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ABSTRACT 

The reactivltles o9 cokes derlved from coal blends used ~n the steel 

industry have been compared. Kinetics and rates of oxidation have been 

correlated with changes in surface area and noroslty determlned by gravimetrlc 

gas sorDtlon using vacuum m~crobalances. 

Durlnc the earlier staQes of oxidation oF the cokes in carbon d±oxlde at 

1OOO °C, the surgace area increases considerably, reach±ng a maximum at about 

20 % burn-off. This chan~e in surface area is ascribed to formation oF nores 

at the surface, including onening of initlally-closed pores as the burnlng 

~roceeds. 

At hlgher percentage burn-offs, the surface area decreases to a very low 

value as the ash s[nters wlth loss of porosity. 

INTRODUCTION 

Steel nroductlon requires metallurglcal cokes of sultable physical and 

chemical properties. Cokes are preferred having high mechanical strength and 

moderate reactlvity (measured by weight loss in carbon dioxide at iOOO-iiOO °C). 

Omtlmum properties are achieved generally by blendin~ coals. The blends may 

conslst entirely o£ coals indigenous to the Unlted Kingdom or blends of foreign 

and U.K. coals. 

At iOOO-iiOO °C, the oxidatlon occurs by the Boudouard reactlon, viz., 

C + CO2 + 2CO. Kinetics and rates of oxidatlon will depend on the area of the 

coke surface and its accessibillty to carbon dlox±de. Thus in the present 

research, changes in surface area and Porosity during oxidatlon have been 

studied in detail for two cokes - one derlved from U.K. coals and the other from 

mixed foreign and indigenous coals. The constituents of the coke ash sinter 

appreciably at iOOO °C and tend to impede oxidation, narticularly in the second 

half of the coke burn-off. 

EXPERIMENTAL 

Thermogravimetric studies of the ox±datlon of ScunthorDe and Redcar cokes 

in alr or carbon dioxide were made, using a Stanton-Redcroft mass-flow balance 

MF-H5 (i). Larger samoles of coke at various degrees of burn-off were prepared 

in a furnace at iOOO °C, using coke lumps of aDorox. 5 mm dlameter. Surface 
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areas were determined by a qravimetric B.E.T. method (2), using nitrogen gas 

sorption at -196 °C recorded on a C.I. Electronics Mark 2B microforce 

balance (3). Samoles o F uo to about 200 mg welqht could be examined, using 

balance ranges of 0-2.5 mg, iO mg and 1OO mg for measurinq the gaseous adsorpt/ 

The adsorption isotherms also provided data on the micro- and meso-poroslty 

of the materials. Information on the macroporoslty was obtained from density 

measurements by qas or liquid displacement. Further information was obtained 

from electron-micrograohs. 

RESULTS AND DISCUSSION 

Surface activity and kinetics during coke oxidation 

Variations in surface area during oxidation of Seunthoroe and Redcar cokes 

in carbon dioxide at iOOO °C are oresented in Fig. 1 and 2. 
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Fig. i. Oxidation of British Steel 
Scunthorpe coke in carbon dioxide at 
iO00°C 
Indigenous:- 60% Yorkshire, 

25% Northants, 
15% S. Wales (or Kent) 
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Fig. 2. Oxldatlon of Brltish Steel Redcar 

coke in carbon dloxide at ioooOc 

50% British (Durham), 30% Polish, 
20% Australian. 

At lower percentage burn-offs, the surface areas increase conslderably, 

reachin~ maxima durina the flrst 25 % burn-off. There is evldently formation 

of pores at the coke surface, including opening of initlally-closed pores as 

the oxidation proceeds. Thus although the original coke samples have only 

macroporosity, yet they develop full ranges of mesoporosity (pore slzes of 

2-50 nm diameter) in the earlier stages of burn.-off in carbon dioxide or in alr, 

cf. Fig. 3 and 4, where there is adsorption hysteresls in the relative pressure 

range 0.37-0.96. Similar maxima are shown for the actual changes in surface, S', 

(rather than the sDecific surfaces, S) of 1 g-samples of initial coke blend at 

various degrees and times of burn-off. The Redcar coke shows a second maxlmum 

at about 40-50 % burn-off, which is ascribed to the behaviour of the Polish 

component. Experiments on cokes prepared from indlgenous coals, e.g., Scunthorp~ 

coke and separately on South Wales cokes (Nantgarw and Cwm) show development of 

maximum surface at 10-25 % burn-off, whereas the Polish coke produces maximum 

surface at as much as 40-50 % burn-off, (4). The Polish component helps the 

Redcar coke to retain its reactivity in the later stages of burn-off, where the 



124 

12~ mg N 2 Per 

g. sample 

iO 

0 0.2 0.4 O.6 0.8 l.O 

Fig. 3. Adsorption of N 2 on Scunthorpe coke 

o 
oxld±sed 22.6% in CO 2 at iOOO C. 

surface activity gets reduced by sinter±ng of the increasing proportion of ash 

present, cf. Fig. 5, 6 and 7. Hence the kinetics of the laner stages of burn- 

off of the Scunthorpe coke resemble a two-thlrds order reaction impeded by 

solld products (Fig. 8), where the two-thirds order plot deviates from linearity, 

becoming concave upwards. 

