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Abstract 
In order to increase its industrial competitiveness and to satisfy blast furnace requirements, 
the cokemaking industry needs to produce coke of a higher quality. The injection of coal, oil, 
gas and plastics to replace coke at the tuyeres has now become a widely accepted technology 
in modern blast furnace operations and coke rates have decreased very rapidly. This injection 
practice has led to more severe quality requirements for coke. Furthermore, the coal market 
situation has changed tremendously in recent years with coal prices rising continuously. 
Thus, blends for coke production need to include non-coking coals and residues with a high 
carbon content (usually considered as inerts) such as petroleum coke, high or low-rank coals 
and various types of residues to ensure a flexible supply of raw materials and so bring about a 
reduction in the price of the final product. Coke properties such as cold mechanical strength, 
reactivity to CO2 and strength after reaction (CSR) depend mainly on the composition of the 
blend. In the present work the impact of these additives on cokemaking has been examined 
by means of thermogravimetric analysis and by studying the changes in the thermoplastic 
properties of the blends containing such additives. 
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INTRODUCTION 
 
The use of blends of coals of different origin and quality is the normal practice in the 
cokemaking industry. In addition, other types of carbonaceous materials (additives) are also 
included in the formulation of industrial blends (Grint, 1981; Alvarez, 1998a; Collin, 1994) 
for coke production. Different types of additives can be introduced in the coke oven e.g. non-
coking coals such as anthracite and bituminous materials like coal- tar or coal- tar pitch. 
Furthermore, materials from petroleum processing have also been used as additives in coke 
production. In recent years due to environmental issues, the introduction of residues of 
different origins has been the subject of many research works (Alvarez, 1998b; Barriocanal, 
1998; Nomura, 2003; Díez, 2005). In the present work, the effect of two non-coking coals, a 
petroleum coke and three residues on the thermal and thermoplastic properties of a coking 
coal have been studied. 
 
EXPERIMENTAL 
 
A coal (P) chosen from those normally used by the coking industry was selected. In addition, 
six additives that include a petroleum coke (PC), two coals used for injection in the blast 
furnace (A and B) together with three residues were selected. One of the residues is  a  
bituminous material obtained from the distillation column of benzol (BR1) and the other two 
were supplied from the tyre recycling industry (Ty and TxTys). The most important 
characteristics are shown in Table 1. Proximate analyses were performed following the 
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ISO562 and ISO1171 standard procedures for volatile matter and ash content, respectively. 
Petrographic examination of the coals was carried out on a MPV II Leitz microscope by 
means of reflected white light using immersion objectives (x32) in accordance with the ISO 
7404/5 procedure for vitrinite reflectance. The thermoplastic properties of the coal and the 
blends containing 10 wt% of additives were tested by the Gieseler method in a R.B. 
Automazione Gieseler plastometer PL2000, following the ASTM D2639-74 standard 
procedure. The parameters derived from this test were: (i) softening temperature, Ts, the 
temperature at which the coal starts to be fluid; (ii) the temperature of maximum fluidity, Tf; (iii) 
resolidification temperature, Tr, the temperature at which the fluid mass resolidifies; (iv) plastic 
range, Tr-Ts, which is defined as the difference between the resolidification and softening 
temperatures; and (v) maximum fluidity, MF, expressed as dial divisions per minute (ddpm). 
The TG/DTG analysis of the coals and blends was carried out using a TA Instruments SDT 
2960 thermoanalyser. 10-15 mg samples of each sample were heated to 1000 °C at a rate of 3 
°C/min under a nitrogen flow of 100 ml/min. From the data obtained by the thermogravimetric 
analysis the volatile matter evolved up to a specific temperature, the derivative of the mass loss 
and the temperature of the maximum volatile matter evolution (Tmax) were calculated. The 
volatile matter evolved in a specific temperature range was calculated as the difference between 
the volatile matter evolved up to two specified temperatures (VMT1-T2).  
 
Table 1. Main characteristics of the materials used. 

