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ABSTRACT 

The enrichment of alkali in the blast furnace has been proven to be a catalyst of coke gasification and 

is thus a key parameter in the degradation of coke. Alkali also directly destroys the carbon structure, 

increases the risk of scaffold formation, increases the load and attacks the refractory. It is thus 

important to decrease the recirculation of alkali in the blast furnace and the gasification of coke to 

ensure sufficient strength of the coke. The aim of the present study was to examine possible ways of 

alkali control in the blast furnace. This was done by investigating if coke with a modified ash 

composition contributed to a higher capacity of binding alkali in stable phases, which can be drained 

via the slag. This would decrease the recirculation of alkali in the blast furnace and prohibit coke 

degradation. Two campaigns were studied to determine the distribution of alkali in the shaft when the 

charging differed, this to improve the understanding of alkali control in the blast furnace with respect 

to the charging practice. 

Three different test cokes were produced in pilot scale with a mineral addition of kaolin, silica or 

bauxite. The test cokes were together with base coke used as a reference, charged in baskets to 

LKAB’s Experimental Blast Furnace (EBF) at the end of a campaign. When the campaign was 

finished the EBF was quenched with nitrogen and the charged baskets were excavated. The influence 

of alkali on coke with a modified ash composition was examined with XRF, XRD, SEM-EDS and 

TGA. This was done in order to confirm any difference between the test cokes and the base coke in 

terms of chemical composition, phases in the coke ash, degree of graphitisation and reactivity. The 

results showed that the base coke in most cases had collected more alkali compared to the test coke 

with a mineral addition of kaolin and silica. For the test coke with addition of bauxite the alkali 

content was higher in three out of four samples compared with the corresponding base coke. 

Unreacted grains with bauxite were detected, which indicates that bauxite was completely or partly 

inactive in the capturing of alkali. All aluminosilicates detected in the coke samples contained alkali, 

which indicates that aluminosilicates contributes in the capturing of alkali in the EBF. The main 

mineral phases containing potassium in the coke were kalsilite, leucite and other aluminosilicates with 

varying alkali content. The carbon conversion and thus the reactivity increased with the alkali content 

in both the test coke and the base coke. The reactivity of the test coke was thus not decreased due to 

the mineral addition. No indications of an increased capacity of capturing alkali in stable phases could 

be seen in the test cokes, this could be due to the low amount of minerals added. The uptake of alkali 

in the different coke types was dependent of the horizontal and vertical position in the EBF, and thus 

the conditions the baskets had been exposed to and the distribution of alkali within the EBF.  

It was concluded that the charging had an impact on the alkali distribution in the EBF. During 

campaign 31 the alkali content was more evenly distributed over the horizontal section in the upper 

part of the furnace, in the lower shaft the alkali content increased towards the centre. During campaign 

32 the alkali content was increasing towards the walls in shaft of the EBF. The content of alkali in the 

lower shaft was higher during campaign 32 compared with campaign 31.  
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SAMMANFATTNING 

Alkali katalyserar gasifieringen av koks i masugnen och är därmed en viktig faktor som påverkar 

degraderingen av koks. Alkali kan förstöra kolstrukturen i koksen, ökar risken för påkladdningar, ökar 

belastningen i masugnen och kan även angripa infodringsmaterialet. Det är därmed viktigt att minska 

recirkulationen av alkali i masugnen och degraderingen av koks. Målet med denna studie var att 

undersöka möjligheten att förbättra kontrollen av alkali i masugnen. Detta utfördes genom att 

undersöka ifall koks med en modifierad asksammansättning hade en högre kapacitet att binda alkali i 

stabila faser som övergår till slaggen, vilket minskar recirkulationen av alkali i masugnen. 

Distributionen av alkali i masugnen jämfördes mellan två kampanjer i LKABs experimentmasugn 

(EBF). Det som främst skiljde kampanjerna var chargeringen av koksen. Distributionen av alkali i 

kokslagrena undersöktes för en ökad förståelse för hur alkali fördelas i masugnen med avseende på 

chargeringen.  

Tre olika testkokser producerades i pilotskala med en tillsats av antingen kaolin, kiseldioxid eller 

bauxit. Testkoksen tillsammans med baskoks chargerades i korgar till EBF:en i slutet av pågående 

kampanj. Masugnen grävdes ut när kampanjen var avslutad och korgarnas position och tid i ugnen 

noterades. Alkaliernas inverkan på testkoksen och baskoksen undersöktes genom en karaktärisering 

med XRF, XRD, SEM-EDS och TGA. Detta utfördes för att undersöka skillnaden mellan 

kokstypernas kemiska sammansättning, faserna i koksaskan, grafitiseringsgrad och reaktivitet. 

Resultaten visade att basblandningen hade högre halt alkali på flest nivåer då det gäller testkoksen 

med tillsats av kaolin och kiseldioxid. Testkoksen med tillsats av bauxit hade högre halt alkali jämfört 

med basblandningen på alla nivåer förutom den lägsta. SEM analysen visade dock att det fanns 

partiklar med bauxit som inte tagit upp alkali, vilket bekräftades med XRD. Detta tyder på att 

bauxittillsatsen i testkoksen var helt eller delvis inaktiv i upptaget av alkali. De vanligaste 

aluminiumsilikaterna innehållande alkali var kalsilit, leucit och andra aluminiumsilikater med 

varierande innehåll av alkali. Reaktiviteten ökade med halten alkali i alla kokstyper med liknande 

trend. Reaktiviteten minskade därmed inte i testkoksen trots de olika mineraltillsatserna. Inga 

antydningar på en ökad kapacitet att binda alkali i stabila faser i testkoksen kunde konstateras, detta 

kan vara på grund av den låga mineraltillsatsen i testkoksen. Innehållet av alkali i koksen var beroende 

av den horisontella och vertikala positionen av korgarna i EBF:en och därmed de lokala förhållandena 

och tillgänglig alkali.  

Studien kom fram till att fördelningen av alkali påverkades av chargeringen i experimentmasugnen. 

Under kampanj 31 var alkalihalten mer jämn över det radiella tvärsnittet i den övre delen av ugnen och 

ökade mot centrum i den nedre delen av ugnen. Under kampanj 32 ökade alkalihalten mot väggen i 

masugnen. Alkalihalten i den nedre delen av schaktet var högre under kampanj 32 jämför med 

kampanj 31.  
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1 INTRODUCTION 

The blast furnace (BF) process is today dominating for iron- and steelmaking, with primary iron 

bearing material in form of ore, pellets or sinter [1]. The iron bearing material, together with flux 

(limestone and quartzite) and recirculated material in form of briquettes are charged from the top of 

the BF with alternating layers with coke. The charged iron oxides are reduced and melted to hot metal, 

which is tapped in the bottom of the furnace together with slag. Coke is one of the most important and 

expensive raw material for the BF process, with a large influence on process stability and efficiency as 

well as quality of hot metal. Coke plays multiple roles in the BF by being a permeable layer, burden 

support, carburization source, providing reducing gases and a source of heat. Due to the decreased 

supply of coking coal [2] and to reduce the energy consumption, the coke rate has to be lowered. This 

has been achieved by optimizing the feed material and partly by replacing coke with alternative 

reductants as e.g. pulverized coal or plastics. Increased PCI (pulverized coal injection) rate results in 

an increased disintegration of coke as the residence time and the weight of the burden column increase 

[3]. To retain the properties of coke in the BF the demand on coke quality has increased to ensure 

sufficient strength and reactivity. The carbon gasification reaction and the destruction caused by alkali 

are the main reasons for the coke degradation. The alkali load in the BF keeps increasing with the 

deterioration of the raw materials, alkali is thus a crucial factor to obtain a stable operation [4]. 

Alkali, mainly in form of silicates, is present and charged to the furnace with coke, pellets, recirculated 

in-plant fines contained in briquettes and slag formers, and also injected with pulverized coal and 

recirculated BF dust through the tuyeres. Compounds with alkali descent with the burden and are 

reduced and vaporized at higher temperatures, this consumes energy and thus increases the fuel 

consumption. The alkali vapour ascends to cooler parts in the blast furnace where it is partly oxidized 

and condensed, giving heat where it is not needed. The condensed alkali partly leaves with the flue 

dust or sticks to surfaces on the inner walls forming scaffolds, which disturb burden descent and may 

reduce lining life. Alkali can also descend with the burden again and either leave with the slag or be 

reduced and vaporized again. In the latter case, alkali is recirculated, which contributes to an increased 

load in the BF. Consumption of heat in the lower part of the BF controls the coke rate, which thus is 

increased with larger alkali load. Alkali also enhances the solution loss reaction and due to the 

catalytic effect of alkali the reaction starts at lower temperatures, this lowers the coke strength and thus 

the permeability and productivity in the BF [5]. 
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1.1 BACKGROUND – ALCIRC 
ALCIRC is a research project where the main objective is to develop and establish new concepts for 

alkali control in the BF. One of the objectives with the project is to reduce the recirculation of alkali in 

the BF or the negative effect on coke by using innovative raw materials which can adsorb alkali. Three 

different test cokes were developed together with SSAB and produced in a small scale coking test 

retort at DMT Gmbh & Co. KG in Germany. The recipe for the test cokes were a modification of 

SSAB’s recipe for standard coke, where one had an addition of 1 % kaolin, one with 1 % bauxite and 

one with 1 % silica. The mineral addition in the test cokes result in an increased ash content, this was 

compensated by the addition of petroleum coke (pet coke). Base coke (BC) was produced with the 

same procedure, according to SSAB’s standard recipe with an addition of pet coke.  

During a period at the end of an operation in the Experimental Blast Furnace (EBF) the test cokes and 

the base coke were placed in baskets and charged in different layers of standard coke (produced in full 

scale according to SSAB’s standard recipe). The test cokes and the base coke were separated from 

each other in the baskets with partition walls. This was done to obtain baskets with samples of the 

cokes at different levels in the EBF.  

1.2 OBJECTIVE  
The aim of the present study was to examine possible ways to achieve an increased alkali control in 

the blast furnace. This was done by investigating if the produced test coke had a higher capacity of 

binding alkali in stable phases that can be drained from the blast furnace via the slag. The influence of 

alkali on the test coke was examined by characterising the samples with XRF, XRD, SEM-EDS and 

TGA. This was done to confirm any difference between the test cokes and the base coke in terms of: 

 Chemical composition 

 Content of alkali 

 Phases in the coke ash 

 Distribution of alkali within the coke pieces 

 Degree of graphitisation 

 Reactivity 

The distribution of alkali was examined with respect to the charging and thus the gas flow in the EBF. 

This was done to obtain an increased knowledge of how the charging practice is related to the alkali 

load and distribution of alkali in the blast furnace. The distribution of alkali in the EBF was compared 

between two campaigns, 31 and 32, where the main difference was the charging of coke.   

1.3 SCOPE 
The test coke from the excavated baskets were characterised in this master’s thesis. The main focus 

was on the excavated samples found furthest down in the EBF, where the impact of the process should 

have been largest. The phases found in the coke samples were compared with the original coke not 

charged to the EBF.  

The distribution of alkali with respect to charging was investigated by analysing the chemical 

composition in the coke layers excavated from the EBF. 5 sample points within each of 7 coke layers 

were analysed to be able to correlate the alkali load in coke and the conditions in the blast furnace. 
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2 LITERATURE REVIEW 

2.1 BLAST FURNACE PROCESS 
The BF process is dominating for iron- and steelmaking from primary raw material. The iron bearing 

material is mainly in form of oxides as either hematite (Fe2O3) or magnetite (Fe3O4), where hematite is 

the most common. Gangue minerals in the ore are mainly silicates, aluminates and other minor 

unwanted elements. These will together with ash in coke, coal and slag formers, form a slag. Slag 

formers1 are added to lower the fusion temperature and increase the fluidity of the slag. Iron ore in the 

form of lumpy ore, pellets or sinter is charged from the top of the BF together with slag formers and 

alternating layers with coke. The slag formers i.e. flux can be charged either independently or in the 

ore. The iron oxides are transformed to hot metal by reduction and are melted in the lower part of the 

furnace, this, and the consumption of coke creates voids causing the burden to descent in the BF. The 

iron oxides are reduced with carbon monoxide (CO), which is generated by the combustion of coke or 

pulverized coal (PC) injected in the bottom of the furnace through water-cooled tuyeres [6]. Hot blast 

(1000–1300 °C) usually enriched with oxygen is blown into the furnace through the tuyeres, which 

creates a raceway where carbon (C) in coke and PC is combusted resulting in a gas with a flame 

temperature between 1900 and 2300 °C. The BF is a counter-current heat exchanger where hot gas 

from the raceway ascends in the furnace giving heat to the descending raw material while reducing 

iron oxides. The gas exits the furnace in the top where it has a temperature between 100 and 150 °C 

[7]. The hot metal and slag are separated during tapping in the bottom of the furnace in a tapping 

channel which has a skimmer. The skimmer has a small opening underneath it where iron flows since 

it is denser than slag. Iron is tapped into torpedo cars and slag into ladles [6].  

The BF can be divided into different zones based on the physical properties; a section of the BF is 

shown in Figure 1. The furnace has a cylindrical top, called throat, where the raw materials are 

charged. Below that comes the shaft where the diameter increases towards the section called belly. The 

cross-section of the furnace is uniformly increased to ensure free fall of the burden, as it expands 

progressively with the increased temperature in the shaft. Below the belly, the diameter decreases, and 

the section is called bosh. The burden, except coke, melts in this region, which causes the material to 

flow over coke to the lower parts of the furnace. The cross-section is reduced due to the decreased 

volume of the burden since the liquid material is dense without pores and voids. Below the bosh 

comes the bottom-most portion, the hearth, where liquid iron and slag are accumulated in separate 

layers and tapped. The blast is introduced through a series of water-cooled tuyeres around the hearth. 

The blast is blown with a pressure over 1.5 atm and the gas leaves the tuyeres with a speed of 150–300 

m/s, in order to overcome the resistance of the material forming the empty space called raceway. The 

blast is preheated in stoves heated by burning a part of the BF off-gas. The shape and the dimension of 

the furnace are adapted to achieve a smooth burden descent and uniform gas distribution over the cross 

section of the furnace. This is individual for each BF and depends on working methods, blast 

temperatures, burden material and others [6].  

                                                      
1 Slag formers/flux containing limestone, BOF slag, dolomite and quartzite 

 



 

Alkali Control in the Blast Furnace – Influence of Modified Ash Composition and Charging Practice 

 

4 

 

 

Figure 1. Section of the blast furnace showing the different zones [7]. 

The cohesive zone starts where the iron bearing material stars to soften and deform, creating a mass of 

agglomerate particles sticking together, the burden material starts to melt in the lower part of this 

region. The area below the melting zone is called active coke zone, where all materials (iron and slag) 

are melted beside coke. The deadman is a stable pile of coke in the hearth extending into the bosh 

zone. Either it floats on the liquid iron or it reaches down to the bottom of the furnace [7].  

2.1.1 Reduction of Iron Oxides 

The hot blast burns carbon in coke and injectants such as PC, oil and natural gas inside the raceway 

producing carbon dioxide (CO2) according to reaction 2.1. 

𝐶 + 𝑂2 + 𝑁2 ↔ 𝐶𝑂2 + 𝑁2    (2.1) 

This is an exothermic reaction increasing the flame temperature in the raceway. The blast also consists 

of inert nitrogen gas (N2) which is a carrier of sensitive heat which is transferred to the burden material 

during the ascent in the furnace. Carbon dioxide is not stable in the presence of carbon at temperatures 

above 1000 °C and reacts with coke producing carbon monoxide according to reaction 2.2. This is an 

endothermic reaction, called Boudouard reaction or solution loss reaction. At temperatures below 500 

°C carbon monoxide has a tendency to decompose into carbon (C) and carbon dioxide (equation 2.2 

goes to the left) [7].  

𝐶𝑂2 + 𝐶 ↔ 2 𝐶𝑂    (2.2) 

The charged iron bearing material mainly in the form of hematite is reduced to metallic iron (Fe) in 

three different steps via gas reduction with mainly carbon monoxide. In the first step, which occurs in 

the upper part of the furnace, hematite is partly or completely reduced to magnetite according to 

reaction 2.3, with carbon dioxide as the end combustion product of carbon. 

3 𝐹𝑒2𝑂3 + 𝐶𝑂 ↔ 2 𝐹𝑒3𝑂4 + 𝐶𝑂2   (2.3) 

The produced magnetite is further reduced with carbon monoxide according to reaction 2.4, producing 

wüstite (FeO) and carbon dioxide. 

 𝐹𝑒3𝑂4 + 𝐶𝑂 ↔ 3 𝐹𝑒𝑂 + 𝐶𝑂2   (2.4) 
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Wüstite is reduced to metallic iron according to reaction 2.5 

𝐹𝑒𝑂 + 𝐶𝑂 ↔  𝐹𝑒 + 𝐶𝑂2    (2.5) 

The carbon dioxide produced at temperatures higher than 1000 °C will be rapidly reduced by carbon in 

coke according to the solution loss reaction (2.2). Reaction 2.3 – 2.5 are indirect reduction reactions, 

which means that carbon (C) is indirectly involved in the reduction of iron oxides. The remaining 

unreduced wüstite at temperatures above 1000 °C will be reduced directly by carbon according to 

reaction 2.6, i.e. direct reduction.   

𝐹𝑒𝑂 + 𝐶 ↔  𝐹𝑒 + 𝐶𝑂    (2.6) 

The direct reduction of wüstite is endothermic, consuming heat in the furnace. The reaction consumes 

less carbon for every mole of oxygen removed because the produced carbon monoxide can take part in 

further reduction reactions [6]. 

2.1.2 Temperature Profile in the Blast Furnace 

The BF can be divided into three distinct temperature zones depending on the temperature and the 

physical state of the material. The temperature profile in the BF is showed in Figure 2 [6]. 

