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ABSTRACT

The reactivities of cokes derived from coal blends used in the steel
industry have been comnared. Kinetics and rates of oxidation have been
correlated with chances 1n surface area and norosity determined by gravimetric
gas scorptlon usinyg vacuum microbalances.

Durinag the earlier stages of oxidation of the cokes 1n carbon dioxide at
1000 ©C, the surface area increases considerably, reaching a maxinum at about
20 % burn-cff. This change 12 surface area is ascribed to formation o©of nores
at the surface, including opening of 1nitially-closed pores as the buriing
proceeds.

At higher pcrcentage burn-offs, the surface area decrecascs to 2 very low
value as the ash sinters with loss of vorcsity.

INTRODUCTION

Stecl nroduction regquires metallurgical cokes of suitable physical and
chemical prcperties. Cckes are preferred having high mechanical strength and
moderate reactivity (measured bv weicht loss in carbon dioxide at 1000-1100 OC).
Gptimun pronerties are achieved generally by blending coals, The blends may
consist entirely of coals indigenous to the United Kingdom or blends of foreian
and. U.K. zoals.

At 1000-1100 OC, Lhe oxidation occurs by the Boudeouard reaction, viz.,
C + COz = 2CO. Kinetics and rates cf oxidation will dewend on the area of the
coke sur©ace and its accessibility to carbon dioxide. Thus in the present
resecarch, changes in surface area and porosity during oxidation have been
studied in detail for Lwo cokes - one derived from U.K. coals and the other from
mixed foreign and indigenous coals. The constituents of the coke ash sinter
acvnreciablyv at 1000 OC and tend to impede oxidation, marticularly i1n the second

half of the coke burn-off.

FXPERIMENTAT,

Thermcoravimetric studies of the oxidation of Scunthorrpe and Redcar cokes
in air or carbon dioxide were made, using a Stanton-Redcroft mass-flow balance
MF-HS5 (l). Larqger samples of coke at various degrees of hurn-off were prepared

o ;
1n a furnace at 1000 “C, using coke lumps ©f aporox. 5 mm diameter. Surface
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areas were determined by a cravimetric B.E.T. method (2), using nilrogen gas
sorption at ~196 °¢ recorded on a C.I. Flectronics Mark :B microforce

nalance (3). Sammles of un to about 200 mg weight could he examined, using
balance ranges of 0-2.5 mg, 10 mg and 100 mg for measuring the gaseous adsorpti
The adsorption isotherms also provided data on the micro- and mesco—porosity

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

measurements by gas or ligquid displacement. Further information was cbtained

from electron-micrographs.

RESULTS AND DISCUSSTION

Surface activity and kinetics during coke oxidation

Variations in surface area during oxidaticn of Scunthorpe and Redcar cokes

. . s} .
in carbon dioxide at 1000 “C are presented 1n Fig. 1 and 2.
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Fig. 1. Oxidation of British Steel
Scunthorpe coke in carbon dioxide at
1o00°C
Indigenous:- €0% Yorkshire,

25% MNorthants,
15% S. Wales (cr Kent)
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Tig. 2. Oxidation of British Steel Redcar
coke in carbon dioxide at 10002C
50% British (Durham), 30% Polish,
20% Australian.

At lower percentage burn-offs, the surface areas increase considerably,
reaching maxima during the first 25 % burn-off. There is evidently formation
of pares at the ccoke surface, including ooening of i1nitially-closed pores as
the oxidation nroceeds. Thus although the original coke samples have only
macroporosity, yet they develop full ranges of mesoporosity (pore sizes of
2-50 nm diameter) in the earlier stages of burn-off in carbon dioxide or in air,
cf. Fig. 3 and 4, where there is adsorption hysteresis in the rclative pressure
range 0.37-0.96. Similar maxima are shown for the actual changes in surface, 5',
{rather than the specific surfaces, 5) of 1 g-samples of initial coke blend at
various deqgrees and times of burn-off, The Redcar coke shows a second maximum
at about 40-50 % burn-off, which is ascribed to the behaviour of the Polish
component. Experiments on cokes prepared from indigenous coals, e.g., Scunthorp¢
coke and separately on Scuth Wales cokes (Mantgarw and Cwm) show development of
maximum surface at 10-25 % burn-off, whereas the Polish coke nproduces 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
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Fig. 3. Adsorotion of N2 on Scunthorpe coke

oxidiscd 22.6% in C02 at lOOOoC.

surface activity gets reduced by sintering of the increasing provortion of ash
present, cf. Fig. 5, 6 and 7. Hence the kinetics of the larer stages of burn-
off of the Scunthorpe coke resemble a two-thirds order reaction impeded by

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

becoming concave upwards.

