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1. KINETIC CHARACTERISTICS OF COAL OXIDATION 

Of the available methods of assessing coal oxidation, the method developed by 

the Institute of Mining of the Soviet Academy of Sciences and the Coal-Chemistry 

Institute is preferable in terms of simple equipment, lack of subjectivity, and the 

possibility of assessing the initial oxidation, as shown in [1]. 

In that context, efforts have been made to standardize the method and to 

develop Ukrainian DSTU State Standard [2]. The modernized equipment developed 

at Ukrainian State Coal-Chemistry Institute is shown in Fig. 1.1. 

 

Fig. 1.1 Equipment for determining the oxidation of coal 



��

�

In the proposed method, the flash point is determined for the initial, reduced, 

and oxidized coal, and the results are compared. 

The flash point of the reduced coal is determined after adding a certain quantity 

of benzidine, which restores the initial flash point of the fresh unoxidized coal. The 

flash point of the oxidized coal is determined after low-temperature oxidation by 

hydrogen peroxide, which completely oxidizes the coal. 

��	 ��	
������
�	�t !��"	
�	�
��#	�����	��	���	����������	������	��� ignition 

temperatures of reduced coal and the given coal 

 

�t =tig.r $ tig,      (1.1) 
 
 

where tig.r ��	 ���	 �%����
�	 ��&'�������	 
�	 �������	 �
��#	 ��( tig is the ignition 

temperature of the tested sample. 

2. The degree of oxidation do (%) 

 

,
..

.

oigrig

igrig
o tt

tt
d

�

�
�      (1.2) 

 
where tig.o ��	���	�%����
�	��&'�������	
�	
�������	�
��#	��� 

We now employ this method to study the mechanism of coal oxidation on the 

basis of literature findings [3$16]. We also calculate the oxidation rate constants and 

establish their dependence on the properties of coal at different metamorphic stages. 

We consider concentrates of the coal most widely used at Ukrainian coke 

plants: Donetsk G, Zh, K, and OS coal and Russian G and KSN coal. 

Tables 1.1$1.4 present the technological and plastic)viscous properties, 

petrographic characteristics, elementary composition, and structural characteristics of 

the coal concentrates. We see in Table 1.1 that the samples are characterized by low 

analytical moisture content (which indirectly indicates lack of oxidation), ash content 

(e���'�	 *������	 �
��	 ��
&	 ��
&�%
�+servis), and standardized values of the total 

sulfur content and the volatile matter. 
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Table 1.1 Technological properties of coal 

Coal Rank 
Proximate analysis, % HHV, 

MJ/kg Wa Ad Sd
t Vd Vdaf 

��
&�%
�+������ G 1.5 10.0 0.56 33.7 37.4 34.59 
Selidovsk 
enrichment facility 

G 1.1 6.4 1.28 35.6 38.0 35.00 

Kalininsk 
enrichment facility 

Zh 1.2 7.5 1.08 30.4 32.9 35.49 

Krasnoarmeiskaya 
Zapadnaya no.1 

K 1.1 7.1 0.77 26.9 28.9 35.52 

Uzlovsk 
enrichment facility 

OS 0.7 8.7 1.89 18.2 20.0 36.01 

Krasniy Brod mine KSN 1.1 6.5 0.35 22.7 24.2 35.65 
 

 
Table 1.2 Petrographic characteristics of coal 

Coal Rank 

Oxidation 

according 

to GOST 

8930$94, 

% 

Petrographic composition, % 

R0, 

% Vt Sv I L �,� 

��
&�%
�+������ G 0 76 1 22 1 23 0.70 

Selidovsk 
enrichment 
facility 

G 0 58 1 29 12 30 0.70 

Kalininsk 
enrichment 
facility 

Zh 0 91 0 7 2 7 0.99 

Krasnoarmeiskaya 
Zapadnaya no.1 

K 0 86 0 12 2 12 1.09 

Uzlovsk 
enrichment 
facility 

OS 0 90 1 9 0 10 1.58 

Krasniy Brod 
mine 

KSN 0 34 3 63 0 65 1.06 
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Table 1.3 Plastic and viscous properties of coal 

 
Coal  

Rank 

Plastometric 
indices, mm RI FSI 

Audibert)Arnu dilation, 
�� 

x y tI tII tIII a, % b, % 

��
&�%
�+������ G 31 13 39 4 366 419 441 27 10 
Selidovsk 
enrichment facility 

G 47 11 34 3.5 391 428 446 23 4 

Kalininsk 
enrichment facility  

Zh 15 17 73 8 368 419 461 33 101 

Krasnoarmeiskaya 
Zapadnaya No. 1 
mine 

K 14 13 58 8 396 436 472 32 60 

Uzlovsk enrichment 
facility 

OS 17 12 27 3.5 424 473 - 21 - 

Krasnyi Brod mine KSN 34 6 18 1.5 416 500 - 14 - 

 

Table 1.4 Ultimate analysis and structural characteri�����	
�	���	�
��+� organic 

mass 

 

Coal 

 

Rank 

Ultimate analysis, % 
fa �A 

C
daf H

daf N
daf 

S
d

t
 O

daf
d 

��
&�%
�+������ G 84.05 6.25 2.36 0.56 6.78 0.640 0.733 

Selidovsk 
enrichment facility 

G 83.75 5.97 1.46 1.28 7.54 0.652 0.740 

Kalininsk 
enrichment facility 

Zh 85.51 5.66 2.19 1.08 5.56 0.682 0.762 

Krasnoarmeiskaya 
Zapadnaya No. 1 
mine 

K 86.69 5.58 1.56 0.77 5.4 0.692 0.773 

Uzlovsk 
enrichment facility 

OS 88.76 5.04 1.64 1.89 2.67 0.736 0.803 

Krasnyi Brod 
mine 

KSN 88.54 4.91 2.45 0.35 3.75 0.738 0.806 
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The upper heat of combustion increases with increase in the metamorphic 

development of the coal. 

The petrographic characteristics in Table 1.2 indicate that the coal is not 

identical in petrographic composition. Russian coal (G coal from Pro&�%
�+������#	

KSN coal from the Krasnyi Brod mine) and G concentrate from Selidovsk 

enrichment facility are characterized by elevated total content of fusinized 

components (from 23 to 65%). Selidovsk concentrate contains 12% of liptinite-group 

macerals. 

