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ABSTRACT 

Coke samples excavated from LKAB’s Experimental Blast Furnace (EBF) at MEFOS in Luleå, Sweden were used to observe the 
influence of in-furnace reactions on the changes in chemical structure of cokes and their influence on kinetics of CO2 reactivity. In 
addition to growth of carbon crystallite of coke, alkali concentration particularly potassium and sodium were found to increase as coke 
descended towards lower part of the EBF. The increase in carbon structure could be linearly related to measured temperature profiles 
of EBF. Isothermal and non-isothermal TGA measurements are shown to indicate that CO2 reactivity of coke becomes progressively 
faster as it moves towards lower part of blast furnace. The study suggests that alkali enrichment of cokes in an operating blast furnace 
could have a strong catalytic effect on the CO2 reactivity. Further research is expected to clarify the mechanisms of influence of coke 
minerals on reactivity and their implications in a blast furnace.   
 
 

INTRODUCTION 
 
The most dominant pig iron making process in the world today is the Blast Furnace (BF) process, and the most important raw material 
fed into the BF, in terms of operation efficiency and hot metal quality, is coke. Due to decrease in the coke supply and a desire to 
lower the energy consumption the development in the BF sector have been focused for a long time on replacing the coke by coal. One 
of the major developments in the blast furnace operation is the introduction of pulverized coal technology in which coke is substituted 
by pulverized coal injection through tuyeres. Economic and environmental pressures are the primary driving force behind the 
promotion of PCI technology. The old coking plants are gradually closing while few new plants are being built to replace the coke 
supply particularly in developed countries including Europe. New coke plants are extremely expensive due to stringent environmental 
regulations. Therefore, in any future, blast furnace operations have to rely on less coke per unit metal production. At low coke rate 
operation, less amounts of coke in the burden is available in the blast furnace shaft while it has to maintain the bed permeability for 
reducing gases upwards, and liquids passing downwards. Therefore high quality coke is essential for future blast furnace operations. 
 
Coke is produced by heating coal blend in the absence of oxygen to about 1100°C. Coke performs three functions in a blast furnace 
namely thermal, chemical and mechanical: a fuel providing the energy required for endothermic chemical reactions and for melting of 
iron and slag; a reductant by providing reducing gases for iron oxide reduction; a permeable grid providing for passage of liquids and 
gases in the furnace, particularly in the lower part of the furnace. When coke passes through a blast furnace, the coke degrades and 
generates fines which affect bed permeability and affects the process efficiency.  The rate at which coke degrades is mainly controlled 
by solution loss reaction, thermal stress, mechanical stress and alkali accumulation. 
 
Coke quality is often characterized by measuring cold and hot strength, ash composition and chemistry which are largely dictated by 
coal properties. A range of laboratory tests and procedure have been developed to characterize physical and chemical properties of 



 

coke and their potential impacts in blast furnaces. The most used and well-known tests are the so-called Coke Reactivity Index and the 
Coke Strength after Reaction developed by Nippon Steel Corporation (NSC) in Japan in early seventies to assess the effect of CO2 
reactions on coke. There is no universally accepted standard procedure however NSC/CRI test is widely recognized around the world 
and was adopted by ASTM while being considered for ISO standard [1, 2]. Generally high CSR coke is believed to prevent the coke 
from breaking down, improve the permeability of gas and liquid and increase the productivity as well as decrease the specific coke 
consumption [3]. However, no international agreement of an ideal way to determine the quality exists as each industry relies on their 
empirical experience for the interpretation. These laboratory tests are designed to test the coke properties under specific set of 
conditions which might not be universally suitable. The reproducibility of CRI/CSR values among different laboratories also varies a 
lot [4].  
 