 

Figure 2. The temperature profile of gas and solids in the blast furnace [6]. 
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2.1.2.1 Preheating zone  

The raw material charged from the top of the furnace meets hot gas from the middle part of the furnace 

in this zone and a distinct heat exchange occur. The temperature of the gas is rapidly decreased from 

800–1000 °C to 100–150 °C and the temperature of the charged material is heated from ambient to 

about 800 °C.  In this zone moisture and water in the burden are vaporized and carbonates are 

decomposed. Partial or complete indirect reduction of hematite to magnetite (reaction 2.3) starts 

around 500 °C and magnetite to wüstite (reaction 2.4) in a temperature zone between 600 and 900 °C 

[7]. Coke is relatively inert in this zone, and is mainly heated which results in the vaporization of 

moisture and the loss of volatile matter in the coke [6]. 

2.1.2.2 Thermal reserve zone 

In the thermal reserve zone, the temperature of solids and gas are nearly the same, which results in a 

limited heat exchange. Most of the indirect reduction, especially of wüstite to metallic iron (reaction 

2.5) occurs in this zone. This zone occupies about 50–60 % of the BF volume, a sufficient volume is 

important so the indirect reduction of wüstite can occur. The temperature in this zone is around 800 –

1000 °C and is controlled by the endothermic solution loss reaction (2.2) and indirect reduction. 

Another important reaction is the water-gas shift reaction where moisture is decomposed to hydrogen 

according to reaction 2.7 [6]. 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2    (2.7) 

Hydrogen (H2) is a more effective reductant than carbon monoxide, since the reduction with H2 is 

about 5–10 times faster due to the more rapid diffusion [8]. The lower limit of the thermal reserve 

zone is controlled by the highly endothermic reactions (2.8–2.12), the extent upon the heat transfer 

efficiency and gas distribution [6].  

2.1.2.3 Melting zone 

The material descends below the thermal reserve zone into the melting zone, where the material is 

heated from 800–1000 °C to 1400–1450 °C. The gas is cooled from the flame temperature in the 

raceway, 1900–2300 °C, to 800–1000 °C reaching the thermal reserve zone. The remaining unreduced 

wüstite is in this zone directly reduced with coke according to reaction 2.6. Important endothermic 

reactions occurring in this region, lowering the temperature in the gas are calcination of limestone 

(CaCO3) and direct reduction of components such as silica (SiO2), phosphorus(V)oxide (P2O5) and 

manganese oxide (MnO) (reaction 2.8–2.11). The endothermic reaction where sulphur is removed 

from iron to the slag is shown in reaction 2.12.  

𝐶𝑎𝐶𝑂3 + 𝐶 ↔ 𝐶𝑎𝑂 + 𝐶𝑂2    (2.8) 

𝑆𝑖𝑂2 + 𝐶 ↔ 𝑆𝑖 + 𝐶𝑂2    (2.9) 

𝑃2𝑂5 + 5𝐶 ↔ 𝑃 + 5 𝐶𝑂    (2.10) 

𝑀𝑛𝑂 + 𝐶 ↔ 𝑀𝑛 + 𝐶𝑂    (2.11) 

𝐶𝑎𝑂 + 𝑆 + 𝐶 ↔ 𝐶𝑎𝑆 + 𝐶𝑂    (2.12) 

The melting properties of the burden depend on the composition in the material and the local chemical 

slag composition. Ore lumps have their natural composition, where the gangue material mainly 

consists of components as Al2O3 and SiO2. Pellets and sinter on the other hand have artificial 
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composition with components such as limestone (CaCO3), dolomite (MgCO3, CaCO3) and olivine 

(MgO, SiO2) added to the original composition in different quantities. The composition of the material 

is designed to obtain optimal properties of the final slag with respect to melting temperature, viscosity 

and desulfurizing properties. Metallurgical properties of sinter and pellets also include good reduction-

disintegration properties and high melting temperatures, this to ensure that the material does not fall 

apart during the descent in the furnace limiting the gas flow.   

The start of softening and melting is local, where the melting temperature of the material is lowest. 

This is where there are high concentrations of SiO2 and FeO. The first internal melt in the particles 

starts around 1100 °C, consisting of wüstite and gangue material. The melting temperature increase 

with increased flux content charged in the ferrous burden. The first melt comes into contact with other 

slag components in the burden, forming the primary slag with high wüstite content. The composition 

of the slag is changed during the descent in the BF, as wüstite is reduced out of the primary slag and it 

picks up lime, forming bosh-slag. This melt mainly contains gangue material, wüstite and metallic 

iron. When the material starts to melt the ferrous burden collapses and the pellets are sintered together. 

This is followed by the collapse of the pellet structure causing the gas permeability to decrease. The 

gas permeability has more or less disappeared at temperatures between 1200 °C and 1350 °C, which 

means that the cohesive layers are only heated with gas flowing along its surface. Iron oxide is 

reduced by carbon monoxide and hydrogen, where the reduction by hydrogen is important in this zone 

since it more easily diffuse into a solid structure [7]. 

Iron and slag flows over coke and iron starts to dissolve carbon, which lowers the melting temperature 

rapidly allowing iron to separate from the melt. Silicon oxide (SiO) gas is formed in the raceway 

flame, as coke is combusted and silica in the ash is reduced. Silicon (Si) is dissolved into the hot 

metal, but as long as the slag contains wüstite, silicon in the hot metal will be oxidised back into silica 

(SiO2) and wüstite will be reduced to iron. The content of silica starts to increase in the slag as it is 

oxidised from the hot metal [7]. 

2.2 COKE IN THE BLAST FURNACE 
Coke is a carbon based material with a high mechanical strength, non-metallic properties and the only 

material charged that remains as a solid throughout the BF process. Coke has three main functions in 

the BF: thermal, chemical and physical. The thermal role is to generate heat to melt iron and slag and 

to compensate for endothermic chemical reactions occurring in the BF. The chemical role is to 

generate reducing gases (CO) by combustion with oxygen. Another chemical role is to provide carbon 

for carburization of hot metal [9]. Carbon dissolves in hot metal, in practice up to 4.5 %, which lowers 

the melting temperature from 1534 °C with 200–350 °C depending upon the carbon content in the 

iron. The physical role is to be a mechanical support to the burden, which is of particular importance 

below the bosh region, in the cohesive zone and in the hearth where slag and iron is liquid. Another 

physical role is to be a permeable bed where gas can ascend and liquid iron and slag can flow 

downward and accumulate in the hearth [6]. 

To limit the coke degradation and to maintain suitable behaviour coke should be large, stable particles 

with a narrow size distribution. Coke should also have a high resistance against volume breakage, 

abrasion, chemical attack from carbon dioxide and alkali (K, Na), have a high residual strength after 

chemical attack and sufficient carburization properties. To reduce the costs of ironmaking the coke 

rate can be decreased and substituted by other reduction materials as pulverized coal (PC) or natural 

gas, which increases the demands of the coke quality [7]. 
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2.2.1 Coke degradation in the blast furnace 

Fine material in the BF causes a decreased permeability, channelling, uneven heat transfer and reduced 

process efficiency [10]. The main source of fine material is coke, and the coke degradation thus needs 

to be minimized. During the charging of coke some breakage and abrasion will occur due to the fall 

onto the stockline. The main function of coke in the shaft is to be a permeable bed to the ascending 

gas. In this part shattering and abrasion dominate the degradation of coke. The material is dried in the 

top of the shaft and recirculating elements deposit on the burden material as gas ascends from below. 

Gas with recirculating components penetrates coke which results in a reduced strength. At 

temperatures above 900 °C in the shaft mild gasification of coke occurs (reaction 2.2) but is limited by 

diffusion and the reaction is thus located at the surface of the lumps. This results in an unreacted core 

with no considerable loss in strength and fines which has been peeled off due to abrasion from the 

mechanical load [11]. The function of coke in the cohesive zone is being a burden support and a 

permeable layer where gas can ascend. The solution loss reaction becomes significant due to the 

higher temperatures and thus increased reaction rates. The contact between coke and softened or 

molten material is more intensive in this zone leading to increased mechanical wear on surface of the 

coke lumps. In the active coke zone coke is a packed bed through which liquid iron drips down 

towards the hearth of the furnace. This is also a region which supports the burden and is a permeable 

layer for the ascending gas. In this zone, coke reduces the remaining iron oxides and carburizes the 

iron. The remaining coke will move towards the raceway and into the deadman. Coke circulates in the 

raceway at a high velocity while being combusted by the hot blast according to reaction 2.1 together 

with injectants. The rate of coke consumption is highest in the raceway, consumed and degraded by 

combustion, thermal shock, impact stress and abrasion. Coke and injectants are almost completely 

burnt, beside a part called soot. Soot ascent with the gas stream together with dust and cover coke 

particles further up in the furnace. Coke fines produced in the raceway are either completely 

combusted or fines gets blown out of the raceway into the coke bed where it can be accumulated 

forming an almost impermeable zone called bird´s nest. The deadman is an almost stagnant zone, 

forming a conical shape in the furnace centre where molten iron and slag is accumulated throughout 

the structure before being tapped. The coke is degraded by mechanical stress, carburization of iron, 

graphitisation and reactions with liquid metal and slag. [7], [11]. A typical temperature profile and the 

possible mechanisms of coke fines generation and assimilation are shown in Figure 3.  

 

Figure 3. The mechanisms of coke fine generation and assimilation [11]. 
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2.2.2 Cokemaking process 

Coke is an important raw material for production of hot metal with the BF process but also an 

expensive material where high quality coking coal is a critical raw material in the world [12]. The 

parameters describing the coke quality are chemical composition, ash content, room temperature 

strength, high temperature strength and reactivity. All these properties influence the coke rate and the 

BF productivity [8]. The coal from which the coke is produced has different ranks depending on the 

formation history of the coal. The coal are organic detrital sedimentary rocks originating from a 

variety of plant materials that where growing millions of years ago. The plants were converted to coal 

under the influence of temperature and pressure without access of air. The climate, the vegetable types 

and the area of development are therefore factors that give characteristics to coal. The more volatiles 

that escape from the coal the higher the carbon content, called coalification. The ranks of coal, from 

those with the least carbon to the most carbon are lignite, sub-bituminous, bituminous coal and 

anthracite [7]. Coals used for coke production can be subdivided in four groups; hard, medium hard, 

soft and non-coking coals. Coals used for producing metallurgical coke are bituminous coals, which 

can be subdivided by their content of volatile matter: high (HV), medium (MV) and low volatile (LV) 

coking coal. High and low volatile coals generally are mixed together with medium volatile coking 

coal as a base in order to obtain desired properties of the coke [13]. The two major properties to take 

into account when coke is produced are the coking behaviour and caking capacity of the coal. Good 

coking behaviour can give high-strength coke and the caking capacity is the coals capacity to form a 

semi-liquid, plastic, mass during heating. The resolidification of the semi-liquid mass results in hard 

porous lumps of coke [7].  

An analysis of the coal is usually done, including determination of moisture, ash, volatile matter and 

fixed carbon content. Initially in the cokemaking process the different types of coals are blended 

according to a specific and predetermined recipe constructed to obtain sufficient properties of the 

coke. The blend is then crushed to a proper particle size. The blended coal is charged into a number of 

slot type ovens where it undergoes a coal-to-coke transformation [8]. The coal is heated from both 

sides in a reducing atmosphere up to around 1100 °C, undergoing pyrolysis in several stages. First the 

coal loses water and becomes plastic at 350–400 °C while leaving organic tars and release volatile 

matter. The coal particles are swelling during this period and connect to each other. The plastic layers 

re-solidify into a semi-coke at 450–500 °C, while still releasing volatile matter. The semi-coke shrinks 

and fissures at temperatures between 500–1000 °C losing methane and hydrogen [13]. The 

transformation of the coal-to-coke is shown in Figure 4.  

 

Figure 4. Overview of the transformation of coal-coke during the coke making process [14]. 
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Coke is a source of energy and reducing agents in the BF, the aim is to reach high carbon content and 

a low content of ash, volatile matter (VM) and sulphur (S). A proximate analyse of fixed carbon 

content (Cfix) can be calculated with eq. 1. 

𝐶𝑓𝑖𝑥 = 100 − (𝐴𝑠ℎ + 𝑉𝑀 + 𝑆)                        (eq. 2.1) 

2.2.2.1 Coke ash 

The ash content in coke is dependent on the original coal type. High ash content in coke means that the 

fixed carbon content is low and thereby also the energy value. High ash content contributes to a 

decreased productivity in the BF and an increased fuel rate. The ash content in coke is usually between 

8 and 13 % and consists of mainly acid compounds as SiO2, Al2O3 but also the basic oxides CaO and 

MgO, sulphur and alkali (K2O and Na2O). These compounds are usually found as mineral phases and 

not pure oxides [7]. The mineral phases are mainly aluminosilicates in form of meta kaolinite 

(Al4Si4O14) and meta illite (K(Mg,Fe,Al)4(Si,Al)8O22). These are formed during the coking process 

from the clay minerals kaolinite and illite in coal. The clay minerals in coal undergo dehydratisation 

during the coking process releasing crystal water. The coke ash is disseminated in the coke matrix as a 

fine homogeneous covering or as single fine particles or flakes, the ash phase can also be found as thin 

fibers [15], [16] [17]. The coke ash can also contain the mineral mullite (Al6Si2O13) and quartz (SiO2) 

[9].  

Grigore et al. found that the clay minerals together with quartz were the most common in constituents 

of the mineral matter in coals. Other minerals found were carbonates (CO3
2-), sulphides (S-2), sulfates 

(SO4
-2), phosphates (PO4

-3) and brookite (TiO2). The clay minerals found undergoes dehydroxylation 

forming alumina-silicate phases such as mullite, leucite, meta kaolinite. A good relationship between 

quartz in coal and coke was seen and quartz was concluded to be almost inert during carbonization 

[17]. Gupta et al. found in a characterization of coke that potassium mainly occurred as illite and as a 

mixed layer of illite/smectite clays [11].  

 

2.3 ALKALI IN THE BLAST FURNACE 
Potassium (K) and sodium (Na) are alkali metals that influence the BF operation. The enrichment of 

alkali in the BF has proven to be a catalyst for coke gasification and is therefore a key parameter in 

degradation of coke in the lower part of the blast furnace. Potassium also directly destroys the carbon 

structure and minerals while sodium vapours mainly catalyse coke gasification. Dissections of the BF 

have shown that the enrichment of alkali metals reaches the largest amount in the lower part of the BF 

where the temperature is above 1000 °C [1], [9]. Alkali enters the BF as complex silicates in the 

ferrous burden, coke, coal and in slag forming materials. Alkali silicates descend with the charged 

material and dissolves in the primary melt formed in the cohesive zone. Reaching the high-temperature 

zones, above 1500 °C, alkali silicates are reduced by carbon as shown in Figure 5. Alkali silicates can 

be reduced to alkali metal vapour (K, Na), silica or silicon.  
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Figure 5. Standard free energies: formation of oxides, carbonates and silicates of sodium and potassium [5]. 

The reduction of alkali silicates by carbon can take place according to reaction 2.13 and 2.14. 

Compounds containing potassium in reaction 2.13–2.20 can be substituted to sodium [18].  

𝐾2𝑆𝑖𝑂3(𝑠𝑙𝑎𝑔)  + 𝐶(s)  ↔ 2𝐾(g) +  𝑆𝑖𝑂2(slag)
+ 𝐶𝑂(g)  (2.13) 

𝐾2𝑆𝑖𝑂3(𝑠𝑙𝑎𝑔)  + 3𝐶(s)  ↔ 2𝐾(g) + [𝑆𝑖](hot metal) + 3𝐶𝑂(g)  (2.14) 

The extent of the above reaction depends on the temperature and the partial pressure of carbon 

monoxide. Alkali oxides can be reduced by either carbon in coke or by carbon monoxide according to 

reaction 2.15 and 2.16 respectively [5]. 

𝐾2𝑂 + 𝐶(𝑠)  ↔ 2𝐾(g) + 𝐶𝑂(g)   (2.15) 

𝐾2𝑂 + 𝐶𝑂(𝑔)  ↔ 2𝐾(g) + 𝐶𝑂2(g)   (2.16) 

Alkalis are volatilized as elements or react with nitrogen and carbon in the bosh region forming 

potassium cyanide (KCN) or sodium cyanide (NaCN) vapour according to reaction 2.17. The gas is 

carried up along with the furnace gas and does not dissolve in the hot metal or into the slag [7]. The 

melting and boiling point for potassium are 63.4 °C and 759 °C respectively while the corresponding 

temperatures for sodium are 97.7 °C and 883 °C respectively [18].  

2𝐾(𝑔) + 𝑁2(g) + 2𝐶(s)  ↔  2𝐾𝐶𝑁(𝑔)    (2.17) 

The melting point of potassium cyanide and sodium cyanide is 622 °C and 562 °C respectively, and 

the boiling point is 1625 °C and 1530 °C respectively. The state of these compounds is liquid in the 
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lower shaft and gaseous in the raceway and hearth zone, depending on temperature. The gas is carried 

up by the fast moving blast furnace gases. In the shaft where the oxygen potential increases (around 

1100 °C) potassium and potassium cyanide are no longer stable and are oxidised by carbon dioxide to 

alkali carbonates (K2CO3, Na2CO3) according to reaction 2.18 and 2.19 respectively and alkali oxides 

by carbon monoxide according to reaction 2.20. The generated alkali carbonates exist in form of white 

fines, which are distributed on the surface of the burden material or located on the brick lining [18].  

 2𝐾(g) + 2𝐶𝑂2(g)  ↔  𝐾2𝐶𝑂3  +  𝐶𝑂(g)   (2.18) 

2𝐾𝐶𝑁(g)  +  4𝐶𝑂2(g)  ↔  𝐾2𝐶𝑂3(s)   +   𝑁2(g) +  5 𝐶𝑂(g)  (2.19) 

2𝐾𝐶𝑁(g) + 𝐶𝑂 ↔  𝐾2𝑂 + 3𝐶 + 𝑁2   (2.20) 

Alkali components adsorbed into the burden material and coke form new compounds according to 

their relative stability [6]. Potassium carbonate is solid at temperatures below 891 °C and sodium 

carbonate below 851 °C. The alkali bearing compounds descends with the burden materials and are 

reduced and vaporized again reaching the high temperature zone, according to reaction 2.21 [19]. 