The coal concentrates are investigated on the basis of State Standard GOST 

8930)94 and found to be free of oxidized sections. 

The plastic)viscous properties of the coal concentrates correlate well (Table 

1.3). Thus, increase in plastic- thickness y matches the increase in Roga index RI, 

free-swelling index FSI, and Audibert)Arnu dilation b. 

Table 1.4 presents the elementary composition and structural characteristics of 

���	�
��+�	
�%����	&����	-� is evident that the carbon content increases uniformly from 

83.75% to 88.76% with increase in the vitrinite reflection coefficient. The hydrogen 

content varies from 5.04% in coal from Uzlovskaya enrichment facility to 6.25% in G 

�
��	 ��
&	 ...	 ��
&�%
�+������� The increased carbon content and reduced 

hydrogen content in coal from Krasnyi Brod mine with relatively low vitrinite 

reflection coefficient (Ro = 1.06%) is due to the increased content of inertinite-group 

macerals characterized by high carbon content and low hydrogen content. As a rule, 

the oxygen content declines at later metamorphic stages. 

Table 1.4 also presents the structural characteristics of the coal calculated from 

the elementary composition. The aromatic content of the structure fa is calculated as 

 

fa = 1.007 $ 0.3857(H/C) $ 0.3725(O/C),    (1.3) 

 

where H/C and O/C are atomic ratios. 

In addition, we calculate the degree of molecular association of the coal 



	�

�

cA = 1 �  
����������	�
�

������
,    (1.4) 

 

where C, H, N, and S are expressed in wt %. 

The structural characteristics indicate increase in the content of cyclic 

polymerized carbon in the coal macromolecules as a result of polycondensation in the 

course of metamorphism. 

Thus, the aromatic content of the structure increases from 0.640 for G coal to 

0.736 for OS coal. An analogous picture is seen for the degree of molecular 

association of the coal. For the reasons already noted, fa and DA are high for coal 

from Krasnyi Brod mine. 

Overall, our analysis shows that the coal samples differ markedly in their 

technological properties, petrographic characteristics, and structural characteristics. 

This will be associated with different behavior on oxidation. 

The initial coal is crushed so that it consists entirely of <3 mm particles and is 

placed on a griddle. The height of the pile is no more than 5 mm. The coal is oxidized 

at 140�C in a drying tower, with free access of atmosphere oxygen. In oxidation, the 

coal is constantly moved, so as to ensure uniform conditions. 

Many researchers regard 140�C as the limiting oxidation temperature at which there 

is no thermal destruc��
�	
�	���	�
��+�	
�%����	&���	/�0#	�12�	3����	�
&� 

time (20$30 min), coal samples are taken so as to permit determination of the 

oxidation. 

In Fig. 1.2, we show the influence of the heating time 
�	���	�
��+�	��%���	
�	

oxidation. We conclude that the oxidation process is practically identical for all the 

coal and consists of three main stages: the initial stage, intense oxidation, and 

saturation. 




�

�

 

Fig. 1.2 -��������	 
�	 ���	 ������%	 ��&�	 
�	 ���	 �
��+�	 ��%���	 
�	 
������
�4	 !�"	

��
&�%
�+������#	 5	 �
��(	 !"	 6����
���	 ������&���	 ��������#	 5	 �
��(	 !�"	 7��������	

enrichment facility, Zh coal; (d) Krasnoarmeiskaya Zapadnaya No. 1 mine, K coal; 

(e) Uzlovsk enrichment facility, OS coal; (f) Krasnyi Brod mine, KSN coal. 
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Table 1.5 Temperatures of ignition, oxidation, and degree of oxidation of coal 

 

Coal 

 

Rank 

Heating 

time, min 

Sample, 

stage 

of 

oxidation 

 �&'�������	
�	�%����
�#	�� 

Oxidation 

�t#	�� 

Degree  of 

oxidation 

do, % 
tig.r tig.o tig 

��
&�%
�+������ G 

0 Init. 348 320 347 1 3.6 

240 1 346 312 341 5 14.7 

543 2 339 312 324 15 55.6 

780 3 333 312 320 13 62.0 

Selidovsk 

enrichment 

facility 

G 

0 Init. 350 317 349 1 3.0 

283 1 346 311 340 6 17.1 

590 2 336 311 321 15 60.0 

900 3 333 311 319 14 63.6 

Kalininsk enrich- 

ment facility 
Zh 

0 Init. 362 328 361 1 2.9 

177 

342 

1 

2 

363 

360 

309 

309 

358 

342 

5 

18 

9.3 

35.3 

1020 3 356 309 338 18 38.3 

Krasnoarmeiskaya 

Zapadnaya No. 1 

mine 

 

K 

0 Init. 373 294 372 1 1.3 

232 

395 

1 

2 

361 

366 

294 

294 

356 

344 

5 

22 

7.5 

30.6 

720 3 365 294 343 22 32.3 

Uzlovsk 

enrichment 

facility 

OS 

0 Init. 384 302 381 3 3.7 

460 1 376 302 370 6 8.1 

700 2 382 302 367 15 18.7 

780 3 380 302 365 15 19.2 

Krasnyi Brod 

mine 
KSN 

0 Init. 378 355 377 1 4.4 

197 1 376 335 373 3 7.3 

507 2 377 335 364 13 31.0 

660 3 374 335 361 13 33.3 

 

 

We may identify point 1 corresponding to transition from the initial stage to 

intense oxidation; point 2 corresponding to transition from intense oxidation to 
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saturation; and point 3, at which the investigation ends. 

Our results are consistent with the finding that the initial stage reduces to 

oxygen adsorption by the coal [4]. With increase in reaction time of the oxygen and 

���	 �
��+�	 
�%����	 &���#	 ���	 ������
��	 ������	 ��� 
��%��	 ���	 ���	 �
��+�	 
�%����	

mass become more intense, and coal-oxygen complexes are formed. 

Table 5 presents the flash points tig, oxidation �t, and degree of oxidation d0 as 

a function of the time at the transition points 1$3. Over time, tig falls, while �t and do 

increase. 

At point 1 �t = 5$6 �C for G coal, 5�C for Zh coal, 5�C for K coal,    6 8C for 

OS coal, and 3�C for KSN coal, while d0 = 14.7)17.1% for G coal, 9.3% for Zh 

coal, 7.5% for K coal, 8.1% for OS coal, and 7.3% for KSN coal. On that basis, we 

may regard �t = 6 8C as the transition from the initial stage to intense oxidation for 

all the coal. Such coal must be used for coking without preliminary storage. 