Therefore, in addition to bench-scale testing, a more comprehensive approach is the pilot-scale testing of materials under more 
realistic industrial environment. Even though these tests are time consuming and very expensive, data generated in these tests is 
critical to provide a comprehensive testing of raw materials such as coke. In order to obtain a deeper understanding of BF, an 
Experimental Blast Furnace (EBF) in Luleå was constructed by LKAB and is currently operated in collaboration with the 
Metallurgical Institute (MEFOS). In the early phase, the main focus was on the iron bearing material properties but it is now expanded 
to include coke properties as well. In the present, a campaign was conducted in LKAB’s EBF to test the performance of raw materials 
including coke. The test was conducted using relatively good quality coke i.e. low CRI (23.15) and high CSR (68.8). A large number 
of samples and data were collected during this campaign. Coke samples excavated from the centreline of EBF are used to investigate 
the changes in coke properties as a consequence of furnace reactions.  
 
The main aim of this study is to investigate the effect of changes in carbon structure of coke and also increases in coke alkali content 
in blast furnaces. Coke reactivity is influenced physical properties including porosity as well as chemical properties including coke 
minerals and carbon structure. Reactions with oxidising gases affect porous carbon matrix during combustion/gasification. As coke 
descends in a BF its chemical structure is expected change. The evolution of pore structure by growth and coalescence leads to 
increasing or decreasing available surface areas, changes in pore structure/distribution, gas diffusion and reactivity. Porous structure of 
coke is governed by the coking properties of coals, particularly by maximum fluidity and swelling number [6]. 
 
Transformations of inorganic matter upon heat treatment include changes in chemical bonding, sintering, melting and vaporization as 
well as mutual interactions with organic matter. In addition to catalytic affect on reactivity of carbonaceous materials, high 
temperatures affects particle size of mineral matter and hence the fragmentation and mechanical stability of the carbonaceous material. 
Hermann [7] has evaluated the effect of chemical composition of coal ash on coke reactivity such that CaO and SO3 are gasification 
stimulating, Fe2O3 an Al2O3 have an intermediate effect, and P2O5, TiO2, MgO are gasification-inhibiting. Feng et al [8] have observed 
that iron is a major catalyst during gasification of bituminous coal as well as resulting in organised crystalline structures of carbon in 
the vicinity of the carbon/iron interface. With increasing burnout, mineral matter could have inhibiting effect by forming a barrier for 
oxidizing gases and could influence carbon reactivity  [9]. 
 
During its descent through a blast furnace, coke is exposed to extreme reacting conditions. The prevailing high temperatures in the 
cohesive zone areas lead to coke graphitisation i.e. increased ordering of carbon structure. Synthetic graphite has a highly ordered 
structure, high fixed carbon content with low levels of ash and volatile matter. Graphite structure can be described by a regular, 
vertical stacking of hexagonal aromatic layers with the degree of ordering characterised by the vertical dimension of the crystallite Lc 
(Figure 1). Each C atom within the aromatic layer (basal plane) is linked through covalent bonds to three C atoms. However, bonding 
between the layers is very weak and can easily be broken by external forces. Natural graphite has highly ordered structure like 
synthetic graphite but contains high level of impurities. The Lc for coal/char/coke can be measured by using X-ray diffraction profiles 
[10].  The carbon structure is often believed to influence the carbon reactivity [10].  
 
 
 

  
Figure 1 Illustration carbon structure of graphite crystallite. 

 



 

EXPERIMENTAL  
 
Experimental Blast Furnace and Coke Samples 
The current study is based on coke samples from an Experimental Blast Furnace (EBF) situated in Luleå, Sweden which was 
commissioned in 1997. The EBF has a working volume of 8.2 m3 and a diameter of 1.2 m at tuyere. The height from tuyere level to 
stockline is 6 m. Further details and its unique features can be found elsewhere [12-14]. The EBF is run campaign wise and a typical 
campaign last for 6-10 weeks. At the end of each campaign, the EBF was quenched with nitrogen introduced at the top and leaving 
through the tuyeres. In order to cool down the burden and the refractories, the furnace was flushed with nitrogen for ten days. Within 
about one minute, the reducing gases were removed and the reactions were stopped. Since the furnace was quenched from the top, it 
also limited an up-moving heat flow to react with oxide material.  The top of the furnace was afterwards demounted to get an easier 
access to the interior. The dissection started from the top and was carried out similar to an archaeological excavation where the 
original layers of coke and pellet were followed. Each burden layer is carefully removed and sampled according to a fixed sampling 
routine, after observing and documenting the shape, position and any anomalies in the layers that might occur.  
 