 𝐾2𝐶𝑂3(l) + 2𝐶 ↔ 2𝐾(g) + 3𝐶𝑂(𝑔)   (2.21) 

The major portion of alkali is drained from the BF via the slag. However, a part of alkali in the slag is 

reduced generating alkali vapour which ascent with the surrounding gas. The alkali vapour condenses 

in the upper part of the furnace where a part leaves via the top gas, while the remaining condenses on 

the inner walls or on the feed material. Because of the volatilization and condensation of alkali in 

different thermal zones, alkali tends to cycle within the BF, leading to an accumulation and 

interactions with other feed materials. This could have a significant impact on the process, even when 

alkali is charged in small amounts (generally less than 5 kg per tonnes of hot metal). A simplified 

alkali cycle within the BF is shown in Figure 6. Studies of excavated blast furnaces have shown that 

the alkali level is highest where the temperature is above 1000 °C, which results in an increased alkali 

concentration in the lower part of the blast furnace [19]. 

 

 

Figure 6. Overview of the alkali cycle in the blast furnace. 
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2.3.1 Alkali in coke ash 

The change of the coke ash during the descent in the BF is both structural and chemical. The structural 

change is the expansion of meta clays and swelling and balling-up of aluminosilicates. The chemical 

change during the descent includes mineral phase decomposition, alkalization and formation of new 

crystalline and amorphous phases. The alkalization causes saturation of the meta kaolinite and meta 

illite in the cohesive and stagnant zones in the BF. The saturation of the meta clays can lead to the 

formation of phases close in composition to kalsilite (KAlSiO4), leucite (KAlSi2O6) and nepheline 

((Na,K)AlSiO4) [20]. The melting temperature of kalsilite, nepheline and leucite are 1750 °C, 1533 °C 

and 1526 °C respectively. According to this theory, the only coke mineral found in the hearth of the 

BF could be kalsilite. The alkali recirculation in the BF takes place at temperatures of 700–1400 °C, 

and even at 1500 °C. This means that alkali comes in contact with both solid and liquid mineral 

phases. Alkali diffuses into the coke pieces where it comes in contact and can be combined with 

aluminosilicates [1], [16]. Aluminium replaces silicon in the mineral structure, which becomes more 

negatively charged, increasing its ability to capture alkali. The ability of coke silicates to bind alkali 

reduces in the descending order: meta kaolinite, meta illite and silica (in form of tridymite). It can be 

assumed that alkali fill the void left in the crystal after the silicate dehydration of the clay minerals. 

Alkali silicates formed in the BF gradually dissolves into the slag and are thus removed from the 

furnace. According to Kerkkonen [16] especially kaolinite has a reducing effect on alkali recirculation 

later in the BF forming kalsilite and nepheline. Kalsilite has been found in coke lumps in the hearth of 

the furnace. The possibility for illite in coal to reduce the alkali load is less than that of kaolinite, since 

illite, already contain alkali. The ability for leucite to combine with alkali in the BF is dependent of the 

alkali content in illite in the parent coal. [16] 

Excavated coke samples from the LKAB EBF have been characterized by Kazuberns et al. [21]. The 

content of potassium and sodium were higher in the coke from the lower levels in the EBF where the 

temperature had been higher, and within the recirculating alkali atmosphere (700–1500 °C). The 

mineral matter had a high content of potassium in coke with a high potassium concentration.  

Potassium was also diffused throughout the coke, in the coke matrix and not only associated with 

mineral matter. There was little difference in the potassium content in the core and the surface, which 

suggests that potassium diffused rapidly through the whole coke piece [1], [21]. 

2.3.2 Effect of alkali in the Blast Furnace 

The concentration of alkali in the raw material has increased in the recent years due to decreased 

availability of high quality coking coal in the world. Alkali is detrimental to the BF operation since it 

causes an increased reactivity of coke due to the catalytic effect on the solution loss reaction (2.2) [1], 

[9], [14], [22], [23], [24], [25], [26], [27]. The catalytic effect lowers the threshold temperature of the 

solution loss reaction from approximately 950–960 °C to 750–850°C [14]. Alkali that has entered the 

coke structure also decreases the coke strength in the lower part of the furnace due to the increased 

reactivity of coke and thus increased degradation [26]. The apparent reaction rate of coke at the tuyere 

level have shown to be ten times of the feed coke reaction rate, which was related to the total amount 

of potassium species present. Potassium is known to increase the reactivity of coke with carbon 

dioxide and may result in coke fracture because of swelling of the coke grains by intercalated 

potassium. An increased in reactivity may be advantageous since it reduces the blast furnace operating 

temperature, the temperature in the thermal reserve zone and thus lowering the temperature for 

reduction of iron oxide. However, the duty of coke is also to act as burden support within the furnace, 

and hence, the coke fracture needs to be minimized [21]. Earlier studies on the penetration of 

potassium vapour into coke have confirmed that the structure of coke minerals can be broken because 
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of the volume expansion of alkalized minerals especially kalsilite. The surface area between the 

minerals and the carbon matrix increases because of breakage of minerals in coke. This facilitates the 

interaction of mineral matter with carbon and blast furnace gases accelerating the coke gasification 

[24]. An expansion in carbon coke can also occur when alkali vapours penetrate into the crystal layers 

of coke to form interlayer compounds [9]. The coke strength and support of the burden during the BF 

operation is critical as a collapse of the burden reduces gas and liquid permeability, which reduces the 

efficiency both regarding hot metal production and increased carbon dioxide emissions. Small coke 

particles of different size will decrease the voids in the coke bed in the wet zone and the surface area 

of coke increases. Breakage of coke also promotes flooding, choking of the hearth, and increased 

burning of tuyeres and slag notch, all of which limit furnace output [6]. The tendency for the 

ascending gas to be transported near the walls increases when the permeability is lowered, which 

decreases the utilization of the gas and thus increasing the coke rate [7].  

Alkali can cause the formation of scaffolds, which are a build-up of solid material on the furnace wall 

and project towards the furnace centre [5], [6], [28], [29]. Scaffolds can occur at any place from the 

middle to upper part of the shaft. The effect of scaffold formation is that the burden descend is slowed-

down or interrupted, and in extreme cases leading to hanging, slipping and uncontrolled charging. The 

scaffolds also reduce the working volume of the furnace. The gas velocity is increased in the 

unaffected parts in the shaft, which result in an increased top gas temperature and decreased utilization 

of carbon monoxide. When the scaffolds break away from the furnace wall it often results in a chilled 

hearth. The scaffolds can be removed by temporary increasing the furnace temperature or is removed 

when a gas flow of high temperature reaches the area. The shape and situation of a massive scaffold 

formation caused by high alkali content in iron ore is shown in Figure 7. The burden material can also 

be glued together by condensed liquid cyanides and carbonates which reduce bed permeability [5], [6]. 

 

Figure 7.  Shape and location of scaffolds in BF No. 3 Iron and steel Co., Helwan Egypt [5]. 

Moreover, alkali can attack the refractory material, especially carbon-based refractories often used in 

the lower part of the furnace [5], [7]. Alkali compounds penetrate the carbon blocks which is 

consumed forming alkali vapour [28]. This results in a shorter life of the refractory lining and a need 

for a more frequently relining and increased downtime with no iron production [5].  

Scaffolds 
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2.3.3 Industrial control of alkali load 

To control the alkali load in the BF the alkali input should be kept low as far as possible. If there is a 

variation in the ingoing material the ore mix shall be blended well to minimize the risk of high alkali 

sections in the BF. Another precaution is to avoid recirculation of flue dust with high levels of alkali.  

A way to minimize the risk of scaffold formation is to increase the strength of the ferrous burden and 

coke to avoid the formation of fines [5]. 

The BF can be operated with a central gas flow, the top gas temperature in the centre will be increased 

to such level that part of the alkali leaves the furnace as vapour with the top gas. However, higher top 

gas temperatures results in increased heat losses [7].  

The recirculated alkali can be decreased and instead leave the BF via the slag by operating the BF with 

an acid slag. The lower the slag basicity the more easily the basic potassium and sodium will be 

absorbed into the slag, this since lime (CaO) and magnesia (MgO) occupies the same sites in the silica 

network as alkali oxides. A decreased basicity can be achieved by decreasing the basicity in the 

ferrous burden and flux additions. However, a lower basicity will result in increased sulphur content in 

the hot metal as sulphur binds to calcium in the slag (according to reaction 2.12). Higher content of 

sulphur in the hot metal entails higher demands in the following desulfurization step [5], [6]. Another 

possibility to decrease the alkali load is to increase the slag volume, which would decrease the activity 

of alkali oxides in the slag and hence increase the absorption of alkali and the output via slag, but an 

increased slag volume would also increase the coke rate [6].  

A lower temperature in the BF results in decreased reduction and vaporization of alkali. Operating the 

BF with lower flame temperature would result in a decreased alkali load but also decreased 

productivity and higher coke rate. The alkali load can also be decreased by operating the BF with high 

partial pressure of carbon monoxide since it opposes alkali gasification reaction. This can be achieved 

by oxygen enrichment of the blast or high top pressure [6].  

2.4 COKE GRAPHITISATION 
Coke is a heterogeneous, porous, fissured material with a solid carbon matrix with organic and 

inorganic inclusions. Properties of metallurgical coke depend on the relative portions of isotropic 

carbon and inerts, and the size and shape of the anisotropic carbon units. It is also affected by the 

interface between textural components, porosity and ash chemistry. The carbon present in coke is in 

the form of graphitizing carbon. Graphitizing carbons are soft, non-porous materials with high density, 

which can be transformed to crystalline graphite up on heating. The average structure of coke can be 

represented by a large number of small hexagonal crystallites in a turbostatic structure along with 

small amounts of mineral matter present as ash impurities. As coke descent through a blast furnace, it 

is exposed to extreme reacting conditions and high temperatures leading to increased degree of coke 

graphitisation. Coke graphitisation means that the ordering of the carbon structure has increased, i.e. a 

more crystal structure. The highly ordered graphite structure can be described by a regular, vertical 

stacking of hexagonal aromatic layers shown in Figure 8a. Each C atom within the aromatic layer is 

linked through covalent bonds to three C atoms. The bonding between the layers is very weak (van der 

Waals) and can easily be broken by external forces. The crystallite size can be represented by the 

average length (La) of the carbon net plane and the average height (Lc) of the carbon net layer. Figure 

8b illustrates the concept of crystallite in the graphite structure with the parameters La and Lc [14], 

[30]. 
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Figure 8. A schematic of crystal structure of graphite [30]. 

The average height of the crystallite can be determined from the measured XRD pattern by application 

of Scherrer’s equation, see equation 2.2.  

 𝐿𝑐 =
0.89𝜆

𝛽𝑐𝑜𝑠𝜃
                       (eq. 2.2) 

where β (rad) is the full width at half maximum (FWHM), λ is the X-ray wavelength (nm) and θ is the 

corresponding Bragg angle [30]. The carbon structure is often believed to influence the carbon 

reactivity. The correlation between the degree of graphitisation of coke and temperature could be used 

to estimate temperatures experienced by coke in the BF. The width of the 002 carbon X-ray diffraction 

peak was found to progressively become narrower and the height of the 002 peak increases with 

increasing temperature, indicating high ordering of carbon structure, i.e. an increasing Lc value and 

enhanced graphitisation [18]. An XRD spectrum of feed coke is shown in Figure 9, where the 002 

carbon peak is shown together with the overlapping sharp quartz peak located around 26°. In XRD 

patterns of heated coke, the quartz peak disappears which is attributed to carbo-thermal reduction of 

quartz. The width of the 002 carbon peak increase with increasing distance from the tuyere entrance, 

which means that the ordering of the carbon structure is lower further away from the tuyeres [23].    

 

Figure 9. XRD pattern of feed coke [23]. 

According to a study done by Marsh et al. a decreased Lc value in coke after reaction with potassium 

in laboratory trials was shown, suggesting that potassium destroys the graphite structure. It was also 

concluded that the content of potassium increased with increasing reaction temperature [31].  

  



 

LITERATURE REVIEW 

 

17 

2.5 REACTIVITY OF COKE 
The nature and degree of coke degradation by the solution loss reaction (2.2) depends on the rate-

limiting step, either chemical reaction kinetics or diffusion into pores of the coke lumps. If chemical 

reaction kinetics is the limiting step the gasification proceeds throughout the whole coke piece, which 

leads to overall weakening of the coke. If the limiting step is diffusion, the reaction mainly takes place 

on the surface of coke and the core remains un-reacted with no considerable losses in strength [15]. 

The behaviour of coke in the BF lies between these stages, where the gasification occurs under a 

mixed regime in the thermal reserve zone. At high temperature, the chemical reaction rate increases 

exponentially, in the same region the CO2 content is generally lowered and the CO content higher. The 

gasification of coke with CO2 consequently becomes diffusion controlled, limited by the amount of 

CO2 gas diffusing through the coke lump [31]. The CO gas produced inside the least accessible pores 

inhibits the coke wall surface to react, which results in a regime where primarily the surface layer 

reacts [14].  

The reactivity of coke is often related to the carbon structure, surface area and coke minerals [1]. The 

apparent reaction rate of coke decreases with increasing degree of graphitisation (Lc), which is due to 

the relationship between the ordering of the carbon structure and the reactivity of coke. According to 

Gupta et al. [23] the total adsorbed potassium in coke decreases with increasing degree of 

graphitisation. In their study the amount of potassium in coke appeared to increase towards lower 

temperatures in the tuyere regions. The degree of graphitisation and the total amount of potassium in 

the high temperature zones are interrelated due to the dependence of both on the temperature. 

According to Gupta et al. [23] and Hilding et al. [1] the potassium levels in coke provide the best 

correlation with the reactivity, alkali could increase the reactivity due to the catalytic influence even 

when the carbon structure is more ordered [1], [23].  

Iron, calcium and magnesium in coke ash also have a catalytic effect on the gasification reaction [14], 

[23], [32]. The catalytic activity of potassium on coke reactivity was most likely due to the vapour 

phase mechanism rather than the formation of intercalated potassium compounds (reaction 2.18 and 

2.22) [27]. Coke from the tuyere level with higher content of potassium also had a higher reactivity 

than the coke normally charged to the BF. An XRD analysis showed a broadening and lowering of the 

graphite peak, implying intercalation of the carbon layers by alkali. The deterioration of the coke 

properties is due to alkali attack on the carbon, rather than to the ash fraction [26]. 

Zong et al. found that the level of potassium in coke fragments was higher than that of coke lumps, 

indicating that the adsorption of potassium vapour on coke diffuses from the outside to the inside. In 

the same study the effect of potassium content on CRS and CRI showed that the CRS decreased and 

CRI increased with increasing potassium level in coke lumps. The catalytic effect of potassium 

increased with increased potassium content when the content was below 3.5 % and no further catalytic 

effect when the content exceeds 3.5 % [24]. Earlier studies examining reactivity of doped coke 

indicated that the minerals present in coke could be ranked as follows in terms of their effect on 

reactivity:  

K2CO3 > Na2CO3 > CaCO3 > MgCO3 = MgO > FeCO3 > FeS2 > Al2O3 = SiO2 (little or no change)   

According to Reid et al. [33] minerals that reduce reactivity of coke, relative to a base coke with no 

mineral addition are kaolinite, quartz, potash feldspar and soda feldspar. The difference from previous 

studies was that the alkali was added as oxides, and in this study alkali was added in solution in 

feldspars and as such would have a lower Na2O or K2O activity than pure alkali oxides or carbonates 

[33]. 
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3 METHODOLOGY 

3.1 PREPARATION OF TEST COKE  
Test coke with modified ash composition has been prepared in a small scale coking test retort at DMT 

Gmbh & Co. KG in Germany. The recipes for preparation of test coke were designed based on a 

standard coal blend used by SSAB where the ash composition had been modified by addition of 

kaolin, bauxite and silica (silversand). Minerals added to the test coke were fine grained and the 

chemical composition of the minerals can be seen in Table 1. Kaolin added in one of the test cokes 

contain the clay mineral kaolinite (Al2Si2O5(OH)4).  

 

Table 1. Chemical analysis of kaolin, silica and bauxite added in test coke. 

Composition Kaolin Silica Bauxite 

SiO2 % 57.1 99.20 5.34 

Al2O3 % 38.5 0.17 90.50 

TiO2 % - - 3.00 

K2O % 3.15 - - 

Fe2O3 % 0.79  1.07 

LOI % 12.3 0.10 0.14 

 

Carbonization tests were conducted and are summarized in Table 2. The base coke (BC) was used as a 

reference containing the standard coal blend used by SSAB with addition of 5 % pet coke. Compared 

with the standard blend the LV (low volatile coal) content was kept constant, the MV (medium 

volatile coal) was decreased with 2 % and the HV (high volatile coal) was decreased with 3 %. 

Carbonization tests were also conducted on test cokes with addition of 1 % kaolin (R1), 1 % silica 

(R2) and 1 % bauxite (R3) to the reference coal blend and with 5 % pet coke. MV coal was decreased 

with 1 % in R1, R2 and R3 compared with BC. 
 

Table 2. Carbonization tests in small scale coking retort at DMT in Germany. 

  LV MV HV Pet coke Kaolin Silica Bauxite 

 Coal blend [%] [%] [%] [%] [%] [%] [%] 

BC Base coke 40 30 25 5    

R1 1 % kaolin 40 29 25 5 1   

R2 1 % silica 40 29 25 5  1  

R3 1 % bauxite 40 29 25 5   1 

 

The content of moisture in air dried coal, ash and volatile mattes in dry LV, MV and HV coal is shown 

in Table 3.  
 