Note that, with this d0 value, the degree of oxidation will be markedly different 

for different coal, as already noted. Thus, the oxidation rate for G coal is more than 

twice that for other ranks. 

Tables 1.6$1.9 present the technological and plastic-viscous properties, 

petrographic characteristics, elementary composition, and structural characteristics of 

the oxidized coal. We see in Table 1.6 that oxidation of the coal leads to sharp 

increase in the analytical moisture content and to increase in the upper heat of 

combustion. The petrographic characteristics (Table 1.7) indicate that the influence of 

oxidation is insignificant. 

There is no relation between the oxidation characteristics defined in State 

Standard GOST 8930$94 and in the Ukrainian draft DSTU standard. The 

petrographic method in GOST 8930$94 reveals oxidized sections in the samples, but 

their quantity does not correspond to the actual degree of oxidation and the 

accompanying change in properties of the oxidized coal. 
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Table 1.6 Technological properties of coal with different degrees of oxidation 
�

 
 

Coal 

 
 

Rank

Sample, 
stage 
of 

oxidation 

Proximate analysis, % 
HHV, 

MJ/kg W
a A

d S
d

t
 V

d V 
daf 

 
��
&�%
�+������ 

 
G 
 
 

1 2.0 9.8 0.52 34.0 37.7 34.38 

2 2.1 9.7 0.50 33.5 37.1 33.48 

3 2.1 9.0 0.48 33.6 36.9 33.22 

Selidovsk 
enrichment facility 

 
G 
 
 

1 1.7 6.0 1.27 36.6 38.9 34.66 

2 1.8 6.1 1.25 36.2 38.6 33.70 

3 1.8 6.3 1.30 35.9 38.3 33.41 

Kalininsk 
enrichment 
facility 

 
Zh 

 
 
 

1 1.4 7.6 1.08 29.2 31.6 35.13 

2 1.5 7.7 1.09 28.3 30.7 34.21 

3 1.6 7.8 1.11 27.9 30.3 34.13 

Krasnoarmeiskaya 
Zapadnaya No. 1 
mine 

 
K 
 

1 1.4 6.5 0.76 27.3 29.2 34.77 

2 1.5 6.3 0.75 27.3 29.1 34.36 

3 1.5 6.2 0.73 27.1 28.9 34.29 

Uzlovsk 
enrichment facility 

 
OS 

 

1 0.9 8.5 2.07 18.8 20.5 35.79 

2 1.0 8.3 2.04 19.1 20.8 35.39 

3 1.0 8.2 2.15 19.0 20.7 35.15 

 
Krasnyi Brod 
mine 

 
KSN 

1 1.3 7.1 0.30 22.7 24.4 35.27 

2 1.3 6.7 0.24 22.8 24.4 34.91 

3 1.4 6.8 0.26 22.8 24.5 34.74 

�
�
�
�
�
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�������	
�Petrographic characteristics of oxidized coal 

 
Coal 

 
Rank 

Stage 
of 

oxidation 
Oxidation, % 

Petrographic composition, %
R0, % 

Vt Sv I L �FC 

��
&�%
�+������ G 
1 6 76 1 21 2 22 0.73 
2 8 73 1 23 3 24 0.74 
3 6 73 1 23 3 24 0.75 

Selidovsk 
enrichment 
facility 

G 
1 4 55 0� 36 9 36 0.70 
2 6 61 0� 30 9 30 0.73 
3 11 58 0� 31 11 31 0.75 

Kalininsk 
enrichment 
facility 

Zh 

1 11 88 1 10 1 11 0.96 
2 6 89 0 9 2 9 0.96 

3 5 89 0 9 2 9 0.97 

Krasnoarmeiskaya 
Zapadnaya No. 1 
mine 

K 

1 9 88 1 10 1 11 1.08 
2 11 83 0 14 3 14 1.10 

3 8 90 1 8 1 9 1.04 

Uzlovsk 
enrichment 
facility 

OS 
1 4 89 1 10 0� 11 1.52 
2 2 91 0 9 0� 9 1.48 
3 13 93 1 6 0� 7 1.54 

Krasnyi Brod mine KSN 
1 36 34 1 65 0� 66 1.05 
2 40 28 0 71 1 71 1.05 
3 46 33 0 66 1 66 1.05 

Table 1.8 Plastic and viscous properties of oxidized coal 

 
Coal 

 
Rank

Sample, 
stage of 

oxidation 

Plastometric 
indices, mm 

Roga 
index 

RI 

FSI Audibert)3���	������
�#	�� 

x y tI tII tIII a, % b, % 

OOO 
��
&�%
�+������ 

G 
 
 

1 
2 
3 

37 
35 
$  

10 
<6 
$ 

35 
17 
16 

3
l/2 

1
1/2 

1
1/2 

376 
390 
385 

438 
500 
500 

442 
$ 
$ 

31 
18 
17 

$30 
- 
- 

Selidovsk 
enrichment facility 

G 
 

1 
2 
3 

47 
45 
43 

 6 
<6 
<6 

22 
18 
19 

2
1/2 

2 

1
1/2

 

374 
379 
381 

466 
500 
500 

$ 
$ 
$  

31 
27 
28 

 - 
- 
- 

Kalininsk 
enrichment 
facility  

Zh 
 
 

1 
2 
3 

24 
28 
29 

11 
<6 
$ 

57 
18 
17 

6 
2 

1
1/2

 

380 
390 
400 

434 
500 
500 

460 
$ 
$ 

34 
17 
15 

- 
- 
- 

Krasnoarmeiskaya 
Zapadnaya No. 1 
mine 

K 
 
 

1 
2 
3 

24 
$ 
$  

 6 
<6 
<6 

18 
15 
15 

2
1/2 

1 
1 

412 
414 
416 

500 
500 
500 

$ 
$ 
$ 

20 
11 
9 

- 
- 
- 

Uzlovsk 
enrichment facility 

OS 
 
 