Coke samples used in current study belonged to tenth campaign launched in 2002, which lasted for 8 weeks. In this test, blast 
temperature was around 1200oC while fuel rates were of the order of 500 kg/thm such that coke rates were of the order of 350kg/thm.. 
One of objectives of the campaign was to test the performance of coke high strength and low reactivity coke produced at SSAB Luleå, 
Sweden by blending 67% low to medium volatile Australian coals and 25% of high volatile American coal combined with other pet 
coke etc. Chemical analysis of the coke in question is provided in Table I while CSR and CRI values are provided in Table II. After 
quenching, approximately 20-35 pieces were taken out at several vertical and radial locations identified by laser measurements. Figure 
2a illustrates the locations of coke bed layers and codes of excavated coke samples. The drawing of the furnace and the layers are 
according to scale. All coke layers were sampled at three radial positions namely centre line (C), middle i.e in-between centre and wall 
position (M) and close to wall (R) for most of vertical positions.  For example, 10C is the center sample from the 10th layer. Two small 
lumps (approximately 6-8cm3) were taken from each layer and crushed to powder before measuring the TGA reactivity.  
 
Current study is based on reactivity measurements of the centre line coke samples. A simple attempt to estimate the temperature 
profile was made.  During this campaign, the temperatures inside the EBF were monitored by using many probes at various locations. 
Based on those probe measurements, a general correlation was established between furnace height and temperatures, and the same 
correlation was used to obtain the temperature profile particularly at the centreline of EBF. On this basis, the coke samples from 
various locations can be considered to represent a particular zone of the EBF. Figure 2b illustrates the coke layers of interest as a 
function of tentative temperature estimations. Samples 5 and 10, 15 & 20 can be considered to represent the coke samples from stock 
line and thermal reserve zone, while samples 25 & 30 are considered to represent the coke samples from  cohesive zone. On the same 
basis of temperatures, sample 35 could represent bosh coke sample. 
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Figure 2 a) Schematic of the EBF illustrating locations of coke samples; b) Temperature profiles of coke samples from EBF. 
 
 

Table I Chemical analysis of the feed coke used in the current study [15]. 
Moisture Volatile matter Ash content S N C H 
0.12 1 11.4 0.55 1.13 87.51 0.16 

 
Table II CSR and CRI values of coke tested in Experimental Blast Furnace. 
CSR 68.8 
CRI 23.15 

 
TGA  Reactivity Measurements 
Figure 3 shows the schematic of Netzsch STA 409 instrument at Luleå University of Technology, which can be used for simultaneous 
Thermal Gravimetric and Differential Thermal Analysis. Non-isothermal reactivity was measured by using a small amount of coke 
powder (60 ~ 80 mg) in an Al2O3 crucible in TGA/DTA equipped with a mass-spectrometer with the setting to detecting ions with 
mass of 1 to 65. All samples of interest have been reacted under dynamic heating up to 1300°C with a heating rate of 10K/minute. 
 