Development of porosity during coke oxidation

Electrecn-micrographs of sections of initial coke particles in Fig. 9 indicate
mainly macroporosity internally and externally. Apparent density measurements
from gas or liquid displacement enable the closed pore volumas to he estimated.
In Table 1, the apparent densities have been determined by nitrogen gas

displacement on the vacuum microbalance. The pore volumes have bren estimated
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Fig. 4. Redcar coke burnt at lOOOOC 1in air

{41} 16.8% hurn-off Adsorpticn of

N, at - 126°C.

TABLE 1

Apparent densities and pore volumes of cckes

Coxe Apparent densaity Pore volume, cqu*l
A B
Scunthorpe 1.27 0.346 0.261
Redcar 1,34 0. 305 0.220
Palish, Cwn 1.40 0.273 0.188

Nantgarw 1.48 0.232 Q.150
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Fig. 5 and #. Scunthorpe and Redcar cokes oxidised in CO; at 1000 OC
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Fig, 7. Prooortion of ash in
burnt-off Redcar coke.

using crue densilies and volumes of (A) 2.27 and 0.441 v::rnig_l and (B} 1.90
and 0,526 crr13q-L corresoonding to values adopted for the X-rav density of
graphite and the true density of cokes carbonised at 1000-1100 Oc.

When 1 g of Redcar coke burns off 16.8 % carbon i1n air at 1000 S (wt. loss
15.1 %), 1ts surfacc area increases from 0.8 to €.9 mz. If 1t had burnt as
particles which were non-porcous contracting spheres without forming new pores,
1ts surface would have decreased from 0.8 m® to 0.72 mz, 1.e., 0.8 x

'
(fractional wt. left)?’?,

3

Thus 6.2 m® of surface was develeoped 1n burning of f

0.151/1.90 cm” of carbon = 0.0795 cmg, compared with pore volume opened of

0.151 x ©.220 = 0.0332 cm’. Since the pores opened are mainly macropores »

about 0.1 um diameter, the surface of the opened pores is estinated from the
formula radius of cross-section, r/2 = Volume/Surface, whence /2 > 25 rm =
0.22 x 108" /5 x 10%° making § < 8.8 m? per y coke, i.e., < 1.3 m? for 0.151 g

coke. Thus most of the increase i1n surface i1s due to formation of new pores.
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Tig. 8. Two-thirds order kirnetics rlot for
oxrdation of Scunthorpe coke in
€0, at 1000 °C.

These should have an average size of about 65 nm or less, dependina on how
mich of Lhe oxidation forms new pores. There will be direct burn-off fron
the external surface, but svme oxidation can form new pores or cpen and
enlarge macrcpores. Accordincly, the hysteresis loop of the nicrogen adsorptic
1gsotkeym (Fig. 1) ndicates pore sizes across the whole of the mesopore range
of 2=50 nm, the copmmonest size (at the widest part of the lecop) being aboutz 7 r
Similar calculations for the Scunthorpe coke give a development of surface
of 16.5 m° for 22.6 % burn-off of a 1 g-samole, compared with 7 2.2 n® for
openad macropores. This leads to an cstimate of 31 nm or less for the size
averayge of the newlv-formed pores. Again the nitrogen adsorption hysteresis
loon indicates pore sizes over the wnole ¢f the mescpore range of 2-50 nm,
the commonest size being about 5 nm.
An estimate cf now much of the axidation forms new pores can he made by

measuring the uptake of nitrogen during the f11ling and emptying of the



{a) Scunthorve coke before hurn-off
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Fig. 9 Scanning electrxon-micrographs of Scunthorpe and Redcar cokes.
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mesopores from the adsorpticon isotherms (Fig. 3 and 4). This is approxinately
the difference hetween the highest and lowest weight readings of the hysteresis
loop, using a valua of 34,67 em’ for the volume of 2 mole of liquid

nitroger at -196 Pc. Ihese calculations indicate that only about 2.6 % of the
oxidation of Lhe Redcar cokc in air and 2.5 % of the Scunthorpe coke in carbon
dioxide forms mesopcres, so that the appreciable increases in surface are
assoclated with cnly a small proportion of the oxidation and the new surface

is located in mesopores, giving 1t poor access to awr or carbon dioxide., FHence,
any lncrease in oxidation rate duc to new surface being formed will be
comparativelv small, but could tend to make a two-thirds order rate become
approximately linear during the earlier stages of oxidation, as 1s often

encountered 1n coke reactlvity tests.
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