1 
2 
3 

18 
$ 
$  

<6 
<6 
$ 

18 
16 
15 

3 

1
1/2 

1 

432 
450 
447 

500 
500 
500 

$ 
$ 
$ 

19 
5 
4 

- 
- 
- 

Krasnyi Brod 
mine 

KSN 1 
2 
3 

21 
$ 
- 

$ 
$ 
 0 

16 
0 
0 

1
1/2 

0 
0 

420 
435 
443 

500 
500 
500 

$ 
$ 
$ 

8 
4 
3 

- 
- 
- 



���

�

Table 1.9 Elementary composition and structural characteristics of the oxidized 

�
��+�	
�%����	&��� 

 
Coal 

 
Rank 

Sample, 
stage of 

oxidation 

Ultimate analysis, % 
fa cA 

C
daf H

daf N
daf Sd

t
 

O
daf

d 

��
&�%
�+������ G 

1 83.01 6.03 2.56 0.52 7.88 0.644 0.732 

2 81.73 5.78 2.56 0.50 9.43 0.647 0.730 

3 80.86 5.70 2.58 0.48 10.38 0.645 0.726 

Selidovsk 
enrichment 
facility 

G 

1 83.18 5.81 1.59 1.27 8.15 0.656 0.741 

2 82.96 5.70 1.45 1.25 8.64 0.660 0.742 

3 80.91 5.57 1.54 1.30 10.68 0.651 0.731 

Kalininsk 
enrichment 
facility 

Zh 

1 84.74 5.71 2.07 1.08 6.40 0.674 0.755 

2 
3 

84.52 
83.94 

5.51 
5.49 

2.08 
2.13 

1.09 
1.11 

6.80 
7.33 

0.683 
0.680 

0.760 
0.756 

Krasnoarmeiskaya 
Zapadnaya No. 1 
mine 

K 

1 85.0 5.46 1.80 0.76 6.98 0.687 0.765 

2 
3 

84.78 
84.80 

5.12 
5.31 

1.73 
1.74 

0.75 
0.73 

7.62 
7.42 

0.702 
0.693 

0.774 
0.768 

Uzlovsk 
enrichment 
facility 

OS 

1 88.07 4.87 1.62 2.07 3.36 0.740 0.804 

2 87.95 5.16 1.72 2.04 3.13 0.726 0.794 

3 87.59 5.12 1.73 2.15 4.31 0.723 0.789 

Krasnyi Brod mine KSN 

1 87.43 5.06 2.40 0.30 4.81 0.724 0.794 

2 87.57 4.99 2.19 0.24 5.01 0.727 0.797 

3 87.10 5.00 2.01 0.26 5.63 0.723 0.794 

The plastic and viscous properties of the oxidized coal (Table 1.8) decline 

sharply on oxidation: the plastic-layer thickness declines, along with the Roga index, 

and the free-swelling index. The Audibert)Arnu dilation indicates increase in the 

�
��+�	'���tic transition temperature, the maximum compression, and the temperature 

of maximum compression. In most samples obtained during intense oxidation and 

saturation, there is no maximum expansion. 

Thus, the initial stage is accompanied by significant deterior���
�	��	���	�
��+�	

plastic and viscous properties, which disappear almost completely during 

intense oxidation and saturation. 

The elementary composition and structural char�����������	
�	���	�
��+�	
�%����	

mass indicate decrease in carbon and hydrogen content and increase in oxygen 

content. The aromatic content of the structure and the degree of molecular association 
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are practically unchanged, and hence oxidation does not affect the structurally 


������	'���	
�	���	�
��+�	
�%����	&���#	�� confirmed by the finding that coal grains 

larger than 0.2 mm are not thoroughly oxidized [19]. 

In calculating the kinetic parameters of oxidation, we must take into account 

that the reaction rates and the corresponding parameters are studied in chemical 

kinetics [20$22]. In kinetic research, the concentration over time is directly or 

indirectly determined. The order of the reaction is an experimental quantity 

characterizing the dependence of the reaction rate on the concentration. 

We evaluate the time dependence of the concentration on the basis of    100 $ 

do (%), which represents the ��
�������	'���	
�	���	�
��+�	
�%����	&���� 

Most researchers regard the first stage as a physical process of oxygen 

adsorption at the coal surface [12$15]. On that basis, the reaction rate constant for 

segment 0�1 (Fig. 1.2) is calculated for a first-order reaction 

 

                                K0-1 = 
���

�

 log (
�

�
),      (1.5) 

 

where � is the reaction time; c0 is the initial concentration of the oxidized coal; c is 

the concentration of the coal at point 1. Alternatively, we may write 

 

K0-1 = 
���

�

 log (
�������

�������
),      (1.6) 

 

where do,0 is the degree of oxidation of the coal at point 0, %; and do,1 is the degree of 

oxidation of the coal at point 1, %. 

The oxidation rate constants of the coal samples considered are as follows: 

��
&�%
�+������#	5	�
��	              5.0914 910$4 

Selidovsk enrichment facility, G coal    5.5442 9 10$4 

Kalininsk enrichment facility, Zh coal            3.8479 9 10$4 

Krasnoarmeiskaya    

Zapadnaya No. 1 mine, K coal                              2.7933 9 10$4 
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Uzlovsk enrichment facility, OS coal    1.0150 9 10$4 

Krasnyi Brod mine, KSN coal     1.5619 9 10$4 

 

Analysis of these data shows marked decrease in oxidation rate with increase in 

the metamorphic stage. The minimum rate constants correspond to OS coal (Uzlovsk 

enrichment facility) and the maximum to G �
��	 !��
&�%
�+������	 ���	 6����
���	

enrichment facility). 

In Fig. 1.3, we plot the oxidation rate constants in the first stage (segment 0$1) 

against the yield of volatiles. The corresponding mathematical model takes the form 

 

k0�1 = 0.0000253253V daf
$ 0.0004347740.    (1.7) 

 

For this equation, R2 = 0985. 

This formula describes a specific coal sample. However, it permits quantitative 

estimation of the ���������	�������	�	�
��+�	&���&
�'���	���%�	!��� volatile matter) 

on the oxidation rate. 

 

Fig. 1.3 Dependence of k0�1 on Vdaf  

 

Our results confirm the finding that the oxidation rate of coal increases with 

increase in the volatile matter in [23]. 
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Conclusions 

1 The oxidation of coal of different ranks and from different basins is 

practically the same. There are three main stages: the initial stage (adsorption of 

atmospheric oxygen); intense oxidation (prolonged action of atmospheric oxygen on 

the coal), with the formation of coal)oxygen complexes; and saturation (slow 

oxidation). 