Table 3. Coal analysis of low, medium and high volatile coal. 

 LV MV HV 

Moisture              [%] 1.9 1.7 1.6 

Ash                      [%] 10.3 8.9 6.5 

Volatile matter    [%] 18.6 23.1 34.7 
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Carbonization of BC, R1 (kaolin), R2 (SiO2) and R3 (Al2O3) was conducted to have similar conditions 

as during coke production at SSAB with regard to particle size distribution, moisture content and bulk 

density of coal blend. Similar conditions during coking were used with 4 hours coking time and an 

oven temperature of 1030 ºC.  

3.2 LKAB EXPERIMENTAL BLAST FURNACE 
LKAB’s Experimental Blast Furnace (EBF) located at Swerea MEFOS has a working volume of 8.2 

m3 and a hearth diameter of 1.2 m. The EBF is equipped with three tuyeres located 6 m from the top of 

the furnace with 120 degrees between them. The diameter of the tuyeres is 54 mm, equipped with a 

system for injection of PC or other alternative reducing agents with the blast. A bell-less top is used 

for material distribution. Hot metal and slag is tapped in the same tap hole in the bottom of the 

furnace. Off-gas is collected in the top and further transferred to gas cleaning where dust particles are 

separated from the gas. The EBF is equipped with three shaft probes, two horizontal in the upper and 

lower shaft and one inclined probe at bosh level. The upper probe is located 1 meter below the 

charging level, and the lower probe is located 3.45 meters below the charging level. The probes can 

measure the temperature, the composition of the gas inside the furnace, material from the blast furnace 

can also be collected through the probes. A schematic of the experimental blast furnace is shown in 

Figure 10 [14]. 

The operation in the EBF is similar to that of a commercial BF, but with a shorter response time after a 

change has been made. This is due to the faster throughput of the burden, the shorter residence time of 

the gas and the size of the coke reserve in the EBF. Some differences between a commercial BF and 

the EBF are the higher consumption of coal and coke per produced tonne of hot metal in the full-scale 

BF due to the heat losses. Another difference is the higher level of dissolved Si in the hot metal in a 

full-scale BF [34]. 

 

 

Figure 10. LKAB experimental blast furnace [14]. 

 

Upper shaft 

Lower shaft Inclined 
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3.3 EBF CAMPAIGN 32  

3.3.1 Basket samples 

The influence of alkali on the test cokes with modified ash compositions and the base coke were 

investigated by charging them to the LKAB Experimental Blast Furnace. The coke types were placed 

in baskets, which were charged to the EBF and descended with the burden until the campaign was 

finished, the EBF was quenched by injecting nitrogen gas from the top. Top quenching restricted the 

upward movement of heat flux and retarded any subsequent reactions of the burden constituents.  

In total 18 baskets were prepared with test cokes and charged to the EBF in 6 different coke layers. All 

baskets were divided in two by a wall, where R1, R2 or R3 was added in one half of the basket and 

base coke (BC, reference coke) was added on the opposite side of the wall. The coke pieces were in 

the size range between 19.0 and 22.4 mm. Three baskets were connected to each other and two of 

these were charged at the same time, basket 1-3 and 5-7. R1 and BC1 were located in basket 1, R2 and 

BC2 were located in basket 3 and R3 and BC3 were located in basket 6 (see Figure 11). The baskets 

filled with grey were not included as they contained other materials not studied in this project.  

The baskets were excavated from the EBF and the basket layer (BL) where the baskets were found, 

time in the EBF and weight of the samples were noticed. A protocol of the excavated samples is 

showed in Figure 11. All baskets charged containing R1 and BC1 were found during the excavation. 

Basket 3 containing R2 and BC2 in BL 25 and 29, and basket 6 containing R3 and BC3 in BL level 29 

and 31 were not found during the excavation of the EBF and are thus marked with grey in Figure 11.  

BL Basket 1 Basket 2 Basket 3  Basket 5 Basket 6 Basket 7 

17 R1 BC1   R2 BC2    R3 BC3   
              

21 R1 BC1   R2 BC2    R3 BC3   
              

25 R1 BC1   R2 BC2    R3 BC3   
              

29 R1 BC1   R2 BC2    R3 BC3   
              

31 R1 BC1   R2 BC2    R3 BC3   
              

33 R1 BC1   R2 BC2    R3 BC3   

Figure 11. Overview of the basket preparation and protocol of excavated basket samples.  

3.3.2 Excavated coke layers campaign 32 

During the excavation of the EBF, samples of coke were taken in 7 different vertical layers (coke layer 

2-8) in the shaft. Within each coke layer samples were taken at 5 different positions, in order to obtain 

the vertical and horizontal distribution of alkali in the EBF. The height from the top of the EBF where 

the coke samples were taken is shown in Figure 12a and the horizontal sampling position within each 

layer is shown in Figure 12b.  

The temperature and gas composition was measuered prior to qunching of the EBF in the upper and 

lower shaft probe. The utilizaion of the gas, Eta CO, was calucarted with equation 3.1, where the 

content of CO2 was divided by the total content of CO2 and CO. The higher the value of Eta CO the 

higher was the gas usilization in the EBF.  

𝐸𝑡𝑎 𝐶𝑂 =
%𝐶𝑂2

% 𝐶𝑂+% 𝐶𝑂2
     (eq. 3.1) 
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Figure 12. a, Vertical position of coke layers from the top. b, the horizontal sampling position. 

3.4 CHARACTERIZATION OF COKE SAMPLES 

3.4.1 Chemical analysis  

The chemical composition of all baskets samples containing R1, BC1, R2, BC2, R3 and BC3 from the 

different levels in the EBF was analysed by X-ray fluorescence (XRF). The analysis was performed by 

SSAB using standard procedures.  

The chemical composition in the coke layer (PL 2-PL 8) samples from the shaft were analysed with 

XRF. The samples were prepared by grinding about one fourth of the coke pieces from each sample in 

a ring mill at Luleå University of Technology. About 6 pieces were grinded at a time for about 10 

seconds. The samples were then sent for analysis at SSAB. 

3.4.2 X-ray diffraction, XRD 

The mineral phases present in the excavated baskets containing R1, BC1, R2, BC2, R3 and BC3 were 

identified using X-ray diffraction analysis at Luleå University of Technology. All samples were 

analysed using a PANAlytical Empyrean XRD equipped with a copper tube, pyrolytic graphite 

monochromator and a Pixel3D detector. The 2 range was set from 10-90° using a step size of 0.0026° 

and with a total measurement time of 0.5 hours for a single XRD scan. The samples for XRD were 

prepared by grinding 1 coke piece in a ring mill for 6 seconds to obtain a suitable particle size. The 

samples were filled in back-filling sample holders and placed in the XRD. The phases present in the 

b, horizontal position a, vertical position 

Coke layer 2, ca 2935 mm 

Coke layer 3, ca 3470 mm 

Coke layer 4, ca 3931 mm 

Coke layer 5, ca 4713 mm 

Coke layer 6, ca 5287 mm 

Coke layer 7, ca 5837 mm 

Coke layer 8, ca 6499 mm 
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samples were identified using the software PANAlytical High Score Plus and Crystallography Open 

Database (COD).  

The surface (1-2 mm into the coke pieces) of one coke piece of R1 and R3 from BL 33, and standard 

coke collected near basket 5 at BL 33 was scraped off using a file. The standard coke was analysed as 

a comparison to the base coke, to see it the base coke produced in pilot scale differed from the 

standard coke produced in full-scale. The coke pieces were then cut in half, the core of the pieces was 

scraped off and the particles were collected. The surface and the core samples were then ground using 

a mortar to obtain a particle size suitable for XRD analysis. This was done to see if the mineral 

composition between the surface and core differed.  

3.4.2.1 Relative intensity – XRD 

The relative intensity of the peaks in the XRD patterns was calculated according to equation 3.2. The 

intensity of each peak was divided by the intensity of the 100 % peak, which is the peak with the 

highest intensity.  

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 [%] =
𝑝𝑒𝑎𝑘 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (𝑐𝑜𝑢𝑛𝑡𝑠)

𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 100 % 𝑝𝑒𝑎𝑘 (𝑐𝑜𝑢𝑛𝑡𝑠)
  (eq. 3.2) 

3.4.3 Degree of graphitisation 

The degree of graphitisation of the coke was determined in all samples. This was carried out by using 

the average crystallite height, Lc of coke and the application of Scherrer’s equation (section 2.4). The 

width of the (002) peak was measured using a correction file. Only the symmetric component on the 

lower-angle side of the carbon peak was considered for Lc computations and the overlapping quartz 

peak was removed. The width of the peak becomes smaller and the Lc value becomes higher when this 

method is used compared to the uncorrected peak. This is illustrated in Figure 13.  

 

Figure 13. Example of the correction of the Lc calculation.  

3.4.4 Scanning electron microscope – energy dispersive x-ray, SEM-EDS 

The coke samples of R1, R2, R3 and BC3 from BL 33 together with the standard coke located near 

basket 5 were examined using a scanning electron microscope (SEM), Zeiss Merlin, equipped with an 

energy dispersive x-ray spectroscopy (EDS) detector. Whole coke pieces were mounted in epoxy in 

plastic moulds and then polished to obtain a cross-section of the coke piece. The surface of every 

polished sample was coated with graphite to avoid surface charge. SEM micrographs were taken of 

each coke sample at different locations at the surface, between the surface and the core and of the core 
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Figure 14. a, TG, Netzsch STA 409 graphite furnace.        b, Temperature profile during the TG analysis 

to observe if the core and the surface of any sample appeared to be different. In each coke sample, the 

elemental composition of mineral phases at several points were analysed with EDS. The analysed 

atomic percent of the phases in the coke ash was correlated with a mineral phase.   

3.4.5 Reactivity of coke - Thermo gravimetric analysis (TGA) 

TG analyses using a Netzsch STA 409 graphite furnace (see Figure 14a) were done on all test cokes 

with corresponding base coke (R1, BC1, R2, BC2, R3 and BC3) from BL 33. The analysis was also 

done on test coke R3 and BC3 from BL 25 and on R1 and BC1 from BL 31. About half of the coke 

pieces from each sample was crushed with a jaw crusher and sieved to obtain a size fraction with 

particles between 1–2 mm. About 0.5 gram coke was used for the reactivity measurement. The 

collected coke was added in an Al2O3 crucible, which had a height less than 0.5 cm. The height of the 

crucible was low to minimize the effect of accumulation of the product (CO) in the sample. A low 

concentration of the product was necessary so it does not affect the reaction rate of the solution loss 

reaction. The crucible was placed on the sample carrier in the TG furnace. Before the TGA was started 

the furnace was evacuated and then filled with CO2. The temperature profile used during all runs is 

shown in Figure 14b. Pure CO2 atmosphere was retained during the whole analysis, with an inlet of 

300 ml/min. CO2 is assumed to participate in the solution loss reaction (reaction 2.2) with carbon in 

coke. The temperature was increased with two different heating rates. From starting temperature, 

around 17 °C, to 600 °C the heating rate was 20 °C/min and 3 °C/min between 600 °C and the final 

temperature 1200 °C. The total time for each run was 283 minutes. 
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3.4.5.1 Reaction rate computation 

The carbon content in the samples was determined by using LECO combustion analysis at Swerea 

MEFOS. The analysis was done in a HF furnace (high frequency), where C and S were combusted 

with oxygen. The furnace was equipped with an IR detector which analyses the C and S content in the 

sample. The fixed carbon was calculated with eq. 2.1, where the volatile matter was assumed to be 

close to zero as the coke samples had been in the EBF.  

The apparent reaction rate (g g-1 s-1) was calculated with the kinetic equation according to equation 

3.3. The equation includes the available fixed carbon weight (W) at time t, K is the reaction rate and n 

is the reaction order, which was assumed to be 1.   

𝑑𝑊

𝑑𝑡
= 𝐾𝑊𝑛     (eq. 3.3) 

The reaction rate can also be expressed as Arrhenius equation, shown in eq. 3.4. A (g g-1s-1) is the pre-

exponential factor, Ea (J mol-1) is the activation energy, R (J K-1 mol-1) is the universal gas constant and 

T (K) is the temperature.  

𝐾 = 𝐴 exp (−
𝐸𝑎

𝑅𝑇
)    (eq. 3.4) 

Taking logarithms of equation 3.4 it can be written as equation 3.5. The activation energy was 

calculated from the slope of the straight line obtained by plotting ln K against 1/T. The intercept of the 

line at 1/T=0 gives the pre-exponential factor, A [32]. 

ln 𝐾 = ln 𝐴 −
𝐸𝑎

𝑅𝑇
    (eq. 3.5) 

The weight loss of the sample was assumed to correspond to the apparent reaction rate of carbon in 

coke. The activation energy and the apparent reaction rate of the analysed samples were compared 

with the alkali content in the coke and the position in the EBF. 

3.4.5.2 Carbon conversion 

The carbon conversion in the samples during the TG analysis was calculated according to equation 

3.6. W0 is the initial weight at time 0 minutes and W is the weight at time t minutes. The carbon 

conversion was assumed to be due to the combustion of carbon according to the solution loss reaction 

(reaction 2.2). 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑊0−𝑊

𝑊0
   (eq. 3.6) 

3.4.5.3 Start of the solution loss reaction 

The temperature where the solution loss reaction started was manually determined and assumed to be 

where the weight loss, registered by the balance, started during the TG runs. The mass loss was low in 

the beginning of the runs when the temperature was low and the weight loss was fluctuating. 

Deviating values caused by the balance was excluded from the measurement.   
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3.5 EBF CAMPAIGN 31 
The charging during EBF campaign 31 was unevenly distributed, where more of the coke was charged 

towards the centre of the furnace creating a permeable stack. During the excavation, coke samples 

were taken over the vertical section at 7 levels in the EBF, the different levels are shown in Figure 15. 

The horizontal sample positions were the same as during EBF campaign 32, see Figure 12b.  

The temperature and the gas composition were measured prior to quenching with the upper and the 

lower shaft probe. The gas utilization, Eta CO, was calculated according to equation 3.1. 

 

Figure 15. Vertical position of the coke layers measured from the top. 
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4 RESULTS 

4.1 TEST COKE  
Results from the carbonization tests are shown in Table 4. The CSR/CRI result showed that the base 

blend has the highest reactivity compared with the test cokes. The influence of mineral additions to the 

coal blend with pet coke seems to lower the reactivity slightly and also contribute to a decreased 

strength. This was in accordance with the expected behaviour as mineral additions increase the ash 

content and thus decreases the amount of carbon with coking- and reactive properties.  

Table 4. Results from carbonization test. 

Coal blend Coke yield [%] CRI [%] CSR [%] 

Base blend + pet coke 79.3 22.3 69.8 

R1 - 1% kaolin 79.5 19.5 70.6 

R2 - 1% silica 79.7 19.2 67.8 

R3 - 1% bauxite 79.6 19.7 68.9 
 

 

4.2 EBF CAMPAIGN 32 – BASKET SAMPLES 
The levels from which the baskets were excavated and the total time in the EBF while running are 

shown in Figure 16. Basket 1 and 3 from BL 33 containing R1 (kaolin) and R2 (SiO2) were found at 

the lowest level in the EBF at a depth of 4570 mm below the charging level, which was the level of the 

stockline. The basket containing R3 (Al2O3) from BL 33 was found at a depth of 4512 mm below the 

charging level. All baskets also contained the corresponding base coke (BC1, BC2 and BC3). 

 

Figure 16. Position of the excavated baskets and time in the EBF.   
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The vertical position and the time of each basket in the EBF are plotted in Figure 17. R1 (kaolin) and 

BC3 were found further down in the EBF at all levels except at level 25 where R1 and R3 (Al2O3) 

were located at almost the same distance from the charging level. At BL 31 and 33 was R2 and BC2 

found almost 2 dm above R1 and BC1, which means that the connected baskets where inclined. All 

baskets had different horizontal position. Basket layer 33 was found about 1.0-1.2 meters above the 

raceway. 

 

 

Figure 17. Vertical position and time in the EBF.  

 

4.2.1 Temperature and gas composition  

The measured values of the temperature and gas composition in the upper and lower shaft probe over 

the horizontal section in the EBF are shown in Figure 18 and Figure 19, respectively. The 

temperature measured at the upper shaft probe located 1 meter below the charging level varied 

between about 600 °C and 680 °C. The temperature was highest towards the wall between tuyere 1 

and 3. Eta CO was highest where the temperature was lowest. 

The temperature measured at the lower shaft probe located 3.45 m below the charging level varied 

between 820 °C and 900 °C over the horizontal section of the EBF. Basket layer 17 was found about 

0.25–0.35 meter below this level. The gas composition varied over the horizontal section, where the 

CO2 content was higher towards the centre of the EBF. There was no indication of a central gas 

chimney prior to quenching during campaign 32. 
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Figure 18. Measurements from the upper shaft probe prior to quenching.  

 

 

Figure 19. Measurements from the lower shaft probe prior to quenching.  
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4.2.1.1 Basket positions in the EBF  

The horizontal position of the basket samples in the EBF varied, see Figure 20. The baskets in the 

figure are marked with R1 (kaolin), R2 (SiO2) and R3 (Al2O3) depending on which basket it was. R3 

was located in the middle of the three connected baskets and R1 and R2 was located on each side, the 

base cokes, BC1, BC2 and BC3, were located next to the corresponding test coke (see Figure 11 in 

section 3.3.1 Basket samples). 

Basket layer 17  Basket layer 21 

  

 

  

Basket layer 25  Basket layer 29 

  

 

 

 

Basket layer 31  Basket layer 33 

 

  

  

Figure 20. Horizontal position of the baskets in the EBF.  