Development of porosity during coke oxidation 

Electron-mlcrographs of sections of initial coke particles In Fig. 9 indlcate 

mainly macroDorosity internally and externally. Apparent density measurements 

from gas or liquid displacement enable the closed pore volumes to be estlmated. 

In Table i, the apparent densities have been determined by nltrogen gas 

displacement on the vacuum microbalance. The pore volumes have been est±mated 
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FI~. 4. Redcar coke burnt at iOOO°C in air 

(½h) 16.8% burn-off Adsorption of 
N at - 196°C. 
2 

TABLE 1 

Apparent densltles and pore volumes of cokes 

Coke Apparent densmty 

Scunthorpe 1.27 
Redcar 1.34 
Polish, Cwm 1.40 

Nantgarw 1.48 

3 _I Pore volume, cm q 
A B 

0.346 O.261 
0.305 0.220 
0.273 O.188 
0.232 O.150 
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Fig. 5 and 6. Scunthorpe and Redcar cokes oxidised in CO2 at iOOO °C 
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Fig. 7. Promortlon of ash in 

burnt-ogf Redcar coke. 

usinq true dens,ties and volumes of (A) 2.27 and O.441 cm3g -I and (B) 1.90 

3-i 
and 0.526 cm g corresmondlng to values adopted for the X-ray density of 

graDhlte and the true denslty of cokes carbonlsed at iOO0-iiOO °C. 

When i q of Redcar coke burns off 16.8 % carbon ~n alr at iOOO °C (wt. loss 

15.1%], its surface area increases from 0.8 to 6.9 m 2 . If it had burnt as 

particles which were non-porous contracting spheres w±tbout forming new pores, 

its surface would have decreased from 0.8 m 2 to 0.72 m 2 i.e. 0.8 x 

(fractional wt. left) 2/3. Thus 6.2 m 2 of surface was developed in burning off 

O.151,"1.90 cm 3 of carbon : 0.0795 cm 3, compared wlth pore volume opened of 

O.151 x 0.220 = 0.0332 cm 3. Since the pores opened are mainly macropores > 

about O.i ~m diameter, the surface of the opened pores is estimated from the 

formula radius of cross-sectlon, r/2 = Volume/Surface, whence r/2 > 25 nm= 

0.22 x IO2~/S x 1020 making S < 8.8 m 2 per g coke, i.e., < 1.3 m 2 for O.151 g 

coke. Thus most of the increase in surface ~s due to formatlon of new pores. 
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P i g .  8. ~vo-thzrds order kinerlcs Plot for 

oxidation of Scunthorpe coke in 

CO 2 at iOOO °C. 

These should have an average size of about 65 nm or less, dependzna on how 

much of the oxidation forms new pores. There will be direct burn-off from 

the external surface, but some oxidation can form new pores or open and 

enlarge macropores. Accordingly, the hysteresis loop of the nitrogen adsorpti< 

isotherm (Fig. 41 indicates pore slzes across the whole of the mesopore range 

of 2-50 nm, the commonest slze (at the wldest part of the loop) being about 7 r 

Similar calculations for the Scunthorpe coke give a develooment of surface 

of 16.5 m 2 for 22.6 % burn-off of a i g-sammle, compared wzth / 2.2 m 2 for 

opened macropores. Thzs leads to an estimate of 31 nm or less for the szze 

average of the newly-formed pores. Again the nltroaen adsorntzon hysteresis 

loom indicates pore sizes over the whole of the mesopore range of 2-50 nm, 

zhe commonest size being abodt 5 nm. 

An estimate of how much of the oxidation forms new pores can be made by 

measuring the umtake of nitrogen durzng the fzllzng and emptylng of the 
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(a) Scunthorme coke be{ore burn-off (b] Redear coke before burn-off 
I i 
iOO bm 

fc) Scunthorme coke after 63 % wt. loss Id) Redcar coke a#ter 52 % wt. loss 
I I 
IOO ~m 

(e) Scunthoroe coke after 63 % wt. loss (f) Redcar coke a{ter 52 % wt. loss 

at qreater maanlfication at qreater magnlficatlon 
! ! 

iO Dm 

Fla. 9 Scannrng electron-micrographs of ScunthorDe and Redcar cokes. 



130 

mesopores from the adsorption isotherms (Fig. 3 and 4). This is approximately 

the difference between the highest and lowest weight readings of the hysteresis 

loop, using a value of 34.67 cm ~ for the volume of a mole of liquld 

nitrogen at -196 °C. These ealculatlons indicate that only about 2.6 % of the 

oxldatlon of the Eedcar coke in air and 2.5 % of the Scunthorpe coke in carbon 

dloxide forms mesopores, so that the appreciable increases An surface are 

associated with only a small proportion of the oxldatlon and the new surface 

is located in mesopores, giving it poor access to alr or carbon dioxlde. Hence, 

any increase in oxldation rate due to new surface being formed will be 

comDaratlvely small, but could tend to make a two-thirds order rate become 

approxlmately linear durlng the earlier stages of oxldatlon, as is often 

encountered ~n coke react~vlty tests. 
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