2 The boundary �t = 6�C marks the transition from the initial stage to intense 

oxidation. This transition sharply impairs the coal properties. In particular, the 

analytical moisture content rises, while the volatile matter and HHV decline. The 

clinkering properties fall practically to zero; the carbon and hydrogen contents fall; 

and the oxygen content increases. Accordingly, coal with �t > 6�C must be used in 

small quantities in coal batch and cannot be left in storage before use. 

3 In the initial stage, the oxidation rate is different for coal of different 

metamorphic development and increases with the volatile matter. 
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 2. OXIDATION OF COAL IN LABORATORY CONDITIONS 

 

2.1 Kinetics of oxidation and technological properties 

Since the establishment of coal mining and steel making industry the negative 

effect of coal oxidation on the deterioration of coking properties and the problem of 

self-heating and spontaneous combustion have been well recognized. Over the last 

�C�	 �����#	 '�����������	 �����	 C�+�#	 �
��&��
��	 ����������	 ���	 ���	 %��������	 ��	 ���	

area of aerial oxidation of coal which involve use of analytical and other investigative 

techniques where sophisticated instruments, chemical methods and standard tests 

have been extensively used [1]. 

Research has shown that the oxidation of coal changes its sieve composition, 

packing density, analytical and hygroscopic moisture content, sulfur content, the 

volatile matter, coking properties and also yield of coking by-products. The use of 

oxidized coal in coking batch impairs the mechanical (M25, M10) and strength after 

reaction with CO2 (CRI, CSR) of the coke [2$4]. 

Since coal from Pokrovskoe mine is a valuable component of coal batch in 

Ukraine, we investigated the influence of its degree of oxidation on its properties [5$

10]. 

The determination of oxidation and degree of oxidation was carried out 

accordingly DSTU 7611:2014 Method for determination of the oxidation and degree 

of the oxidation. 

The determination of proximate analysis was carried out accordingly ISO 

17246:2010 Coal $ Proximate analysis. 

The determination of ultimate analysis was carried out accordingly ISO 

17247:2013 Coal $ Ultimate analysis. 

The determination of petrographic analysis was carried out accordingly ISO 

7403$3:2009 Methods for the petrographic analysis of coals $ Part 3: Method of 

determining maceral group composition; ISO 7404$5:2009 Methods for the 

petrographic analysis of coals $ Part 5: Methods of Determining microscopically the 
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reflectance of vitrinite. 

The determination of dilatation of coal was carried out accordingly ISO 

349:1975 Hard Coal $ Audibert-Arnu Dilatometer test. 

The determination of caking power was carried out accordingly ISO 335:1974 

Hard Coal $ Determination of caking power $ Roga test. 

The determination of the crucible swelling number (free swelling index) was 

carried out accordingly ISO 501:2012 Hard Coal $ Determination of the crucible 

swelling number. 

The determination of plastometric indices was carried out accordingly GOST 

1186$2014 Hard Coals. Method for determination of plastometric indicators. 

Firstly, we studied the oxidation mechanism and change in coal properties on 

oxidation in laboratory conditions. We crushed Pokrovskoe coal until it consists 

entirely of the <3 mm class and place it in a tray. The bed height was no more than 5 

mm. The coal was oxidized at 140 �C in a drying chamber with free access of 

atmospheric oxygen. This is the limiting oxidation temperature, above which marked 

����&��	���������
�	
�	���	�
��+�	
�%����	mass is observed, according to [11, 12]. In 

oxidation, the coal was constantly mixed to ensure a uniform process. 

At specified time intervals (20$30 min), coal samples were taken so as to 

determine the degree of oxidation.  

Secondly, we investigated the natural oxidation of Pokrovskoe coal (mass ~200 

kg; initial size 0$100 mm) on heap storage in the open place. The heap was formed at 

the beginning of February. Samples are taken after two months (April), four months 

(May), and six months (July), and the properties of the coal are determined. 

The mean air temperatures are $1 �C in February and March, 11 �C in April, 20 

�C in May, 22 �C in June, and 21�C in July. 

The structural characteristics of the coal were calculated from formulas given 

in [12]. The aromatic content of the structure fa is  

 

              
)/(3725.0)/(3857.0007.1 COCHfa ���     (2.1) 
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The degree of molecular association of the coal cA is 

 

                          C

SNOH��
333.0

)(125.0
1

���
��      (2.2) 

 

The rate constant of oxidation in the initial stage was calculated in the same 

way as for a first-order reaction 
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Equivalently,  
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The temperature dependence of the reaction rate was calculated accordingly to 

the Arrhenius equation [13]:  

 

                                              

RT

Ea

ekk
�

� 0      (2.5) 

 

In Fig. 2.1, it is shown the influence of the heating time in the laboratory 

�
�����
��	 
�	 ���	 �
��+�	 ��%���	 
�	 
������
��	 3�������	 ���������	 ����#	 ��	 ���	

laboratory, oxidation occurs in three stages: the initial stage (between points 0 and 1); 

intense oxidation (between points 1 and 2), and saturation (between points 2 and 3). 

Table 2.1 presents data on the ignition temperature and oxidation of Pokrovskoe coal 

as a function of the time, as well as the basic characteristics on passing from one 

stage to the next.  
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Fig. 2.1 Influence of the heating time on the degree of oxidation of Pokrovskoe 

coal 

Table 2.1 Coal characteristics in different stages of oxidation 

Characteristic 
Stage of oxidation 

0 1 2 3 

Time of laboratory oxidation, 
min 

0 232 395 720 

Ignition temperature, 
�
� 

tig.r 373 361 366 365 

tig.o 294 294 294 294 

tig 372 356 344 343 

Oxidation, �� � t 1 5 22 22 

Degree of oxidation, 
% 

do 1.3 7.5 30.6 32.3 

Proximate analysis, % 

W� 1.1 1.4 1.5 1.5 

Ad 6.4 6.5 6.3 6.2 

Sd
t 0.77 0.76 0.75 0.73 

Vdaf 28.9 29.2 29.1 28.9 

Mean vitrinite reflection 
coefficient, % 

Ro 1.09 1.08 1.10 1.07 

Petrographic 
composition (without 
mineral impurities), % 

Vt 86 88 83 90 

Sv 0 1 0 1 

I 12 10 14 8 

L 2 1 3 1 
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�FC 12 11 14 9 

Thickness of the plastic 
layer, mm 

    � 13 6 <6 <6 

Roga index    RI 58 18 15 15 

Free-swelling index    FSI 8 :D 1 1 

Audibert-Arnu 
dilatation  

t1, 
�
� 

396 412 414 416 

tII, 
�
� 

436 500 500 500 

tIII,
 

�
� 

472 - - - 

a, % 32 20 11 9 

b, % 60 - - - 

Ultimate composition, % 

Cdaf 86.68 85.0 84.78 84.80 

Hdaf 5.58 5.46 5.12 5.31 

Ndaf 1.56 1.80 1.73 1.74 

St
d 0.77 0.76 0.75 0.73 

Od
daf 5.41 6.98 7.62 7.42 

Aromatic content of the 
structure 

fa 0.692 0.687 0.702 0.693 

Degree of molecular 
association of the coal 

�� 0.773 0.765 0.774 0.768 

 