 

4.2.2 Chemical analysis of the test coke 

The XRF analysis of R1 (kaolin) and the corresponding base coke (BC1) found in basket layer (BL) 

17, 21, 25, 29, 31 and 33 is provided in Table 5. The components might not necessarily occur as 

oxides as expressed in the table. The composition of the feed coke (original coke not charged to the 

EBF) is marked as basket layer 0. The amount of ash in each sample was assumed to be the sum of all 

oxides, and is presented as tot. (total) in Table 5. The coke ash content was generally higher in the test 

cokes compared with the corresponding base coke. The main difference between R1 and BC1 in the 

feed coke was the amount of SiO2 and Al2O3, which both were higher in R1. The sum of potassium 

oxide (K2O) and sodium oxide (Na2O) at each level in the EBF is shown in Figure 21. It can be seen 

that the amount of alkali in coke ash increase with increasing distance below the charging level until it 

reaches BL 29. At BL 33 the concentration of alkali increase in BC1 again, but continuous to decrease 
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in R1. The alkali content (K2O+Na2O) was higher in R1 compared to BC1 in BL 17, 29 and 31. The 

content of alkali was about 10 times higher in the coke from BL 29 and below than in the feed coke. 

Table 5. Chemical composition of test coke R1 and BC1. 

 

BL 

 

Sample 

Fe 

[%] 

CaO 

[%] 

SiO2 

[%] 

MnO 

[%] 

P2O5 

[%] 

S  

[%] 

Al2O3 

[%] 

MgO 

[%] 

Na2O 

[%] 

K2O 

[%] 

TiO2 

[%] 

Tot. 

[%] 

0 
 

R1 0.29 0.00 6.83 0.02 0.03 0.70 3.42 0.06 0.05 0.16 0.17 11.03 

0 
 

BC 0.31 0.00 6.55 0.02 0.03 0.71 3.17 0.06 0.05 0.15 0.18 10.52 

17   R1 0.37 0.10 7.03 0.04 0.03 0.73 3.53 0.11 0.11 0.24 0.18 11.74 

17 
 

BC1 0.34 0.04 6.64 0.03 0.03 0.71 3.21 0.08 0.10 0.23 0.19 10.89 

21   R1 - 0.02 6.85 0.04 0.03 0.66 3.49 0.10 0.17 0.75 0.17 11.62 

21   BC1 0.29 0.02 6.78 0.03 0.03 0.68 3.21 0.09 0.18 0.84 0.17 11.64 

25 
 

R1 0.25 0.01 6.75 0.04 0.03 0.68 3.44 0.10 0.22 0.94 0.17 11.95 

25 
 

BC1 0.27 0.01 6.47 0.04 0.03 0.70 3.12 0.10 0.24 1.17 0.17 11.62 

29   R1 0.22 0.00 6.80 0.18 0.02 0.65 3.49 0.09 0.52 1.85 0.14 13.31 

29   BC1 0.20 0.00 6.58 0.23 0.02 0.63 3.17 0.09 0.45 1.89 0.15 12.78 

31 
 

R1 0.19 0.02 6.87 0.10 0.02 0.64 3.46 0.12 0.36 1.67 0.15 12.96 

31 
 

BC1 0.24 0.06 6.01 0.06 0.04 0.62 2.86 0.08 0.28 1.43 0.15 11.21 

33   R1 - 0.05 6.73 0.15 0.02 0.62 3.43 0.12 0.40 1.55 0.15 12.60 

33   BC1 0.22 0.05 6.31 0.15 0.02 0.67 3.08 0.12 0.42 1.76 0.16 12.29 

 

The chemical composition of R2 (SiO2) and the corresponding base coke (BC2) found in basket layer 

17, 21, 31 and 33 is shown in Table 6. The composition of the feed coke is marked as basket layer 0. 

The alkali concentration of R2 and BC2 is shown in the diagram to the right in Figure 21. The 

concentration of alkali is higher in BC2 compared with R2 at all levels. The concentration of alkali 

increase with the distance from the charging level, the highest level of alkali in BC2 is at level 31 and 

at level 33 for R3.  
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Figure 21. Alkali content plotted against the vertical position. R1/BC1 to the left, R2/BC2 to the right. 
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Table 6. Chemical composition of test coke R2 and BC2. 

 

BL 

 

Sample 

Fe 

[%] 

CaO 

[%] 

SiO2 

[%] 

MnO 

[%] 

P2O5 

[%] 

S  

[%] 

Al2O3 

[%] 

MgO 

[%] 

Na2O 

[%] 

K2O 

[%] 

TiO2 

[%] 

Tot. 

[%] 

0 
 

R2 0.30 0.00 7.44 0.02 0.03 0.71 3.09 0.05 0.04 0.15 0.18 11.30 

0 
 

BC 0.31 0.00 6.55 0.02 0.03 0.71 3.17 0.06 0.05 0.15 0.18 10.52 

17   R2 0.32 0.01 7.23 0.04 0.03 0.66 2.90 0.08 0.10 0.27 0.17 11.15 

17   BC2 0.34 0.02 6.44 0.04 0.03 0.72 3.11 0.09 0.13 0.34 0.18 10.72 

21 
 

R2 0.24 0.00 7.82 0.04 0.03 0.66 3.17 0.09 0.19 0.87 0.17 12.62 

21 
 

BC2 0.25 0.01 6.16 0.04 0.03 0.64 2.91 0.08 0.21 1.13 0.16 10.98 

31   R2 0.13 0.00 7.54 0.02 0.02 0.65 3.05 0.08 0.35 1.75 0.15 13.09 

31   BC2 0.16 0.00 6.39 0.02 0.03 0.67 3.06 0.08 0.39 2.25 0.14 12.52 

33 
 

R2 0.27 0.05 6.37 0.07 0.02 0.64 2.99 0.09 0.41 1.91 0.15 12.33 

33   BC2 0.17 0.00 7.46 0.07 0.02 0.65 3.09 0.09 0.48 1.99 0.15 13.52 
 

The chemical composition of R3 (Al2O3) and the corresponding base coke (BC3) from BL 17, 21, 25 

and 33 is shown in Table 7. The composition of the feed coke is marked as basket layer 0. The Alkali 

concentration of R3 and BC3 is shown in Figure 22. The concentration of alkali increases with 

increasing distance from the charging level in the EBF, besides in R3 and BC3 from BL 21. The alkali 

content in R3 was higher than in BC3, at all levels besides at BL 33. The coke ash content was 

generally higher in R3 compared with BC3. 

Table 7. Chemical composition of test coke R3 and BC3. 

 

BL 

 

Sample 

Fe 

[%] 

CaO 

[%] 

SiO2 

[%] 

MnO 

[%] 

P2O5 

[%] 

S  

[%] 

Al2O3 

[%] 

MgO 

[%] 

Na2O 

[%] 

K2O 

[%] 

TiO2 

[%] 

Tot. 

[%] 

0   R3 0.31 0.00 6.22 0.02 0.03 0.72 3.06 0.07 0.05 0.17 0.21 10.14 

0   BC  0.31 0.00 6.55 0.02 0.03 0.71 3.17 0.06 0.05 0.15 0.18 10.52 

17 
 

R3 0.32 0.00 6.61 0.03 0.03 0.70 3.89 0.09 0.20 0.82 0.20 12.19 

17   BC3 0.31 0.05 6.39 0.03 0.03 0.71 3.06 0.08 0.15 0.53 0.18 10.81 

21 
 

R3 0.31 0.04 6.35 0.03 0.04 0.71 3.71 0.10 0.14 0.45 0.21 11.38 

21 
 

BC3 0.33 0.04 7.03 0.04 0.03 0.7 3.32 0.10 0.14 0.43 0.18 11.64 

25   R3 0.22 0.00 6.51 0.03 0.03 0.67 3.82 0.10 0.44 2.63 0.17 13.95 

25   BC3 0.22 0.00 6.63 0.03 0.03 0.66 3.24 0.10 0.38 2.42 0.15 13.20 

33 
 

R3 0.18 0.00 6.20 0.05 0.02 0.63 3.68 0.10 0.58 3.23 0.15 14.19 

33   BC3 0.16 0.00 6.50 0.07 0.02 0.61 3.15 0.09 0.77 3.91 0.12 14.79 
 

 

 

Figure 22. Alkali content plotted against the vertical position in the EBF. 
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4.2.2.1 Alkali content and the horizontal position in the EBF 

The total alkali content in all basket samples from the EBF is shown in Figure 23 these are compared 

with the horizontal basket position in the EBF (Figure 20). In basket layer 17, the content of alkali 

was higher in R3 and BC3, which also was found further up in the furnace compared with the 

remaining samples. R3/BC3 almost had the same position as R1/BC1 at that level, but they were on 

different sides of tuyere 1.  

At level 21 R3/BC3 had a lower content than the remaining samples. R3/BC3 had a similar position as 

R1/BC1 at this level, but was located further up, R1/BC1 had the second lowest alkali content. At 

level 25 the content of alkali was significantly higher in R3/BC3 compared with R1/BC1. R1/BC1 was 

located further down in the furnace and closer to the centre than R3/BC3. R2/BC2 had a higher 

content than R1/BC1 at level 31, R2/BC2 was found further up and closer to the wall than R1/BC1. At 

level 33, R1/BC1 was found almost in the middle of the EBF and furthest down in the furnace, 

R2/BC2 and R3/BC3 were found closer to the wall but on different sides of tuyere 2. R1/BC1 had the 

lowest content of alkali in BL 33.  

When the alkali content in R1/BC1 was compared between level 29 and 31, it can be seen that they are 

located at almost the same distance from the centre but on opposite sides, level 31 was further down in 

the furnace. The content of alkali was lower in BL 31 than in BL 29.    

 

Figure 23.  Alkali content in all coke types plotted against the vertical position. 

 

4.2.2.2 Position of the test cokes and the corresponding base coke 

R1 (kaolin) and BC1 from each basket layer were compared with the direction of the basket in the 

EBF. The basket, which contain these coke types were often located at/or near the centre of the EBF. 

The test coke R1, which was placed at one end of the basket (see Figure 11), was found closer to the 

centre than BC1 in BL 21, 29 and 33. The alkali content was lower in R1 compared with BC1 at these 

levels, except in BL 29 where the total alkali content was higher, but the potassium content was lower 

in R1 compared with BC1. R1 from BL 17 had higher alkali content than BC1, where R1 was located 

closer to the wall. The basket containing R1 and BC1 from BL 31 was not pointing directly towards 

the centre, R1 and BC1 had thus almost the same distance to the centre. R1 had a higher content of 

alkali at this level. The direction of the basket that contained R1/BC1 from level 31 is not known. 
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BC2 was located closer to the wall compared with R2 (SiO2) in basket layer 21, 31 and 33. The alkali 

content was higher in BC2 compared with R2 in all those layers. In basket layer 17 was R2 located 

closer to the wall than BC2. BC2 had a higher content of alkali at this level.  

R3 (Al2O3) and BC3 from each basket layer were compared with the direction of the baskets in the 

EBF. R3 and BC3 had almost the same distance to the wall at BL 17, where R3 had a higher content 

of alkali. The basket containing R3 and BC3 was located almost in the centre of the EBF at BL 21, 

where R3 was located closer to the wall, R3 had a higher content of alkali. R3 was located closer to 

the wall compared with BC3 in basket layer 25 the alkali content was higher in R3 than in BC3 at 

these levels. BC3 was located closer to the wall at BL 33, this samples had a higher content of alkali 

compared with R3.       

4.2.2.3 Properties of the coke ash 

The ratio between SiO2 and Al2O3 was plotted against the basket layer and thus the distance below the 

charging, see Figure 24. R1, which was the test coke with a mineral addition of kaolin 

(aluminosilicate) was the coke with the SiO2/Al2O3 ratio closest to the base coke (BC). R2, which was 

the test coke with a mineral addition of silica, had higher ratio of SiO2/Al2O3 compared with BC. R3 

was the test coke with a mineral addition of bauxite and had lower ratio of SiO2/Al2O3 than BC.  

The quotient for BC1, BC2 and BC3 was almost the same at each level where all of them have an 

increased quotient in BL 21. At the same level the ratio decreased for R1 and R2. The quotient of R2 

was decreased at the lowest level (33) in the EBF and the quotient for BC2 at the same level was 

increased. When the Al2O3 content was compared for R2 and BC2 between BL 31 and 33 it was seen 

that the content was almost constant compared with the SiO2 content, which increased and decreased 

with more than 1 % respectively.  

 

Figure 24.  Ratio of SiO2 and Al2O3 plotted against the basket layer number. 

The sum of oxides according to the XRF analysis, representing the ash content in coke, was plotted 

against the basket layer number and thus the distance from charging level, see Figure 25. The test 

coke had a higher sum of oxides in all samples beside R2 at BL 33. The trend for all coke types was an 

increasing sum of oxides with increasing distance from the charging level. R3 and BC3 have the 

highest content at BL 33. R1, BC1, R2 and BC2 had a more similar content and were also found 

closest to each other (see Figure 20).  
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Figure 25. The sum of oxides in the coke samples plotted against the basket layer. 

4.2.3 XRD – Basket samples 

Table 8 shows a summary of the mineral phases identified in R1, R2, R3, BC3 and SC from level 33. 

The number to the left in the table corresponds to the phase on the right of the number. The XRD 

patterns with the relative intensity were plotted, where the highest peak is 100 % and the remaining 

peaks were calculated by dividing the counts of these peaks with the 100 % peak. The XRD patterns 

of R1, R2, R3 and SC (Standard Coke collected near basket 5) from BL 33 are shown in Figure 26. 

The coke samples have a broad peak, approximately between 22-28°, this is the amorphous graphite 

peak (002). The peak is partially overlapped by quartz, carbon, graphite and leucite. 

The identified peaks are marked with a number corresponding to a compound. Graphite, carbon and 

quartz were found in all coke types in BL 33. The alkali bearing mineral leucite and the 

aluminosilicate mullite were found in R1, R2 and SC. Kalsilite was found in R1, R2, R3, BC3 and SC 

with the highest relative peak in SC and R3. Corundum (Al2O3) was found in R3, and was also the 

mineral phase added to the coal blend R3. The main difference between SC and BC3 was the mineral 

phase mullite and leucite, which were found in SC, except that no significant difference could be seen.   

Table 8. Summary of the mineral phases found in R1, R2, R3 and SC from BL 33. 

  Sample     

No. Phase BC3_33 R1_33 R2_33 R3_33 SC 

1 Graphite X X X X X 

 C      

2 Carbon X X X X X 

 C      

3 Quartz X X X X X 

 SiO2      

4 Leucite  X X  X 

 KAlSi2O6      

5 Mullite  X X  X 

 Al4Si2O8      

6 Kalsilite X X X X X 

 KAlSiO4      

7 Corundum    X  

 Al2O3      

8 Iron carbide    X  

 Fe3C      
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Figure 26. XRD patterns of the relative intensity of R1, R2, R3 and SC from BL 33. 

 

The XRD patterns of the surface that had been peeled off from the coke pieces as well as the core 

sample from test coke R3, R1 and the standard coke (SC) are shown in Figure 27. It can be stated that 

the intensity of the phase kalsilite was higher in the surface sample of the coke pieces. The 100 % peak 

of kalsilite, located at degree 28.7, cannot be identified in the core sample form SC and R1. Corundum 

can be found both in the core sample and in the surface sample of R3, but was hard to identify due to 

the overlapping of the broad amorphous carbon peak.  

The mineral leucite can be identified in the surface sample of SC and R1, indicating that the 

concentration of the mineral phase was higher at the surface compared with the core. The distinct peak 

of graphite, carbon and quartz cannot be seen in the XRD patterns of the surface sample. This 

indicates that the concentration of these compounds was lower of at the surface.  
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Figure 27. Relative intensity of the XRD analysis of the surface and the core of SC, R1 and R3 from basket layer 33. 

 

The XRD patterns of the total sample with the relative intensity of R1 and BC1 at level 17, 21, 25, 29, 

31 and 33 are shown in Figure 28. The test coke R1 and BC1 nearly follows the same pattern and a 

small number of peaks can be identified. The main difference was the small kalsilite peak (marked 

with 6) in R1 at level 29, which cannot be identified in BC1. Only a small indication of the graphite 

and quartz peak (marked with 1) can be seen at this level.  

 

 

Figure 28. The relative intensity of R1 and BC1 from basket layer 17, 21, 25, 29, 31 and 33.  
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The XRD patterns with the relative intensity of R2 and BC2 at level 17, 21, 31 and 33 are shown in 

Figure 29. Kalsilite (marked with 6) was identified in the XRD pattern of R2 and BC2 from BL 31 

and in R2 from BL 33.The content of alkali was higher in BC2 from BL 31 than in BC2 from BL33 

where the kalsilite peak cannot be seen. The content of alkali was highest in BC2 from BL 31 among 

all samples of BC2 and R2, the XRD pattern of that sample also has the highest kalsilite peak. A small 

indication of the kalsilite peak was also seen in both R2 and BC2 at level 21. The peak with graphite 

and quartz (marked with 1) can be seen in all XRD patterns and seems to decrease towards the lower 

levels in the EBF (beside in BC2 from BL 33).  

 

Figure 29. The relative intensity of R2 and BC2 from basket layer 17, 21, 31 and 33.  

The XRD patterns of the relative intensity of R3 and BC3 from BL 17, 21, 25 and 33 are shown in 

Figure 30. Kalsilite (marked with 6) was found in both R3 and BC3 at level 17, 25 and 33, which also 

were the samples with the highest concentration of alkali (in increasing order). The graphite and quartz 

(marked with 1) peak could be seen in all XRD patterns besides in BC3 from BL 33. The peak that 

corresponds to corundum (marked with 7) can be seen in all XRD patterns of R3, located at degree 

35.06 and 25.51.  

 

  

Figure 30. The relative intensity of R3 and BC3 from basket layer 17, 21, 25 and 33.  