A custom built TGA at the University of New South Wales was used to measure the weight loss in coke sample during isothermal 
heating at 900 °C for 2 hours under 100%CO2 and at various flow rates ranging from 1.5 to 2.0 l/min. The TGA furnace consists of 
recrystallised vertical alumina (60 mm ID) tube. Sample temperature is controlled by an internal thermocouple located close to the 
sample holder. Approximately 0.2 g sample was placed on a square alumina crucible (30X 30 mm) holder at room temperature. 
Alumina sample assembly is suspended by a high temperature stainless wire which is connected to a balance that can measure weight 
changes of the order of 1 micro gram (Precisa® 1212 M SCS). The assembly was kept at low temperature zone in the furnace 
followed by heating up to 900oC at the rate of 2oC/minute while N2 (4-6 l/m) was continuously purged through the furnace which were 
regulated by Brooks 5850E mass flow controller. As the furnace reaches the required reaction temperature, the furnace chamber is 
raised to move the sample in the reaction zone followed by switching on CO2.  
 

 Gas outlet  

Furnace

Sample carrier

Radiation shield

Protective tube

Vacuum

Reactive gas
Protective gas

Inductive displace
transducer
Electromagnetic 
compensation syst

Vacuum tight casi

TG/DTA carrier 

Thermostatic control 

Evacuation system 

 

 
(a) (b) 

Figure 3 a) Schematic of TGA/DTA furnace used for non-isothermal reactivity measurement of coke samples; b) TGA reactor at 
UNSW used for isothermal reactivity measurements. 

 
X-ray Diffraction of Cokes 
Siemens 5000 X-ray diffractometer at the University of New South Wales (UNSW), Australia was used to record scattering intensities 
of samples by using Copper Kα radiation (30 kV, 30 mA) as the X-ray source. Samples were packed into an aluminum holder and 
scanned over an angular range from 5-105° by using a step size of 0.05° and collecting the scattering intensity for 5 seconds at each 
step. The XRD data was processed to obtain crystallite dimension Lc in carbonaceous materials.  . The average stacking height of 002 
carbon peak is calculated using Scherrer’s equation by using K = 0.9 for Lc. A sharper 002 peak will indicate a larger crystallite size 
and a greater degree of ordering in the carbon structure [15].  
 



 

Coke samples were analysed by XRF while carbon content was measured using LECO analyser at the UNSW. X-ray diffraction was 
used to measure carbon structural parameters. Few coke samples were also analysed by using Scanning Electron Microscope.   
 
 

RESULTS & DISCUSSION 
 
Coke gasification is influenced by coke porosity, carbon structure and its minerals. Porosity measurements of the coke samples used in 
this study indicated no significant variation in the porosity of coke samples from different locations in the EBF. A light optical 
microscopy of EBF coke samples indicate that open pores could have increased marginally as coke descends towards tuyers. 
Preliminary N2 surface area of the EBF coke sampls suggest that surface area of cokes did not change significantly in bulk sample and 
hence might not have significant influence on possible differences on recativity measurements. It may be noted that there could be 
differences in surfcae area of outside layers of coke which has not been measured so far. Further discussion is mainly limited to 
changes occurring in carbon structure and coke minerals.  
 
Evolution of Carbon structure of Coke in EBF 
As the coke descends into blast furnace, it reacts with upcoming CO2 gases and loses its carbon. Figure 4 shows that carbon content of 
coke samples is decreasing such that around bosh region (sample 35) coke contained approximately 5% less carbon content. This 
increased ash content can be attributed to carbon loss as well as increased alkali uptake by coke in the EBF.  
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Figure 4 Variation in carbon content of EBF centreline coke samples plotted against distance from top of EBF, tentative associated 

temperatures in EBF are also indicated. 
 
Figure 5a shows XRD patterns of cokes samples from three locations and shows that the chemical structure of coke carbon is 
increased as indicated by sharpening of 002 carbon peak in cokes taken from 5 to 35 location. Carbon atoms become more ordered as 
coke passes from thermal reserve zone to bosh region as indicated by higher Lc values as shown in Figure 5b. This means that coke 
structure gets modified such that less ordered carbon material is lost during its movement towards lower parts of furnace. Figure 5b 
plots the calculated Lc values, generated from XRD measurements on the cokes against the height from top of furnace. Figure 6 plots 
the change in Lc values against the estimated temperatures of coke layers. Generally, relatively highly ordered carbons are expected to 
be reactive towards oxidising gases including CO2. The linear correlation suggests that increase in Lc value is strongly influenced by 
temperature in the EBF even though other factors such as alkali and iron species present in coke could also influence the chemical 
structure of coke.  
 