With increase in oxidation time, the ignition temperature tig falls, while the 

oxidation �t and degree of oxidation d0 increase (Table 2.1). This is accompanied by 

increase in the analytical moisture content and the volatile matter in the first two 

stages (the initial stage and the stage of intense oxidation). They decline later, at the 

onset of saturation.  

The oxidation of the coal has little effect on the vitrinite reflection coefficient 

and petrographic composition. The thickness of the plastic layer Roga index, and 

free-swelling index decline. The Audibert$Arnu dilation indicates rise in the 

temperatures at which the coal enters the plastic$viscous state and the state of 

maximum contraction, while the degree of maximum contraction increases. 
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Note that the plastic$viscous properties decline significantly in the initial stage 

and are practically zero in subsequent stages. 

3�������	
�	���	����&���	�
&'
����
�	
�	���	�
��+�	
�%����	&���	���������	�
��	

of carbon and hydrogen during oxidation, with increase in oxygen content. 

The aromatic content of the structure and the degree of molecular association 

are practically unchanged. This suggests that oxidation does not affect the structured 

'���	
�	 ���	�
��+�	
�%����	&���#	 ��	 �
��irmed by the finding that coal grains larger 

than 0.2 mm are not completely oxidized [14]. 

Table 2.2 presents the characteristics of the initial coal and samples taken after 

two, four, and six months. 

Table 2.2 Characteristics of coal as a function of the storage time 

Characteristic 
Storage time, months 

0 2 4 6 

Ignition temperature, �� 

tig.r 375 375 375 374 

tig.o 330 330 330 330 

tig 374 373 371 362 

Oxidation, �� � t 1.0 2.0 4.0 12.0 
Degree of oxidation, % do 2.2 4.4 8.9 27.3 

Proximate analysis, % 

W� 1.8 1.0 1.2 1.4 
Ad 8.9 8.8 8.8 9.1 
Sd

t 0.78 0.79 0.81 0.80 

Vdaf 29.0 29.0 29.1 29.5 
Mean vitrinite reflection 
coefficient, % 

Ro 1.13 1.13 1.11 1.13 

Petrographic 
composition (without 
mineral impurities), % 

Vt 88 88 86 84 
Sv 0 0 0 0 
I 10 10 12 15 

L 2 2 2 1 

� FC 10 10 12 15 

Thickness of the plastic 
layer, mm 

� 15 13 12 11 
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Roga index RI 64 64 58 37 
Free-swelling index FSI 1D 1D 8 ?D 

Audibert-Arnu dilation 

t1, 
�
� 401 402 403 410 

tII, 
�
� 435 437 440 453 

tIII,
 �
� 471 471 471 - 

a, % 30 31 34 30 
b, % 62 60 36 No data 

Ultimate composition, % 

Cdaf 87.79 86.62 86.34 86.27 
Hdaf 5.31 5.09 5.08 5.03 
Ndaf 1.81 1.79 1.77 1.73 
St

d 0.78 0.79 0.81 0.80 
Od

daf 4.31 5.71 6.00 6.17 
Aromatic content of the 
structure 

fa 0.713 0.717 0.715 0.717 

Degree of molecular 
association of the coal 

�� 0.789 0.788 0.786 0.787 

 

Note that the samples of Pokrovskoe coal oxidized in laboratory and natural 

conditions are somewhat different in their characteristics, and consequently samples 

are taken at different times. 

Analysis of Table 2.2 indicates that natural oxidation of Pokrovskoe coal, like 

laboratory oxidation, reduces its ignition temperature tig and correspondingly 

increases the oxidation �t and degree of oxidation d0. Some increase is observed in 

the ash content and the volatile matter. The petrographic characteristics of the 

samples are practically unchanged.  

Oxidation impairs the plastic$viscous properties of the coal samples: the 

thickness of the plastic layer, Roga index and free-swelling index decline. The 

Audibert$Arnu dilation indicates some rise in the temperatures at which the coal�

enters the plastic$viscous state and the state of maximum contraction, while the 

degree of maximum contraction increases, but the maximum contraction is reduced. 

Throughout oxidation, we note loss of carbon and hydrogen, with increase in 

oxygen content. The aromatic content of the structure and the degree of molecular 

association are practically unchanged. 
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In Fig. 2.2, it is shown the influence of the storage time in natural conditions on 

the degree of oxidation of Pokrovskoe coal. It is clearly seen point 1, at the onset of 

intense oxidation. At this point, we find that �t = 4$5 �C and do=7.5$8.9 % in both 

laboratory and natural conditions. This indicates similar stages of oxidation in 

laboratory conditions at 140 �C and in natural conditions (open storage) with 

temperature fluctuation from $1 to 22 �C.  

 

Fig.2.2 Influence of the storage time on the degree of natural oxidation of 

Pokrovskoe coal 

 

Analysis of Table 2.2 and Fig. 2.2 suggests that intense oxidation begins after 

about four months of storage in natural conditions.  

It is of interest to compare the actual value of d0 and the value calculated from 

the volatile matter of the oxidized coal.  

The degree of oxidation d0 corresponding to the onset of intense oxidation may 

be calculated from the volatile matter as follows [15] 

 

                          d0=0.053(V daf)2 $ 2.683V daf + 40.952.    (2.6) 

 

For the unoxidized initial coal, Vdaf=29 %, and correspondingly the calculated 

d0 value (7.7 %) is close to the actual value (8.9 %).  
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Table 2.3 compares the characteristics of Pokrovskoe coal during oxidation in 

laboratory and natural conditions up to the onset of intense oxidation. 