 

1 

1 

1 

1 

1 

1 

1 

1 

6 

6 

6 

6 
6 

6 

6 
6 

6 

6 6 

1 

1 

1 1 

1 

1 

1 

7 

7 

7 

7 

7 

7 

7 

7 



 

Alkali Control in the Blast Furnace – Influence of Modified Ash Composition and Charging Practice 

 

38 

 

4.2.4 SEM with EDS   

4.2.4.1 Original coke 

A summary of phases correlated to a mineral is shown in Table 9, the composition of the phases was 

detected with SEM-EDS. Images of the original coke BC, R1, R2 and R3 are shown in Figure 31. The 

darkest colour marked with epoxy was surrounding the coke pieces and are also found inside the pores 

of the coke. The second darkest colour is carbon in coke (an example is marked with carbon in image 

R1 to the upper left). All images were taken near the surface of the coke pieces. The images illustrate 

the heterogeneity of coke minerals in terms of particle size and distribution. The mineral phases were 

distributed throughout the whole coke piece and found as particles located in the coke matrix, at the 

surface of the coke pieces and as inclusions at the surface inside pores. The mineral phases were found 

both as small inclusions and as larger, up to 0.25 mm particles in the coke matrix. The particles were 

also found as finely divided particles in clusters, as single particles in varying size and as a fibrous 

structure in the coke matrix.  

The most common mineral phase that was found with SEM-EDS in the original coke had the same 

atomic percent as the aluminosilicate meta kaolinite. A few particles containing alkali, including both 

potassium and sodium, were found with the EDS. The particles containing alkali were 

aluminosilicates, which were found both at surface and in the core of the coke pieces. The atomic 

percent (at %) of alkali in the aluminosilicates usually varied between 0.00 at % and 1.00 at %. In a 

minority of the analysed aluminosilicates containing alkali the content was about 2.9 at %, which 

together with the remaining composition corresponds the mineral meta illite. The phase with SiO2 was 

always found as single particles in varying size. The aluminosilicates were found both as single 

particles and in the fibrous structure as can be seen in image R3 to the lower right in Figure 31. The 

elements in this phase had the same atomic percent as the phase meta illite. Corundum (bauxite) was 

only found in R3, always as single particles in varying size up to 0.25 mm. Wüstite together with 

pyrite (FeS) were found in all coke types as clusters of spherical particles in the coke matrix. The 

content of potassium and sodium in the coke matrix varied between 0.00 - 0.12 at %. The main 

element in the coke matrix according to the EDS analysis was sulphur.  

 

Table 9. Phases detected with SEM-EDS, with compositions corresponding to mineral phases. 

  Coke sample    

No. Phase BC R1 R2 R3 

1 Quartz 

SiO2 

X X X X 

2 Corundum 

Al2O3 

   X 

- Wüstite, pyrite 

FeO, FeS 

X X X X 

3 Meta kaolinite 

Al4Si4O14 

X X X X 

4 Meta illite 
K(Mg,Fe,Al)4(Si,Al)8O22 

X X  X 
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Figure 31. SEM images of the feed coke BC, R1, R2 and R3.  

 

4.2.4.2 Basket samples 

SEM images of BC3, R1 (kaolin), R2 (SiO2) and R3 (Al2O3) from BL 33 is shown in Figure 32, 

Figure 33, Figure 34 and Figure 35, respectively. As in the original coke, the images illustrates the 

heterogeneity of coke minerals in terms of particle size and distribution. The mineral phases were 

distributed throughout the whole coke piece in varying size and shape, finely divided particles in 

clusters, single particles in varying size and as a fibrous structure in the coke matrix (as the phase 

marked with 6 in Figure 32). The mineral phases were found both as small inclusions and as larger, up 

to 0.25 mm single particles in the coke matrix. The phases were found as particles located in the coke 

matrix, at the surface of the coke pieces and as inclusions at the surface of pores.  

Alkali, mainly potassium, bearing phases was widely detected with SEM-EDS in all analysed coke 

pieces from BL 33. The content of potassium, silica and aluminium varied within the different phases. 

Potassium was also detected in the coke matrix, throughout the whole pieces. The quantity of alkali in 

the carbon matrix could not be confirmed since the epoxy was coated with graphite. The composition 

detected with SEM-EDS was correlated with a phase and are shown in Table 10. Alkali bearing 

aluminosilicates were the most frequently detected phases, the two most common phases were kalsilite 

and leucite. SiO2 particles with a higher content of potassium were detected in all samples see Figure 

51 in appendix. The lighter part of the particle has a higher content of potassium. The composition of 

number 9 and 10 could not be correlated with a compound in the literature and were thus not given 

names. A table of the mean values of the components in all phases detected with SEM-EDS are shown 

in Table 15 – Table 18, together with the standard deviation.  
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An iron oxide with a composition corresponding to wüstite, could be detected in all samples except in 

BC3. An image of the core where wüstite was detected is shown in Figure 50 in section 8 

APPENDIX. The particles containing wüstite were found in a cluster located within a pore.  

Table 10. Composition corresponding to mineral phases, detected using SEM-EDS. 

  Coke samples    

No. Phase BC3_33 R1_33 R2_33 R3_33 SC_33 

1 Quartz  

SiO2 
X X X X X 

2 Corundum  

Al2O3 
   X  

3 Wüstite 

FeO  X X X X 

4 Feldspar 

Ca2AlSiO5 
X X    

5 K-feldspar 

K2Si4O9 
   X  

6 Leucite  

KAlSi2O6 
X X X X X 

7 Sanidine  

(K,NA)AlSi3O8 
 X X  X 

8 Kalsilite  

KAlSiO4 
X X X X X 

9 (K,NA)3Al10Si10O38 
X X    

10 (K,Na)2OAl4Si4O15 

 X X X X X 

11 (K,Na)2Si8Al8O29 
 X    

 

 

Figure 32. SEM images of the surface and core of BC3 from BL 33, numbers are explained in Table 10. 
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Figure 33. SEM images of the surface and core of R1 from BL 33, numbers are explained in Table 10.  

 

 

Figure 34. SEM images of the surface and core of R2 from BL 33, numbers are explained in Table 10. 

 

 

Figure 35. SEM images of the surface and core of R3 from BL 33, numbers are explained in Table 10.  
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An aluminosilicate located at the surface of R1 is shown in Figure 36. Point analysis 1–8 is shown in 

the figure with the corresponding analysis in Table 11. As can be seen it is a higher content of alkali 

towards the outer corner of the particle, point no.1. The content (atomic percent) decreases towards the 

centre of the particle. The two points, no. 6 and no. 7, of each side of the darker crack in the particle 

have a higher content of alkali.   

 

 

Figure 36. SEM image of an aluminosilicate located at the surface of R1 from BL 33. 

 

Table 11. Analysis of point 1–8 in Figure 36. 

 

No. 

O  

[at%] 

Na 

[at%] 

K  

[at%] 

Al  

[at%] 

Si  

[at%] 

Fe  

[at%] 

K + Na 

[at%] 

1 59.5 0.0 9.3 15.3 15.8 0.1 9.3 

2 59.7 0.3 8.6 15.3 16.2 0.0 8.9 

3 61.3 0.8 4.4 16.8 16.6 0.1 5.2 

4 61.4 0.6 4.4 16.4 17.0 0.2 5.1 

5 61.4 0.7 4.3 16.5 16.9 0.2 5.0 

6 60.7 1.3 5.3 16.1 16.5 0.1 6.6 

7 60.6 1.3 5.4 16.2 16.3 0.2 6.7 

8 61.5 0.6 4.0 17.0 16.8 0.1 4.5 
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4.2.5 Degree of graphitisation 

The degree of graphitisation is represented by the Lc (Å) values. A summary of the values at each BL 

is shown in Table 12. A plot of the Lc values against the vertical position of the excavated baskets is 

shown in Figure 37. When all samples were taken into account, it can be seen a general trend, where 

the Lc values increase with increasing distance from the charging level. It can be seen a spreading of 

the Lc values at all levels, deviating from this trend. At the level furthest up in the furnace, 

corresponding to BL 17, the Lc values varied between 18.0 Å and 22.1 Å. At BL 25 it varied between 

20.1 and 25.3 Å. The trend with increasing Lc value with distance from the charging level cannot fully 

be explained by the distance from the charging level. Within each sample type the trend is clearer for 

R1, BC1, R2 and BC2, with varying slope. The trend cannot be seen for R3 and BC3, which almost 

had constant Lc values. For R3, the Lc value increases from 19.0 Å to 21.8 Å. 

R1 and BC1 from level 29, 31 and 33 were the samples with the highest Lc values together with BC2 

from level 33 and R2 from level 31. The Lc value of R2 at BL 33 was significantly lower than the 

corresponding base coke. The Lc values of R3 and BC3 were lower than the other test cokes located at 

a similar vertical position in the EBF. The values were also significantly lower at the largest distance 

from the charging level, at BL 33. The Lc value of BC3 had decreased with 3.0 Å from BL 25 to BL 

33. R2 from BL 31 had almost the same horizontal position in the EBF as BC3 and R3 from BL 33, 

the difference between the vertical positions of the baskets were 29 mm. These baskets can thus 

directly be compared with each other, besides that R3/BC3 had been in the EBF 4 minutes longer.  

Table 12. Lc values and the vertical position in the EBF. 

  Lc  Lc  Lc 

 

Position BC1 R1 Position BC2 R2 Position BC3 R3 

BL [m] [Å] [Å] [m] [Å] [Å] [m] [Å] [Å] 

17 3.81 22.1 19.0 3.81 20.9 20.2 3.72 18.0 19.0 

21 4.16 21.6 19.5 4.19 19.0 20.3 4.09 20.5 20.5 

25 4.32 24.2 25.3 - - - 4.33 23.6 20.1 

29 4.54 27.5 30.9 - - - - - - 

31 4.63 26.1 28.4 4.45 24.1 26.7 - - - 

33 4.66 27.2 29.8 4.48 29.0 23.3 4.51 20.6 21.8 
 

 

Figure 37. Lc values plotted against the position in the EBF. 
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Of all samples, BC3 and R3 have the two highest concentrations of K2O (%) and also the lowest Lc 

values at BL 33. The Lc values are plotted against the K2O (%) concentration in the coke pieces in 

Figure 38. BC1 and R1 follows a trend, increasing with increasing K2O content and thus also the 

distance from the charging level.  

When the K2O content was 1.91 % in R2 the Lc value was 23.3 Å, when the K2O content was 1.75 % 

the Lc value was 26.7 Å. The sample of R2 with an Lc value of 23.3 Å was found further down in the 

furnace.  This shows an opposite trend that the Lc value was decreasing with increasing K2O content.  

Meanwhile the Lc value of BC3 first increased until BL 25, the Lc value was lower at BL 33 where the 

alkali content was highest. The Lc values of R3 were almost constant at all levels in the EBF, 

independent of K2O content. R3 and BC3 from BL 25 and 33, R2 from BL 33, and BC2 from BL 31 

all exceeding 1.9 % has a lower degree of graphitisation. BC2 from BL 33 has a K2O content of 2.0 % 

and an Lc value of 29 Å. 

 

 

Figure 38. Lc values plotted against the content of alkali (K2O+N2O) in coke. 
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4.2.6 Thermogravimetric analysis (TGA) 

4.2.6.1 Original coke 

The mass loss during heating in a CO2 atmosphere of the original coke produced in pilot scale is 

shown in Figure 39. The mass loss and thus the solution loss reaction start around 910 °C for all coke 

types. The mass loss varied between 23.4 % and 28.0 %, where R2 (SiO2) had the lowest reactivity 

and R1 (kaolin) had the highest reactivity. The alkali (K2O and Na2O) content of the original coke 

varied between 0.19 % and 0.22 %, where R3 (Al2O3) had the highest content and R2 had the lowest.  

 

Figure 39. TGA of the original test coke. 

The calculated activation energy for BC, R1, R2 and R3 is shown in Table 13. The data for the 

calculations are from one TG analysis. The activation energy varied between 228 and 283 kJ/mol, 

where R2 (SiO2 addition) has the lowest and R3 (Al2O3 addition) has the highest activation energy. 

The R2 value explains how well the curve fits the data. The value was lowest for R2, which means that 

there were deviations in the linearity of the curve. The data points that deviated most from the linearity 

were excluded. R3 has high R2 value, which means that the data fitted the linearity well.    

Table 13. Activation energy, Ea, the pre-exponential factor A and the R2 value. 

 Temperature interval Ea, kJ/mol A, [10
3
 g g

-1
s

-1
] R

2 

BC 900-950 245 266 0.89 

R1 900-950 250 494 0.84 

R2 900-950 228 40.1 0.70 

R3 900-950 283 10009 0.98 
 

4.2.6.2 Coke from the EBF 

The mass loss during the TG analysis for the coke samples excavated from BL 33 is shown in Figure 

40, together with the alkali content in each coke type. The alkali content was increasing in following 

order: R1, BC1, R2, BC2, R3 and BC3. When the TG analysis of the samples from BL 33 was 

compared with the original coke, it can be seen that the mass loss and thus the reactivity had increased 

significantly for all samples. The most deviating samples were R3 and BC3, which both has a final 

mass loss (at 1195 °C) above 80 %. The mass loss was assumed to be due to the carbon conversion 

caused by the solution loss reaction. The temperature where the solution loss reaction start was lowest 

for BC3, which also had the highest content of alkali. R3 had the second lowest temperature and the 

second highest alkali content. When the temperature was above 1130 °C the slope of the mass loss 
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changes for BC3, at this temperature about 70 % of the ingoing mass was converted to gas. The 

ingoing samples have thus changed significantly at this point. There was a small difference between 

the mass loss curve for R1, BC1, R2 and BC2. The alkali content between these samples varied 

between 1.94 and 2.47 %.  

 

Figure 40. Mass loss plotted against temperature, and the alkali content.  

The mass loss during the TG analysis of R3/BC3 from BL 25 and R1/BC1 from BL31 were plotted 

against temperature together with the alkali content in each sample, see Figure 41. In these baskets the 

test cokes (R3 and R1) had a higher content of alkali compared with the corresponding base coke. The 

plot showed that both test cokes had a higher total mass loss during the TG analysis than the 

corresponding base coke.  

 

Figure 41. Mass loss plotted against temperature, and the alkali content. 
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4.2.6.2.1 Start of reaction  

The start of the solution loss reaction was plotted against the alkali content for all samples analysed 

with TG, see Figure 42. The start of the reaction was assumed to be where the mass of the samples 

started to decrease during the TG analysis. A general trend between all samples shows that the start of 

reaction decreases with increasing alkali content, but the trend was not fully explained by this. The 

reaction starts at a lower temperature for the test coke with a mineral addition of kaolin (R1) than the 

corresponding base coke (BC1) from BL 33, despite R1 having a lower content of alkali. The opposite 

can be seen for R1 and BC1 from BL 31, where R1 had the higher alkali content and lower 

temperature.  

The same can be seen for R2 (SiO2) and BC2 form BL 33, where R2 had lower alkali content and a 

lower temperature of where the solution loss reaction starts. The temperature where the mass loss 

starts for R3 (Al2O3) was higher than for BC3 from KL 33. At BL 25 R3 had higher alkali content than 

BC3 and the temperature of where the mass loss started was lower. R2 and BC2 from BL 33 both had 

a lower temperature of where the reaction started than R3 and BC3 from BL 25. R2 and BC2 was thus 

found further down in the furnace than R3 and BC3 from BL 25.  

 

 

Figure 42. Start of solution loss reaction plotted against alkali content. 

4.2.6.2.2 Carbon conversion and apparent reaction rate 

The carbon conversion in all coke samples from BL 33, R3 and BC3 from BL 25, and R1 and BC1 

from BL 31 are plotted against the alkali content at 950 °C and 1150 °C, see Figure 43. The same 

trend can be seen at both temperatures. The carbon conversion was increasing with increasing alkali 

content in the coke independent of whether it was the base coke or some of the test cokes. The highest 

conversion was for BC3 from BL 33 of 17.3 % at 950 °C and 71.6 % at 1150 °C. BC1 from BL 33 had 

the lowest conversion of 4.6 % at 950 °C, but it was a small difference between the samples with 

alkali content below 2.5 %. BC1 from BL 31 had the lowest conversion of 35.1 % at 1150 °C. The 

final temperature was set to 1150 °C to avoid the influence of available carbon in the samples.  
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Figure 43. Carbon conversion plotted against alkali content in the samples. 

 

The apparent reaction rate (gg-1s-1) at 800 and 850 °C is shown in Figure 44. The apparent reaction 

rate was increasing with increasing alkali content. The apparent reaction rate was highest for BC3 at 

both temperatures, BC3 also has the highest content of catalysing components alkali, R3 (Al2O3) had 

the second highest at both temperatures. R1 (kaolin) has a higher apparent reaction rate and a lower 

alkali content than BC1, the same trend can be seen for R2 (SiO2) and BC2 at 850 °C.  

 

 

Figure 44. Apparent reaction rate plotted against alkali content in coke samples. 

 

The logarithm of the apparent reaction rate (ln k) for all test cokes was plotted against 1/T and the 

activation energy was calculated for the slope. An example of the plot of BC3 is shown in Figure 45. 

The interval where the activation energy was calculated is marked with purple, deviating values due to 

the balance was excluded. The remaining plots used for the calculations of the activation energy of R1, 

BC2, R2, BC3 and R3 are shown in Figure 52, Figure 53 and Figure 54 in appendix 9.2.    
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Figure 45.  ln k plotted against 1/T. 

The activation energy of the samples from BL 33 is presented in Table 14. The start of the solution 

loss reaction varied as can be seen in Figure 42, and the most deviating temperatures were for BC3 

and R3. The activation energy was thus calculated between 800–850 °C for BC1, R1, BC2 and R2 and 

between 740 and 790 °C for R3 and BC3. The R2 values varied between 0.80 and 0.91, indicating 

variations in the linearity of the values.  

Table 14. The activation energy and pre-exponential value and R2 value.  

