VI 

GENERAL CONCLUSIONS 

 

Ironmaking industry faces serious problems related to the resources (depletion of 

high-grade ore), energy (high consumed exergy) and environment (large emission of 

CO2). The depletion of high-grade iron ore encourages us to utilize the low-grade ore 

(i.e., goethite) more effectively.  In another hand, the shortage of coal, as well as the 

mitigation of high CO2 emission, need more intensive utilization of an alternative carbon 

source. Bioethanol as derived from biomass, regarded as a renewable and carbon-neutral 

resource, is a promising candidate as a reducing agent for ironmaking. Introducing 

ethanol to reduce iron ore through the chemical vapor infiltration (CVI) process is 

attractive as aiming for low-temperature reduction. This study describes the process 

intensification of the previous proposes CVI process. The new process has been proposed 

named as ethanol-assisted ironmaking. 

Chapter one describes the general introduction of this thesis. 

Chapter two concludes several aspects to intensify in the previously proposed 

CVI ironmaking. As reported in the previous study, there are three processes involved in 

CVI ironmaking: (1) production of porous hematite ore, (2) production on carbon 

composite (CVI) ore through integrated pyrolysis-tar decomposition, and (3) reduction 

of the CVI ore. Production of nanoporous hematite from goethite is time-consuming due 

to the removal of combined water is slow under atmospheric air condition. Vacuum 

dehydration (P = 1 kPa) of goethite successfully removed the CW in 1 hour at 300 oC 

generating similar porous hematite with 2-4 nm pore-sized, surface area, and total pore 
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volume as found in the previous 24 h under atmospheric air condition. Vacuum 

dehydration is attractive to make it faster and suitable in an actual application. In addition, 

combining fuel like low-grade coal with woody biomass or waste plastic (i.e., 

polyethylene) utilizing the synergetic effect seems attractive to enhance overall pyrolysis 

efficiency. However, the deposited carbon content was not enough for the perfect 

reduction of iron ore. 

Chapter three concludes that ethanol, a renewable source and considered carbon 

neutral when it is derived from biomass, is a promising candidate as a reducing agent for 

ironmaking. Ethanol is decomposed to H2, Co, and deposited C that then reduce the iron 

oxide. The reduction temperature of 750 °C is significantly lower than that of the coke-

iron oxide reaction in recent blast furnace operations, reaching an RD of 81%. A longer 

time of ethanol charging in the porous iron ore promotes a more significant reduction 

degree, and the compositions of the reducing gas (H2 and CO) are sufficient for the 

reduction process. A significant reduction degree can be reached by ethanol 

decomposition with the porous ore from mild-dehydrating the high-CW ore. Porous iron 

ore acts as a suitable catalyst for ethanol decompositions as it simultaneously reduces to 

metallic iron. The higher CW in ore might provide the larger surface area in the iron ore, 

resulting in higher reactivity in the reduction process. The result of the proposed process 

intensification in the CVI ironmaking process reduces one step from the previous 

approach. Low-temperature iron reduction by ethanol may be attractive for future 

ironmaking processes. 

Chapter four describes the kinetic analysis of simultaneous ethanol 

decomposition and iron reduction. The kinetic study is necessary for understanding the 

mechanism of the simultaneous ethanol decomposition – iron reduction process. There 
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were 8 main reactions involved: (1) decomposition of ethanol, (2) decomposition of 

methane, (3) steam reforming of methane, (4) water gas shift, (5) Boudoard reactions, (6) 

iron reduction by C, (7) iron oxide reduction by CO, and (8) iron reduction by H2. Curve 

fitting methods were conducted with satisfying results (R2>0.90) calculating 24 

parameters consisting 𝑘𝑓𝑟0𝑖, 𝐸𝑎𝑖, and 𝐶𝑑𝑗 . Interpretation on obtained parameters of 𝐶𝑑𝑗 

shows that the reaction of gases inside pore might be inhibited by carbon deposition on 

the pore surface of iron ore. 

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

proposed ethanol-assisted ironmaking process. Applying a high exergetic and renewable 

reducing agent like ethanol for ironmaking would be attractive. There are four processes 

involved in the proposed ethanol-assisted ironmaking: (1) Goethite ore mild-dehydration, 

(2) Porous ore reduction by ethanol, (3) Hot metal – slag separation, and (4) Ethanol 

recovery.  On the overall evaluation, the benefits of bioethanol as a reducing agent for 

ironmaking are 52% of exergy efficiency and 70% of carbon-free emission. This value is 

significant higher than the case of using coke as reducing agent as in the conventional 

blast furnace ironmaking. From the viewpoints above, ethanol-assisted ironmaking is an 

attractive method offering solution for problem-related resource, environment, and 

energy in future ironmaking industry.  
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