Analysis of Table 2.3 indicates that the difference in temperature and size class 

of the coal in laboratory and natural oxidation significantly affects the variation in 

some of its properties. 

For the results of proximate and petrographic analysis, the ultimate 

composition, and the structural characteristics, the discrepancy is within the 

permissible measurement error. 

However, the plastic$viscous properties are markedly worse in natural 

oxidation: the thickness of the plastic layer is reduced by 7 mm; the Roga index by 

40; and the free-swelling index by 5.5. No Audibert$Arnu dilation is seen. 

The sharp decline in plastic$����
��	'�
'������	��	����	��	���	��	��	��
���
��	

oxidation. This happened due to the significant change in surface properties of the 

coal grains, since the proportion of such modified grains is very considerable on 

account of the finer grinding of the laboratory sample. 

This is confirmed by the sieve composition of the Pokrovskoe coal and the 

calculated specific surface of the coal grains in laboratory and natural oxidation 

(Tables 2.4 and 2.5). 

The surface area, volume, and mass of a particle of mean diameter are 

calculated by the familiar formulas, on the assumption that the actual density of 

Pokrovskoe coal is 1.5 g/cm3.  

Analysis of Table 2.5 indicates that the specific surface of the coal particles in 

laboratory and natural oxidation corresponds to the proportion 7.6:1. 

According to the data of different authors [16$22], the activation energy 

fluctuates from 2.5 to 25 kcal/mol, depending on the oxidation temperature, the 

volatile matter, and the calculation method employed [17$19]. These results are 

���%���	 ����'������	 
�	 ���	 �
��+�	 &���&
�'���	 ���%�	 ���	 ���	 &���
�	 �sed to 

determine Ea. 
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Table 2.3 Characteristics of coal in different stages of oxidation 

Characteristic 
Laboratory oxidation Natural oxidation 

0 1 � 0 1 � 

Oxidation time, min 0 232 232 0 172800 172800 

Ignition 
temperature, �� 
 

tig.r 373 361 -12 375 375 0 

tig.o 294 294 0 330 330 0 

tig 372 356 -16 374 371 -4 

Oxidation, �� � t 1 5.0 +4 1.0 4.0 +3 

Degree of 
oxidation, % 

do 1.3 7.5 +6.2 2.2 8.9 +6.7 

Proximate 
analysis, % 

W� 1.1 1.4 +0.3 1.8 1.2 -0.6 

Ad 6.4 6.5 +0.1 8.9 8.8 -0.1 

Sd
t 0.77 0.76 -0.01 0.78 0.81 +0.02 

Vdaf 28.9 29.2 +0.3 29.0 29.1 +0.1 

Mean vitrinite 
reflection 
coefficient, % 

    Ro 1.09 1.08 -0.01 1.13 1.11 -0.02 

Petrographic 
composition 
(without mineral 
impurities), % 
 

Vt 86 88 +2 88 86 -2 

Sv 0 1 +1 0 0 0 

I 12 10 -2 10 12 +2 

L 2 1 -1 2 2 0 

� 
FC 

12 11 -1 10 12 +2 

Thickness of the 
plastic layer, mm,       � 13 6 -7 15 12 -3 

Roga index    RI 58 18 -40 64 58 -6 

Free-swelling 
index 

   FSI 8 �	D -C	D 1	D 8 - D 

Audibert-Arnu 
dilation 
 

t1, 
�
� 

396 412 +16 401 403 +2 

tII, 
�
� 

436 500 +64 435 440 +5 

tIII,
 

o
� 

472 - - 471 471 0 

a, 
% 

32 20 -12 30 34 +4 

b, 
% 

60 - - 62 36 -26 
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Ultimate 
composition, % 
 

Cdaf 86.68 85.0 -1.68 87.79 86.34 -1.45 

Hdaf 5.58 5.46 -0.12 5.31 5.08 -0.23 

Ndaf 1.56 1.80 +0.24 1.81 1.77 -0.04 

St
d 0.77 0.76 -0.01 0.78 0.81 +0.03 

Od
daf 5.4 6.98 +1.58 4.31 6.00 +1.69 

Aromatic content 
of the structure 

fa 0.692 0.687 -0.005 0.713 0.715 +0.002 

Degree of 
molecular 
association of the 
coal 

�� 0.773 0.765 -0.008 0.789 0.786 -0.003 

 

Table 2.4 Sieve composition of Pokrovskoe coal samples 

Type of 
oxidation 

Sieve composition (%), by classes (mm) Mean 
diameter , 
dme, mm >25 13$25 6$13 3$6 1$3 

0.5$
1.0 

<0.5 

Natural 8.1 10.8 18.0 14.5 17.1 6.3 25.2 7.9 
Laboratory - - - - 30.0 40.0 30.0 1.0 

 

Table 2.5 Characteristics of particles in coal samples 

Type of oxidation 

Surface 
area Sme 

of 
particle 
of mean 
diameter, 

mm2 

Volume 
Vme of 
particle 
of mean 
diameter, 

mm3 

Mass mme 
of particle 
of mean 
diameter, 

mg 

Number n 
of particles 

of mean 
diameter in 
1 g of coal  

Total 
specific 

surface Ssp 
of particles, 

mm2/g 

Natural 196.1 258.2 387.3 2.6 509.9 
Laboratory 3.1 0.5 0.8 1250.0 3875.0 

 

Table 2.6 presents the data used in calculating the rate constants of oxidation in 

natural and laboratory conditions, and table 2.7 presents values of the activation 

energy and preexponential factor calculated for laboratory and natural oxidation.  

The result for the activation energy (11.3 kcal/mole) agrees with the previous 

finding that the apparent activation energy in the oxidation of coal at 0$360 �C is 3$

17 kcal/mole [23]. 
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Table 2.6 Rate constants for laboratory and natural oxidation 

Type of 
oxidation; 

temperature, o� 

Duration of initial 
stage �, min 

Degree of 
oxidation of coal, 

% 

Rate 
constant  

 k, min-1 

d0,0 d0,1 

Natural; 7.31 172800 2.2 8.9 ���������
-4 

Laboratory; 140 232 1.3 7.5 :�0E==���
-4 

 
Table 2.7 Values of the activation energy and preexponential factor for oxidation 

Type of oxidation; 

temperature, o� 

Preexponential factor k0,  

min-1 

Activation 
energy, Ea, 
kcal/mole 

Natural; 7.3 266.0 

11.3 

Laboratory; 140 267.8 

 

Note that, in this range, several processes occur in parallel: peroxide formation 

up to 70$85 �C; peroxide decomposition between 70$84 and          120$150 �C; and 

the formation of coal$oxygen complexes between 120$150 and 190$360 �C. 