According to previously study, coke carbon is believed to be gasified preferentially along basal planes resulting in reduction of lateral 
crystallite size (La) [16]. In this regard, further work is underway to determine other structural parameters to determine their variation 
with descent in EBF. Figure 5a indicates less background intensity in the XRD patterns of coke samples from lower parts of the EBF 
(location 35) is less than coke sample from location 5. Less background intensity is often indicative of less proportion of amorphous 
carbon. Even though amorphous carbon in all coke samples was not distinctively different, the amorphous carbon did decrease as 
hearth coke samples indicated significantly low amorphous carbon compared to coke samples from upper parts of EBF. The results 
suggest that amorphous carbon is increasingly depleted as coke descends towards hearth. 
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Figure 5 (a) Illustration of variation in background intensity of XRD patterns of coke samples from three locations, (b) increase in Lc 
values of coke during its descent in the EBF and associated temperatures. 
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Figure 6 Relationship between coke bed temperature and Lc value of cokes. 
 
Evolution of Coke Ash Chemistry in the EBF 
The XRF analyses of coke samples from centreline position are indicated in Table III. Figure 7 plots the alkali in coke ash against the 
furnace depth and shows that alkali content (K2O and Na2O) in coke increases as the coke moves from shaft to cohesive zone.  
Alkali present in recirculation gases inside the blast furnace might have condensed on coke surface or penetrated inside the coke 
matrix followed by their reactions with other minerals. Exact mechanisms of alkali uptake by coke is not clear at this stage. In order to 
under stand the alkali distribution, each coke sample was analysed for three regions namely outer, middle layer and core  matrix of 
coke.  
 
Figure 8 and Figure 9 provides the SEM analysis of coke samples (from locations 10 and 35) from two widely different locations from 
the EBF at various magnifications. Figure 8 illustrates the inhomogeneity of mineral dsitribution in cokes 10C. The EDS analysis of 
coke minerals suggested the alkali content of the aluminosilicate phases of coke sample C35 was higher and apperas to be incresaingly 
associated with coke matrix when compared to the similar type of phases in the coke sample C5. Further studies will clarify the impact 
of alkali minerals distribution on coke reactivity as consequence of mode and extent of alkali penetration in the coke matrix, which 
could influence the coke reactivity mechanisms. EDS analysis of mineral grains in Figure 8 indicated that alkali contents of minerals 
was in the normal range of often observed aluminosilicate phases throughout the coke. 
 
Figure 9 compares the physical appearance of three regions with in the coke matrix of sample 35C from a lower part of the EBF. In 
general, the alkali content of aluminisilicates anlayed in the sample 35C were found to be higher when compared to alkali content of 
similar phases from the coke sample 10C. No apparent crack or significant changes in macro pore were apparently visible in coke  



 

 
 
 
sample 35C. Visual examination of SEM images of coke 10C and 35C did not indicate any significant changes in their physical 
structure. Alkali could influence the surface area, chemical structure and could also display catalytic effect. Further analysis is 
continuing to understand the complex role of alkali on chemical structure and the mechanisms of alkali assimilation in coke matrix via 
condensation or intercalation.            
  