 P A B PC BR1 Ty TxTys 

VM (wt% db)a 30.7 13.4 35.6 12.6 -- 63.0 65.7 

Ash (wt% db) 7.2 8.4 4.7 1.5 3.5 8.3 5.9 

R0 (%)b 1.03 1.69 0.75 -- -- -- -- 

SD c 0.1 0.07 0.15 -- -- -- -- 

C (wt% daf) 88.7 92.2 84.4 90.0 93.5 90.3 86.4 

H (wt % daf)  5.3 4.5 5.5 3.9 4.4 7.8 7.7 

N (wt % daf)  1.7 1.5 1.4 2.5 1.3 0.3 0.3 

S (wt % daf)  0.93 0.32 0.59 1.50 0.93 2.12 1.8 

O (wt% daf) 3.2 2.1 8.1 2.3 2.0 3.1 7.6 
aVM, volatile matter content on a dry basis (db). b R0, mean vitrinite reflectance. c SD, 
standard deviation of the mean vitrinite reflectance. 
 
RESULTS AND DISCUSSION 
 
The effect of the additives on the thermoplastic properties of coal P (MF=13467 ddpm) were 
studied. Blends containing different amounts (2, 5 and 10 wt%) of additives were prepared 
and subjected to the Gieseler test. Figure 1 shows the variation in Gieseler fluidity with 
temperature for the 9:1 w/w blends, except for the blend prepared with the residual pitch 
(BR1). This was because 5 wt% addition produces an increase in plasticity that reaches the 
limit of the apparatus. The other additives give rise to a reduction in the plasticity of the coal, 
the greatest reduction occurring with the addition of tyre crumbs (Ty). Nevertheless, the 



resulting blends preserve enough fluidity to produce a coke. The addition of the three wastes 
(BR1, Ty, TxTys) reduce the softening temperature of the blend and consequently increase 
the plastic range of the blend. The other additives produce a decrease in its plastic range. 
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Figure 1. Variation in the Gieseler fluidity of the blends of coal P and the additives tested. 
  
The thermal behaviour of the additives was studied by thermogravimetric analysis, the results 
of which are presented in Table 2. Three temperature intervals were chosen, taking into 
account that the plastic range of most coals lies between 400 and 500 °C. In the present case 
the plastic range of coal P is Ts=380 °C and Tr=485 °C. The decomposition of the base coal, 
P, takes place mainly in the 400-500 °C interval, while that of the additives is different and 
depends on their nature. The decomposition of coals A and B, the petroleum coke and the 
residual pitch occurs in a single step while that of the residues from the recycling of tyres 
takes place in two steps corresponding, in the case of Ty, to the decomposition of its main 
components i.e. natural rubber (NR), styrene-butadiene rubber (SBR) and butadiene rubber 
(BT) (Williams, 1995).  The evolution of the volatile matter with temperature in the two coals 
used as additives depends on their rank, the amount evolved in the post-plastic stage (500-
750 °C) being greater for the higher rank coal A. Because it is a carbon material that has 
already been subjected to heat treatment the petroleum coke (Menéndez, 1997) presents a 
similar distribution of volatile matter evolution in the three ranges studied. On the other hand, 
in the residue taken from the bottom of the benzol distillation column and the two residues 
obtained from tyre recycling, most of the volatiles evolve at temperatures lower than 400 °C.  
The coke yield of the additives is important when studying the addition of materials to coal in 
coke production. In the present case, the use of petroleum coke and coal A as additives will 
increase the coke yield of the process whereas the addition of the three residues will have a  
deleterious effect on the coke yield. Nevertheless, the recycling of these additives will 
contribute to solving the disposal problem w h i c h  poses an enormous threat to the 
environment. 



Table 2. Parameters derived from thermogravimetric analysis performed at 3 °C/min for the 
coal blends. 

Coal blend 
VM400 

(%)a 
VM400-500 

(%)a 
VM500-750 

(%) a 
DTGmax 
(%min-1)b 

Tmax 
(ºC)c 

CY 
(%)d 

P 14.5 55.6 36.2 0.827 450 69.7 

A 5.5 25.1 36.4 0.265 495 85.6 

B 14.6 46.1 27.4 0.661 438 67.8 

CP 16.1 16.9 20.1 0.117 594 86.8 

BR1 79.5 15.2 4.9 1.011 314 36.0 

Ty 64.7 29.5 2.3 
1.434 
1.273 

352 
415 

34.8 

TxTys 62.0 28.0 2.36 
1.645 
1.329 

359 
419 

29.6 

aVMT: volatile matter evolved up to a specific temperature (T) or in a specific temperature 
range and normalized to 100 %. 
b DTGmax: Rate of maximum volatile matter evolution. 
c Tmax: Temperature of maximum volatile matter evolution. 
d CY: Coke yield at 1000 °C. 
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