Sample Temperature Ea [kJ/mol] A [g g
-1

s
-1

] R
2
 

BC1_33 800-850 193 8078 0.89 

R1_33  800-850 191 9070 0.88 

BC1_33 800-850 183 3959 0.80 

R2_33 800-850 185 5611 0.86 

BC3_33 740-790 121 17 0.91 

R3_33 740-790 146 148 0.87 
 

The activation energy plotted against the alkali content is shown in Figure 46. The activation energy 

was decreasing with increasing alkali content in the coke independent of which coke type it was. The 

test coke R3 (Al2O3) has the highest alkali value of 3.8 % and the base coke BC3 has the highest alkali 

content of 4.9 %. It can be seen that R1 has lower alkali content and activation energy than BC1, 

which is deviating from the trend. 

 

Figure 46. Alkali content plotted against activation energy. 
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4.3 EBF CAMPAIGN 31 
The temperature and gas profile in the upper and lower shaft probe before quenching of the EBF are 

shown in Figure 47 and Figure 48, respectively. The position is marked as the distance from the 

centre (0 cm) in the EBF. The temperature over the horizontal position in the upper probe varied 

between 620 °C and 860 °C. In the lower shaft probe the temperature varied between about 650 °C 

and 950 °C. In the upper shaft probe the temperature was highest in the centre of the EBF and in the 

lower shaft probe was the highest temperature was measured at the position above tuyere 2. The gas 

profile showed a difference over the horizontal section before the quenching of the EBF. The position 

where the temperature was higher also had the highest composition of CO2 in the lower shaft probe. In 

the upper shaft probe the CO content was highest in the centre, indicating a lower gas utilization in 

that area. There were indications of a central gas chimney during campaign 31. 

 

Figure 47. Temperature and gas composition in the upper shaft probe prior to quenching. 

 

Figure 48. Temperature and gas composition in the lower shaft probe prior to quenching. 
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4.4 ALKALI DISTRIBUTION IN THE COKE LAYERS 
The charging between campaign 31 and 32 differed. During campaign 31, the charging of coke was 

more located towards the centre (thicker layer in the centre) of the shaft creating a gas chimney. 

During campaign 32, coke was more evenly distributed over the horizontal section during charging. 

The distribution of alkali (K2O+Na2O) during campaign 31 and 32 are shown in Figure 49. For the 

position of each coke layer and sample in campaign 31 and 32 see Figure 12 and Figure 15, 

respectively.  

The alkali content was increasing towards the lower part of the shaft in both campaigns. In the upper 

part of the shaft the alkali content was more evenly distributed over the horizontal section, compared 

with the samples from the lower shaft. The main difference between the campaigns was the alkali 

content in the lower part of the furnace, which was higher during campaign 32.  

During campaign 31, at the level around 4 m, the alkali content was higher towards the middle of the 

furnace. The alkali content was higher in sample point 5, which is between T1 and T3, compared with 

sample point 1 which is above tuyere 2 and on the opposite side of sample point 5. During campaign 

32, at the level around 4 m, the alkali content was lower towards the middle of the EBF and increased 

towards both sides of the EBF. The higher alkali content in the lower part during campaign 32, 

indicates that the alkali load was higher during this campaign.  

At the lowest level, which is about 1.3 m above the tuyeres, the alkali content was highest towards the 

walls of the EBF and the highest value was found in sample point 5 during campaign 31. During this 

campaign a stack was formed in the middle of the EBF, where hot gas ascended through the permeable 

coke layer. During campaign 32, at the lowest level the highest alkali level was towards the wall of the 

EBF between T1 and T3, and decreased towards sample point 1.  
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Figure 49. Alkali distribution during EBF campaign 31 and 32 after quenching. 
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5 DISCUSSION 

5.1 CHEMICAL COMPOSITION 
The content of alkali increased during the descent in the EBF, as can be seen in the chemical analysis 

of the coke samples. This was in agreement with previous studies [1], [11], [21] and a result of the 

recirculation of alkali in the EBF giving increased catalysing effect and increased degradation of coke. 

There was no significant difference in alkali content between the test coke and the corresponding base 

coke at the different levels in the EBF. This indicates that there was a small difference in the capacity 

of capturing and containing alkali in the test cokes as compared to the base coke.  

The base coke located in the baskets had the same origin and can thus be directly compared with each 

other. The difference in alkali content between the different coke types was most probably due to the 

horizontal location in the EBF, since the BC follows the same pattern as the test coke and the alkali 

level from the same BL differs with up to almost 2 %. The distribution of alkali in the EBF could be 

confirmed when the alkali content in the coke layers was analysed, see Figure 49. The lowest coke 

layer analysed was less than 1 dm below basket layer 33. From the analysis it could be seen that the 

alkali content decreased from sample point 5 towards the centre of the EBF and was lowest at sample 

position 1, above a tuyere. R3/BC3 had a similar position as sample position 5 in the coke layers, but 

on the opposite side of the EBF between tuyere T1 and T2 (see Figure 20). R2 (SiO2)/BC2 had the 

second largest content of alkali at BL33 and located at a similar position as sample position 5 but 

between T3 and T2. R1(kaolin)/BC1 at the same level was located almost at the centre, where the 

alkali content was lower than sample position 5 in the coke layers. The distribution differed at both the 

vertical and horizontal position, and the content of alkali in the different coke samples was thus most 

probably due to the position rather than the composition in the test coke. The mineral addition in the 

test cokes were 1 %, and thus not high enough to overcome the influence of the conditions in the EBF.   

5.1.1 Alkali content in test coke and base coke  

The amount of alkali in R1 (kaolin) from BL 31 and 33 was lower compared with the amount of alkali 

in R1 from BL 29. The same could be seen for BC1 between BL 29 and 31. The baskets containing R1 

and BC1 at BL 29 and 31 was located on opposite sides of the BF and the conditions can thus have 

varied. The temperature could have been higher at the position of the basket from BL 31, which was in 

front of tuyere 1, the basket could have been in contact with an up-going gas stream from the raceway 

which reduced compounds with alkali in the coke. It could also be due to the composition of the gas 

which came in contact with the basket containing R1/BC1, if the gas contained a higher content of 

alkali, the content in coke could also be higher. The ash content in R1 and BC1 was highest at BL 29, 

indicating that oxides had condensed on both coke types increasing the total amount of oxides. At BL 

33 the content of alkali in BC1 was higher than at BL 31 and it was lower in R1 when the same basket 

layers were compared. This could be due to the direction of the basket containing these samples. R1 

was directly pointing towards the centre at BL 33, as this coke sample was placed at one end of the 

basket during sample preparation, see Figure 11. BC3 was thus located at a larger distance from the 

centre, where the alkali content was higher according to the distribution of alkali in the coke layers. At 

BL 31 the basket was not directly pointing towards the centre, which means that R1 and BC1 had 
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almost the same distance from the centre. The alkali content was higher in R1 compared with BC1 at 

BL 31.  

The alkali content was higher in BC2 than in R2 (SiO2) at all levels. Between BL 31 and 33 the 

content increased in R2 and decreased in BC2, the baskets from these two levels was both located in 

the area between two tuyeres (At BL 31 between T1 and T2, at BL 33 between T2 and T3). This 

indicates that alkali in BC2 was not bound in a stable phase, which could have been gasified resulting 

in decreased alkali content. The alkali content in R2 increased from BL 31 to BL 33, which could be 

due to that alkali was bound in a stable phase not being reduced, and that R2 still had capacity to bind 

alkali from the gas. It could also be due to the available alkali content at that position. BC2 (placed at 

one end of the basket) was located closer to the wall in the EBF, where the alkali content was higher in 

the coke layers.  

The amount of alkali in R3 (Al2O3) and BC3 increased during the descent in the EBF. The alkali 

content was higher in R3 in all samples except in the sample from BL 33. This result could be due to 

the direction of the basket containing R3 and BC3. R3 was located closer to the wall in all basket 

layers except at BL 33. At BL 21 the alkali content was significantly lower than at BL 25. BL 25 was 

further down in the furnace and the basket was located closer to the wall compared with the basket 

from BL 21. This could be due to the lower alkali content in the centre of the furnace as could be seen 

when the alkali content in the coke layers was analysed.  

All of this indicates that the coke sample, within each basket, had higher alkali content if it was closer 

to the wall, regardless of which coke type it was. If the basket was tilted in any direction a gas stream 

with alkali could have been directed to one of the coke types. This was in agreement with the analysed 

distribution of alkali within each coke layer, where it could be seen that alkali content increased 

towards the wall in the EBF. The capacity of capturing alkali was most likely dependent of both the 

horizontal and vertical position in the EBF. 

5.1.2 SiO2/Al2O3 content and ash content 

The quotient of SiO2 and Al2O3 indicated a difference between the test cokes with different mineral 

additions to the base coke recipe. R1 had a quotient closest to the base coke, but lower. This 

corresponds to the mineral addition added as this was the aluminosilicate kaolin, an addition of that 

mineral would not change the quotient as much as if only SiO2 or Al2O3 is added. R2 had a higher 

quotient compared with the base coke and R3 had a lower quotient. This indicates that the mineral 

additions have changed the ash composition in the desired direction in both cases as SiO2 was added to 

R2 and Al2O3 to R3.  

The SiO2/Al2O3 quotient was in turn an indicator of the temperature the samples had been exposed to. 

A decreased quotient means that SiO2 had been reduced to silicon vapour and thus decreased the 

content, the temperature must therefore have been higher. The SiO2/Al2O3 quotient had a small or 

almost no change between the feed coke and the coke from basket level 17. The coke samples from 

different positions and the same basket level follows the same pattern indicating that the conditions in 

the upper shaft were consistent.  

In the coke samples further down in the shaft, the ash content generally increased, this could be due to 

the pick-up of alkali and/or other components from the burden material. The increased ash content was 

probably also due to the gasification of carbon in coke or due to the uptake of oxides. Basket layer 33 

was found over 1 meter below the shaft probe and was thus exposed to higher temperatures and a gas 

with lower eta CO.  
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The SiO2/Al2O3 quotient for R2 decreased at BL 33 compared with the quotient at BL 31. The 

SiO2/Al2O3 quotient for BC2 showed the opposite trend and increased when the same levels was 

compared. BC2 had almost the same quotient as R2 in the upper levels and vice versa. This could be 

due to a mix up during the excavation or handling of the samples. The SiO2 content should be higher 

in R2 than BC2 at all levels, since 1 % of this compound had been added to the coal mix. Another 

argument for this was the XRD patterns from BL 31 and 33 for R2 and BC2. It can be seen that the 

SiO2 peak had a stronger intensity in the sample of R2 (addition of SiO2) at all levels beside at BL 33. 

A deviation in the intensity of the SiO2 peak can also be seen in the XRD pattern from BC2 between 

these layers, where the intensity of the SiO2 peak decreases with increasing distance from the charging 

level up to BL 31, the peak intensity of SiO2 then increased at BL 33.   

5.2 MINERAL PHASES IN COKE ASH 

5.2.1 Original coke 

In the original coke the identified minerals were consistent with each other. The most significant 

deviation between the coke samples was the presence of Al2O3 in R3. The main mineral phase that was 

identified was aluminosilicates with varying composition and SiO2. This was in accordance with 

previous studies by Grigore et al. about the mineral composition in coke [32]. The mineral illite was 

found in R1, R3 and BC and was the mineral with largest content of potassium in the original coke. 

The content of potassium in the original coke was relatively small compared to the coke from the EBF, 

this contributes to difficulties identifying the phases containing potassium since point analysis with 

SEM-EDS was done and only a few points containing potassium was found. The original coke was not 

analysed with XRD.  

5.2.2 Coke from the EBF    

Several minerals were identified during the XRD evaluation of the test coke and corresponding base 

coke. The aluminosilicate kalsilite, which contain potassium, was found in all coke types from BL 33 

but with a varying relative intensity in the XRD pattern. This indicates that the content of this 

compound differs between the coke samples, no quantitative analysis was done to confirm this. This 

compound was also identified with SEM-EDS in all evaluated samples from BL 33, this confirms the 

presence of the compound in the samples. When the XRD patterns from all levels containing kalsilite 

were compared with the alkali content in coke, it can be seen that they follow each other. This 

indicates that kalsilite, which is the aluminosilicate containing most potassium, was formed when the 

alkali content was high.  

Leucite was identified in 3 of the coke types from BL 33 with XRD, and in all of the samples from BL 

33 when SEM-EDS was used. This deviation, that leucite was not identified in all samples, can be 

explained by the relatively low content of coke ash in the coke. Corundum was identified in R3 with 

both XRD and SEM with EDS, which confirms the presence of unreacted Al2O3 in R3. This phase was 

not identified with any of the methods in any other coke sample than R3. This confirms that Al2O3 is 

not a naturally occurring phase in coke and comes from the mineral addition to R3 of bauxite. 

Presence of pure Al2O3 indicates that these particles have not fully contributed to any alkali absorbing 

capacity.  

SiO2 was found in all three test cokes and the corresponding base coke. It is thus hard to determine 

which of the minerals that originally came from the parent coal and which of the particles that was in 

form of mineral addition in R2. Some of the SiO2 particles had an increased content of potassium, this 

could be an indication of that potassium in the vapour reacts with SiO2 particles.  
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The aluminosilicates found in the original coke had a lower content of potassium compared with the 

coke from the EBF. All aluminosilicates in the coke from the EBF had associated potassium, 

indicating that potassium appeared to penetrate every part of the coke pieces during the decent in the 

blast furnace. The presence of potassium bearing minerals can be attributed to the interaction of 

potassium vapours with the aluminosilicates present in coke minerals. The potassium content within 

the aluminosilicates varied, which shows the capacity of different phases to capture alkali and the 

availability of potassium i.e. the diffusion of alkali throughout the lumps. Since no pure 

aluminosilicates could be found in R1 (addition of kaolin), it indicates that the mineral addition 

increased the capacity of alkali adsorption. Despite this, R1 had a lower content of alkali compared 

with the BC1. This could be due to what compound that was formed in the coke, as some of the 

compounds such as kalsilite contain a larger amount of potassium compared with for example leucite. 

This could mean that the mineral phase added to R1 gets saturated with alkali more quickly than the 

mineral phases in the parent coal of BC1. Another influencing factor was the coke matrix, if potassium 

penetrated the coke matrix more easily in one of the coke types the potassium content could get 

higher. To examine this further the alkali content should be analysed in the coke ash. Another 

contribution to the alkali content in coke could be the porosity of the coke and thus the surface area, 

which have not been investigated. 

The identification of the mineral phases in coke is difficult due to the high percentage of carbon, 

which reduces the intensity of the mineral phases through dilution. Therefore, it was only possible to 

identify the mineral phases with the highest quantity with XRD. To be able to more accurately 

quantify the composition the coke ash has to be separated from the carbon matrix. This can in turn 

affect the mineral matter as carbon is oxidized. Another aspect that influenced the identification of the 

mineral phases in coke with XRD was the amorphous structure of both the carbon in coke and the ash 

phase.  

5.2.2.1 Coke ash at the surface and in the core of the lumps 

The surface was scraped off from some of the coke lumps from the EBF and together with the core of 

the same lumps analysed in the XRD. The relative intensity of the peaks corresponding to the mineral 

phase kalsilite and leucite had higher intensity in the surface sample compared with the core sample. 

The increased intensity is correlated to, amongst others, the concentration of the phase in the sample. 

The higher relative intensity at the surface can be due to the gasification of carbon in coke on the 

surface. At higher temperature the solution loss reaction is limited by diffusion and the reaction is thus 

located at the surface of the lumps. Another contributory factor to the increased intensity of the 

mineral phase at the surface was probably the uptake of circulating elements in the furnace, as 

potassium. The recirculating elements condense on the surface of the lumps (and on the remaining 

burden) and interact with the coke matrix and the coke ash. The original coke was never examined in 

XRD, the difference between the original coke and the coke excavated from the EBF can therefore not 

be confirmed in this matter. The peak corresponding to SiO2 behaves in the opposite way as the 

aluminosilicates, where the peak was missing in the surface sample and identified in the core sample. 

This could be due to the reduction of SiO2 and the formation of SiO gas decreasing the content of SiO2 

at the surface.  
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5.3 DEGREE OF GRAPHITISATION 
The degree of graphitisation increased with increasing distance from the charging level. This 

correlation could be seen for BC1, R1 and BC2. Some of the values deviated from the trend which 

could be due to local conditions at the sample position and thus the difference in temperature, which 

differed over the horizontal section in the EBF. At BL 25, R3 and BC3 was located closer to the wall 

compared with R1 and BC1. The Lc values were higher for R1 and BC1 at this level, which could be 

due to a higher gas flow in the centre and thus higher temperature. The increased graphitisation with 

respect to temperature can be explained by the structure of graphite which becomes more ordered 

when the temperature increase. This correlation is in accordance with the studies done by Marsh et al. 

[31]. 

The degree of graphitisation was lower in the coke samples with K2O content higher than 1.9 %, 

except for BC2 from BL 33. For R2 the graphitisation decreases at the lowest level in the EBF where 

the graphitisation should have been highest due to higher temperatures. The main differences between 

BL 31 and 33 were the content of alkali which increased. For BC2 the alkali content was higher at BL 

31 than at BL 33, the degree of graphitisation showed the opposite trend. If it was a mix up of the 

samples at BL 33 (R2 and BC2), the degree of graphitisation should have been higher in R2 than in 

BC2 at all levels except in the sample from BL 17. BC2 was located closer to the wall than R2 at both 

these levels. The difference in graphitisation could be due to that R2 was exposed to a higher 

temperature. It could also be because potassium influences the degree of graphitisation in a larger 

extent in BC2, destroying the carbon structure.  

For R3 and BC3 the degree of graphitisation was almost constant during the descent in the blast 

furnace. This could be explained by the influence of both temperature and alkali content on the 

graphitisation. Further up in the furnace, at lower temperatures the graphitisation was low and also the 

alkali content. At the level furthest down (BL 33) the temperature was higher and also the alkali 

content, but not the degree of graphitisation. This could be due to the entrainment of alkali in the 

carbon structure which destroys the order of the graphite layers, lowering the degree of graphitisation. 