Table III. Chemical composition of EBF coke samples. 
 Ash components in coke indicated as oxides (wt%) 
XRF(SSAB) 

Ash 
content SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 P2O5 SO3 

KL05C 9.83 5.76 2.63 0.42 0.01 0.06 0.17 0.10 0.16 0.03 0.59 
KL10NC 10.89 6.39 2.77 0.46 0.04 0.06 0.35 0.16 0.17 0.03 0.50 
KL15NC 11.66 6.30 2.65 0.37 0.00 0.06 1.24 0.43 0.15 0.02 0.54 
KL20NC 11.52 5.58 2.57 0.32 0.02 0.07 1.78 0.61 0.14 0.02 0.51 
KL25NC 12.39 5.83 2.61 0.32 0.02 0.08 2.31 0.67 0.14 0.02 0.47 
KL30NC 12.39 5.97 2.66 0.34 0.04 0.08 2.07 0.68 0.14 0.02 0.50 
KL35C 13.34 5.81 2.64 0.27 0.00 0.08 3.21 0.85 0.12 0.22 0.44 
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Figure 7 Alkali concentration in EBF coke ash plotted against distance from top of furnace. Approximate temperature profile of EBF 
is also indicated.  
 
 

  
Outer coke matrix C10  



 

  
Middle coke matrix C10  

  
Central coke matrix C10  

Figure 8 a) SEM imges illustrating mineral distribution in  upper/outer coke layer in sample (10C) from from lower part of EBF, b) 
coke matrix in middle part of coke and c) central core region of the same coke at various magnification. 
 
 
 
 

   
Outer coke matrix C35    

   
Middle coke matrix C35    



 

   
Central coke matrix C35    

Figure 9 a) SEM imges illustrating mineral distribution in  upper/outer coke layer in sample (35C) from from lower part of EBF, b) 
coke matrix in middle part of coke and c) central core region of the same coke at various magnification.  
 
Effect of In-Furnace Reactions on Changes in CO2 Reactivity of Coke 
Figure 10a compares the non-isothermal reactivity of coke samples from different locations in the EBF. This demonstrates that as the 
coke descends in the blast furnace, its reactivity increases. Similar trend was also observed during isothermal reactivity measurements 
as shown in Figure 10b. Comparison of isothermal reactivity of coke samples upper (5C) and lower zones (35C) of EBF suggests that 
CO2 reaction of cokes from lower parts of the EBF was faster. Porosity did not change for these samples significantly, therefore, the 
increase in coke reactivity is most likely related to the presence of enhanced alkali concentration. This means that in the EBF, the coke 
reactivity can increase due to catalytic influence of alkali even when the carbon structure becomes ordered. Relatively strong influence 
of coke minerals on coke reactivity was also observed in a recent laboratory study of coke reactivity based on Australian cokes [17].   
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Figure 10 a) Non-isothermal reactivity illustrated as loss in wt. of EBF coke samples with increasing temperature in a TGA/DTA 
furnace, b) Isothermal reactivity of EBF coke samples illustrated as loss in weight of two coke samples (5C & 35C) at 900oC in a 
TGA furnace at UNSW. 

 
 CONCLUSIONS 

 
A specially designed coke was tested in an experimental blast furnace. The changes in coke properties particularly chemical structure 
and reactivity with CO2 are investigated. Conclusions of this study are as follows.   
 

1. In experimental blast furnace, coke properties change as the coke moves down from thermal reserve zone towards cohesive 
zone such that carbon structure becomes increasingly ordered such that a linear relationship between stack height of carbon 
crystallite in coke and EBF temperatures can be established.  

2. The chemical structure of carbon crystallites of cokes was found to increase while amorphous carbon was found to decrease 
during downward movement such that the hearth cokes contained significantly lower amorphous carbon compared to coke 
samples from other parts of the EBF.  



 

3. The alkali concentration of coke was found to increase during its descent towards lower parts of blast furnace from less than 
1% to more than 4%. 

4. Both isothermal and non-isothermal reactivity based on TGA measurements clearly indicated that CO2 reactivity of coke 
samples from lower parts (e.g. cohesive zone) of blast furnace was higher compared to coke samples from upper parts of 
blast furnace such as thermal reserve zone. The catalytic effect of alkalis in the EBF samples appear to have a strong effect on 
gasification reactivity. 
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