This was in accordance with laboratory experiments done by Marsh et al. [31]. In the SEM-EDS alkali 

could be identified in the coke matrix, which indicates that alkali penetrate the coke lumps, which can 

destroy the structure. The exact content of alkali in the coke matrix could not be confirmed as the 

samples examined in SEM were coated with graphite. It can thus not be confirmed how much this 

influences the carbon matrix in coke.  

5.4 REACTIVITY OF COKE 
The reactivity was examined in the bottom most layer, BL 33 where the base cokes had the highest 

content of alkali. The reactivity was also examined for R3 and BC3 from BL 25 and for R1/BC1 from 

BL 31, where the test cokes had a higher content of alkali compared with the corresponding base coke. 

This was done to investigate if the reactivity of the test coke differed from the corresponding base 

coke due to the increased alkali content. The results showed that the mass loss and thus the reactivity 

increased with increased alkali content, regardless of what type of coke it was. This trend can be seen 

when the alkali content was plotted against the carbon conversion. Some deviations could be seen 

which could be due to other factors influencing the coke during the decent in the blast furnace. The 

temperature the coke was exposed to, how much the solution loss reaction had proceeded during the 

EBF campaign and variations in the samples as a result of the heterogeneity of coke.  

If the carbon conversion was examined in the end of the TG analysis (1150 °C) it looked like the 

carbon conversion stagnated between the sample with the second highest and highest alkali content. 
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This could be due to saturating affects, that the alkali content does not affect or catalyses the solution 

loss reaction over a certain proportion. This could also be dependent on how much of the alkali that 

was available for catalysing the solution loss reaction. If more alkali was bound to an ash phase which 

was stable, alkali would probably not catalyse the reaction any further, as opposed to if alkali has 

penetrated the coke matrix and was thus available as a catalyst. It could also be due to the fixed carbon 

content in the coke samples. The ingoing sample in the TG analysis has a fixed carbon content around 

85 %, which change during the heating in CO2 atmosphere. In the end of the experiment the remaining 

mass was lower than 20 % for some of the samples, this sample mass probably consists almost only of 

the coke ash which has not been reduced and gasified.  

5.4.1 Apparent reaction rate and activation energy 

The apparent reaction rate showed an increasing trend with increasing alkali content and the activation 

energy decreased with increasing alkali content. This was seen for all coke types besides for R1. The 

temperature at which the solution loss reaction started showed a decreasing trend with increasing 

alkali content. This shows the catalytic effect of alkali on the solution loss reaction. The catalytic 

effect lowers the activation energy and thus increasing the apparent reaction rate. The temperature of 

which the reaction starts was also lowered due to this. No difference in the behaviour of the test coke 

and the base coke could be seen, except for R1 (kaolin). R1 had lower alkali content than BC1, but a 

higher apparent reaction rate at both temperatures examined. This could be due to which phase alkali 

was bound, no significant change could be seen in the XRD pattern between R1 and BC1 from BL 33. 

BC1 was not examined with SEM-EDS, thus no comparison can be done. The temperature where the 

solution loss reaction started was lower for R1 compared with BC1, and the activation energy was 

slightly lower, which were in accordance with the apparent reaction rate. This indicates that R1 has a 

higher reactivity than BC1, which probably is correlated to the occurrence of alkali in the coke. The 

calculations were based on one TG analysis of each sample, to confirm the carbon conversion, the 

activation energy and temperature of where the reaction started, repeated TG runs and calculations 

have to be done.  

5.5 ALKALI DISTRIBUTION 
The distribution of alkali in the EBF differed between campaign 31 and 32. The main difference 

during the campaigns was the charging of coke. During campaign 31 more coke was charged towards 

the centre of the EBF creating a gas chimney where the gas ascend through the permeable coke. 

During campaign 32 the charging was more equally distributed over the horizontal section and no 

indications of a gas chimney was seen prior to quenching.  

A higher content of alkali was observed in the centre in the lower part of the shaft in EBF during 

campaign 31 when compared to campaign 32. This was probably due to the gas chimney, since the 

blast furnace gas most likely carried alkali vapour upwards, which condenses on the coke layers in the 

centre. During campaign 32, it was a higher content of alkali towards the wall indicating that the gas 

has ascended there. The alkali content further up in the furnace was higher during campaign 31, 

indicating that more alkali could have leaved the furnace via the top gas.  

The content of alkali in the bottom most wall layers during campaign 32 were also higher than during 

campaign 31. This is probably due to the higher temperature in the centre of the furnace caused by the 

gas chimney. The increased temperature towards the centre during campaign 31 could be confirmed by 

the measurements of the temperature in the upper shaft probe. This results in a higher top gas 

temperature and thus a decreased alkali load. This is supported by the theory by Geerdes et al. [7]. Eta 

CO was lower in the centre of the furnace in the upper shaft, which means that the partial pressure of 
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oxygen was lower in the centre compared with the content closer to the walls, where Eta CO was 

higher. This prohibits the alkali vapour to be oxidised, which decreases the recirculation of alkali as 

more alkali follows the off-gas (see reaction 2.18 and 2.19) [6]. A gas chimney decrease the load of 

alkali in the blast furnace, but it also results in increased heat losses and decreased gas utilization 

which lowers the efficiency and the productivity. The level of alkali between the two campaigns can 

also be due to the input of alkali to the EBF which may have varied. It can also be due to the output of 

alkali just before the quenching of the EBF. The alkali load during campaign 31 and 32 cannot be 

confirmed, since no mass balance was done over alkali accumulation during the campaigns.  

5.6 OUTCOME OF A DECREASED ALKALI RECIRCULATION 
A decreased circulation of alkali in the blast furnace would contribute with both economic and 

environmental benefits as the catalytic effect of alkali would decrease together with the load in the 

blast furnace and thus also the coke rate. The catalytic effect causes an increased degradation of coke, 

which causes the strength to decrease, this leads to a decreased permeability and burden support in the 

blast furnace. With a decreased degradation, more of the coke can be replaced by alternative 

reductants such as PC and plastics. A lower coke rate would lower the impact on the environment 

since the CO2 emissions decrease as the process becomes more efficient, a lower coke rate also means 

that the production of coke can be lowered.  

It is important to lower the alkali load since coke is both expensive and a critical raw material in the 

world. A possible way to reduce the alkali load in the blast furnace is via the slag or the top gas. Slag 

is not recirculated within the plant unlike parts of the dust from the top gas, it is therefore preferable to 

drain alkali via the slag. If alkali leaves via the top gas, it also means that the blast furnace is operated 

with a high top gas temperature which in turn means increased heat losses and decreased gas 

utilization. The aim with this project was to develop a possible way of draining alkali via the slag. If 

alkali is bound to a stable phase in the coke ash it could be transferred to the slag without being 

reduced and thus drained from the blast furnace. If a method to drain alkali via the slag is developed it 

also means that the demand of high quality regarding the alkali can be lowered. This would lead to 

financial benefits as coke with a lower quality is not as expensive.  

In this project it could be seen that alkali mostly was associated with aluminosilicates in the coke ash, 

this indicates that an addition of such a mineral could increase the capacity of binding alkali in coke 

and thus decrease the alkali load in the blast furnace. Alkali was not associated with SiO2 and Al2O3 to 

the same extent, which means that these compounds does not have the same capacity to bind alkali in 

the coke ash, which also was supported by Kerkkonen [16].  

The reactivity of the different coke types increased with increasing alkali content, which confirms the 

catalytic effect of alkali on the solution loss reaction. This supports the theory of alkali recirculating in 

the blast furnace and its impact of coke. The recirculation of alkali in the blast furnace could also be 

confirmed when the distribution of alkali within the coke layers was studied, the alkali content 

increased with increasing distance from the charging level towards the high temperature zones. High 

alkali content in the lower part of the furnace causes the reactivity of the coke to increase. This means 

that the degradation of alkali and the chemical attacks is highest where the coke strength is needed for 

the coke to be able to act as a burden support when all the other materials are liquid and where the 

permeability needs to be high.  
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6 CONCLUSIONS 

In the present study the aim was to investigate possible ways to control alkali in the blast furnace. The 

coke ash composition was modified in three test cokes by adding different minerals. This was done as 

an attempt to increase the capacity of binding alkali in stable phases in the coke ash, which thus can be 

drained via the slag. This would result in decreased load in the blast furnace, decreased catalysing 

effect of alkali and thus decreased the degradation of coke.  

The study found that the alkali content increased with distance from the charging level. In most of the 

basket levels the alkali content was higher in base coke compared with the test coke R1 (kaolin) and 

R2 (SiO2). R3 (Al2O3) had a higher content of alkali in most of the basket layers compared with the 

corresponding base coke, except at the lowest level. The concentration of alkali in the coke types was 

most likely due to the position in the EBF and thus the conditions the coke had been exposed to. It was 

thus not possible to confirm how the mineral additions contributed to the capturing of alkali in stable 

phases. 

The distribution of alkali in the coke ash showed that alkali mainly was found in aluminosilicates in 

varying quantity. Particles of SiO2 with alkali were also found. Alkali was detected in the coke matrix, 

but the quantity was not established as the samples were coated with graphite. Alkali was found 

throughout the whole coke matrix, i.e. both at the surface and in the core of the coke lumps, 

concluding that alkali penetrate throughout the whole coke piece. 

The study found that the main phases in the coke ash containing potassium were kalsilite, leucite, 

sanidine and other aluminosilicates with varying quantity of the components Al, Si, K and Na. 

Kalsilite was identified in all coke samples from basket layer 33 with SEM-EDS.  

The degree of graphitisation was determined, concluding that it was increasing with distance from the 

charging level. The effect of alkali on the degree of graphitisation in the coke was studied concluding 

that it decreased when the alkali content was high. This indicates that alkali destroys the carbon 

structure, decreasing the degree of graphitisation. 

The mass loss, activation energy, start of reaction and thus the reactivity was studied concluding that 

the reactivity increased with increasing alkali content, which confirms the catalytic effect of alkali. No 

difference could be seen in the trend of the increased reactivity between the test coke and the base 

coke, except for R1 which had a higher reactivity than BC1 even though R1 had a lower content of 

alkali.  

Two campaigns were studied to determine the distribution of alkali when the charging differed, this to 

increase the understanding of alkali control and the influence of the charging practice. It was 

concluded that the charging had an impact on the alkali distribution in the blast furnace. During 

campaign 31, it was indications of a gas chimney, the alkali content was more evenly distributed over 

the horizontal section in the upper part of the furnace and increased towards the centre in the lower 

part. There were no indications of a gas chimney during campaign 32 and the alkali content was 

increasing towards the walls in the blast furnace.  
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7 FUTURE WORK 

 Do a quantitative analysis of the mineral phases in the coke ash, this to confirm any difference in 

the quantity of phases, which are stable throughout the blast furnace process, between different 

coke types. 

 

 Produce a test coke with a higher content of mineral addition, this to be able to see a bigger 

difference between the test coke and the base coke. It can be investigated how alkali bind in the 

different added minerals, how the reactivity changes and if the capacity of capturing alkali differs. 

The test coke with a higher mineral addition can be studied both in laboratory experiments and by 

charging the test coke in basket to EBF. 

 

 Have a larger number of baskets charged to the EBF. This to more accurately conclude the 

influence of the conditions in the EBF and to be able to compare baskets from the same horizontal 

position but at different levels.    

 

 Do laboratory investigations, where the circulation of alkali in the blast furnace is simulated. This 

to achieve more controlled conditions during all experiments with different coke types. Through 

this the capacity of capturing alkali in the different test cokes can be investigated without the 

influence of the varying conditions in the EBF. 

 

 Investigate the influence of alkali on the degradation of the different test cokes. How the porosity 

in the test cokes changes when the gasification of the test cokes has proceeded. 

 

 Do a mass balance over the alkali load in the blast furnace when the charging practice differs. This 

to study and increase the knowledge of how the charging influences the alkali load and the 

distribution in the blast furnace.  

 

 Coat coke pieces with alkali absorbing minerals. This to obtain a surface that can absorb alkali in 

stable phases, which then is transferred to the slag and drained from the blast furnace, decreasing 

the recirculation of alkali.  
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9 APPENDIX  

9.1 SEM – EDS 
 

 

Figure 50. SEM images of the core of R1. The lightest particles in the cluster are FeO. 

 

Figure 51. A particle of SiO2 where potassium has penetrated the structure. 
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Table 15. SEM-EDS analysis of BC3 from BL 33, mean value and standard deviation (St.d). 

BC3_33 O Na K Al Si 

 [at %] [at %] [at %] [at %] [at %] 

SiO2 

     Mean 66.6 

 

0.3 

 

33.3 

St.d 0.1 

 

0.2 

 

0.1 

SiO2 + K + Al 

     Mean 62.8 1.8 5.9 

 

28.0 

St.d 1.1 0.9 1.0 

 

0.9 

KAlSiO4 

     Mean 57.4 0.4 13.6 12.9 14.9 

St.d 0.4 0.1 0.9 1.4 0.9 

KAlSi2O6 

     Mean 59.3 0.6 11.2 8.9 19.6 

St.d 0.6 0.4 1.3 1.1 1.2 

(K,Na)2Si4Al4Si15 

     Mean 59.6 1.0 7.7 16.2 15.4 

St.d 0.3 0.2 0.8 0.2 0.3 

KAl3Si3O14 

     Mean 60.6 1.0 5.6 16.6 16.1 

St.d 0.2 0.1 0.5 0.9 0.4 
 

Table 16. SEM-EDS analysis of R1 from BL 33, mean value and standard deviation (St.d). 

R1_33 O Na K Al Si Fe 

 
[at %] [at %] [at %] [at %] [at %] [at %] 

SiO2       

Mean 66.6 
 

0.2 
 

33.2 0.0 

St.d 0.0 
 

0.1 
 

0.1 0.0 

SiO2 + K + Al       
Mean 64.4 0.3 3.0 3.2 28.8 0.1 

St.d 0.4 0.0 1.0 1.0 0.8 0.1 

FeO 
      

Mean 50.9 
   

1.5 47.4 

St.d 0.1 
   

0.1 0.3 

KAlSiO4       
Mean 57.6 0.1 12.5 12.7 15.2 0.2 

St.d 0.6 0.3 1.2 0.9 1.0 0.2 

KAlSi3O8       
Mean 61.9 0.7 6.4 5.8 24.1 0.1 

St.d 1.2 0.3 1.0 2.0 2.7 0.1 

KAlSi2O6       
Mean 59.7 1.5 8.5 11.4 18.0 0.2 

St.d 0.7 0.4 1.5 1.9 1.8 0.2 

(K,Na)2Si8Al8O29       
Mean 61.7 0.9 3.3 17.2 16.8 0.1 

St.d 0.5 0.5 0.8 1.1 0.5 0.1 

(K,Na)2Si4Al4O15       
Mean 59.9 1.5 6.9 15.4 15.9 0.1 

St.d 0.4 0.4 1.0 1.7 1.0 0.3 

(K,Na)3Al10Si10O38       
Mean 61.0 1.0 4.6 16.9 16.3 0.1 

St.d 0.3 0.4 0.5 0.4 0.4 0.1 
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Table 17. SEM-EDS analysis of R2 from BL 33, mean value and standard deviation (St.d). 

R2_33 O Na K Al Si Fe 

 
[at %] [at %] [at %] [at %] [at %] [at %] 

SiO2       

Mean 66.5 0.3 0.5 

 

33.1 0.0 

St.d 0.2 0.0 0.4 

 

0.3 0.0 

SiO2 + K + Al 

     Mean 64.4 0.6 3.6 1.9 28.9 0.1 

St.d 0.8 0.2 0.8 0.5 0.7 0.1 

FeO 

      Mean 50.6 
 

0.12 
 

1.32 47.9 

St.d 

      KAlSiO4 

      Mean 57.7 0.8 12.6 12.8 15.2 0.6 

St.d 0.7 0.3 1.3 1.3 1.1 0.6 

KAlSi3O8 

      Mean 61.9 0.7 6.4 5.8 24.1 0.1 

St.d 1.2 0.3 1.0 2.0 2.7 0.1 

KAlSi2O6 

      Mean 59.6 1.4 8.9 10.5 18.4 0.3 

St.d 0.6 0.4 1.3 1.4 1.2 0.3 

(K,Na)2Si4Al4O15 

      Mean 60.1 1.4 6.6 15.6 16.1 0.2 

St.d 0.4 0.4 0.7 0.9 0.6 0.2 

(K,Na)3Al10Si10O38 

      Mean 61.0 0.8 4.9 16.6 16.5 0.1 

St.d 0.4 0.1 0.6 2.3 1.8 0.2 
 

Table 18. SEM-EDS analysis of R3 from BL 33, mean value and standard deviation (St.d). 

R3_33 O Na K Al Si Fe 

 
[at %] [at %] [at %] [at %] [at %] [at %] 

SiO2       

Mean 66.7 

   

33.3 0.0 

St.d 0.0 

   

0.0 0.0 

Al2O3 

      Mean 59.9 

 

0.9 38.5 0.3 0.1 

St.d 0.3 

 

1.1 1.6 0.5 0.1 

FeO 

      Mean 50.2 

    

49.4 

St.d 0.1 

    

0.2 

KAlSiO4 

      Mean 57.4 0.6 13.1 13.8 14.6 0.2 

St.d 0.6 0.2 1.4 1.2 0.8 0.2 

KAlSi2O6 

      Mean 58.6 1.1 11.0 8.9 17.4 0.2 

St.d 0.0 0.0 0.1 0.2 1.2 0.2 

(K,Na)2Si4Al4O15 

      Mean 60.0 1.1 7.0 15.7 16.3 0.1 

St.d 0.8 0.4 1.4 2.7 2.7 0.1 
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9.2 ACTIVATION ENERGY 
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Figure 52. ln k plotted against 1/T for BC1 (left) and R1 (right) from BL 33. 

Figure 53. ln k plotted against 1/T for BC2 (left) and R2 (right) from BL 33. 

Figure 54. ln k plotted against 1/T for BC3 (left) and R3 (right) from BL 33. 