At low temperatures, the first stage is much faster than those that follow, 

according to [24]. Ultimately, the reaction rate is controlled by one of the later stages 

in oxidation. On the basis of the foregoing, we may suppose that the oxidation of 

Pokrovskoe coal results predominantly in peroxide formation in natural conditions, 

whereas oxidation in a drying chamber (at 140 �C) is accompanied by decomposition 

of the peroxides and the formation of coal$oxygen complexes. 

Hence, the oxidation of coal is different in natural conditions (7.3 �C) and 

laboratory conditions (140 �C), and correspondingly the change in technological 

properties of the coal is different.  

 

 

 
������������������������������������������������

1 Mean temperature over four months 
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Conclusions 

1. The oxidation of Pokrovskoe coal in laboratory (140 �C) and industrial ($

�FG::	 �C) conditions consist of comparable stages: initial oxidation and intense 

oxidation. 

2. The oxidation temperature has a significant influence on the properties of the 

coal. In laboratory oxidation, the surface layer of the coal grains is significantly 

modified, with loss of plastic$viscous properties and reduction in ignition 

temperature. In addition, at different temperatures, different chemical processes will 

predominate. The oxidation of Pokrovskoe coal is assumed to result predominantly in 

peroxide formation in natural conditions (from $1 to     22 �C), whereas oxidation in a 

drying chamber (at 140 �C) is accompanied by decomposition of the peroxides and 

the formation of coal-oxygen complexes. Hence, the oxidation of coal is different in 

laboratory and natural conditions, and correspondingly the change in technological 

properties of the coal will be different. 

3. The rate constants, the preexponential factors, and the activation energy for 

the oxidation of Pokrovskoe coal have been calculated in the range           7.3$140 �C. 

The rate constants of oxidation are k=0.0041910$4 and        2.7933910$4 min$1 in 

natural and laboratory conditions, respectively; the corresponding values of the 

preexponential factors are k0 = 266.0 and           267.8 min$1. The activation energy is 

Ea=11.3 kcal/mol. 

 

2.2. Laboratory coking of experimental coal blends 

The oxidation temperature considerably affects the properties of Pokrovskoe 

coal, as established in [25]. In laboratory oxidation (at 140 ��), its plastic-viscous 

properties and ignition temperature are impaired; in natural oxidation, this change is 

not as pronounced. The oxidation processes in natural (between $1 and +22 ��"	���	

laboratory (at 140 �C) conditions are different. Accordingly, data regarding the 

change in coal properties in these processes will not be comparable. In the present 

work, we determine the influence of the content of oxidized Pokrovskoe coal in 
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coking blends on the coke quality and yield of coke and byproducts.  

 

2.2.1 Quality of coal blends with Pokrovskoe coal oxidized at 140 

�� 

The oxidation of coal of different rank is basically the same, as shown in [3, 

26]. It occurs in three main stages: initial oxidation, intense oxidation, and saturation. 

Accordingly, for laboratory coking, we use Pokrovskoe coal with three levels of 

oxidation: unoxidized coal (the initial sample); coal after the first stage of oxidation; 

and coal after intense oxidation. The coal blends used in laboratory coking 

corresponds to the mean rank composition of coal blends used at Ukrainian coke 

plants (Table 2.8). 

Table 2.8 Composition of laboratory coal blends 

Supplier Rank 
Blend 

1 2 3 
Promugleservis, Russia G 10 10 10 
Selidovdkaya enrichment facility, Ukraine G 10 10 10 
Kalininskaya enrichment facility, Ukraine Zh 40 40 40 
Pokrovskoe mine, Ukraine K 201 202

 203
 

Uzlovskaya enrichment facility, Ukraine OS 10 10 10 
Krasnyi Brod mine, Russia KSN 10 10 10 

Coal blend 1 consists of unoxidized coal; coal blend 2 contains Pokrovskoe 

coal after the first stage of oxidation; coal blend 3 contains Pokrovskoe coal after 

intense oxidation. Tables 2.9 and 2.10 present the properties of coal blends 1$4. 

Analysis of Table 2.9 indicates that the ash content, total sulfur content, and the 

volatile matter are practically the same for blends 1$3. However, the bulk density 

increases from 0.785 t/m3  for coal blend 1 to 0.794 t/m3 for coal blend 3 $ that is, by 

1.15 %.  

 

 
������������������������������������������������

1 Unoxidized coal; 
2 Coal after initial stage of oxidation; 
3 Coal after intense stage of oxidation 
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Table 2.9 Technological properties of coal blends 

Coal 
blend 

Proximate 
analysis, % 

Bulk 
density, 

BD, 
t/m3 

Oxidation according 
to DSTU 7611:2014 

Oxidation 
according to 
GOST 8930 

Ad Sd
t Vdaf ��, 0� d0, % �	p, % 

1 7.6 1.02 30.8 0.785 1.0 1.9 0 

2 7.5 1.05 30.9 0.791 4.0 7.4 0 

3 7.8 1.04 31.1 0.794 6.0 9.9 6 
 

Table 2.10 Plastic-viscous properties of coal blends 

Coal 
blend 

Plastometric 
indices, mm 

Roga 
 index 

Free-
swelling 

index 
Audibert-Arnu dilation 


 y RI FSI 
t1, 
�
� 

tII, 
�
� 

tIII,
 

�
� 

a, 
% 

b,  
% 

1 23 14 52 6 388 438 462 26 43 
2 25 11 44 4 393 445 456 25 -24 

3 29 10 30 3 393 462 - 20 - 
The presence of Pokrovskoe coal with different oxidation significantly changes 

the oxidation of the coal blends. Thus, the oxidation �t is 4.0 ��	�
�	coal blend 2 and 

6.0 ��	 �
�	 coal blend 3, while the degree of oxidation do is     7.4 % and 9.9 %, 

respectively. Petrographic data permit assessment of the influence of the Pokrovskoe 

coal only after intense oxidation: the oxidation is     6 % in blend 3.  

The Roga index falls from 52 for coal blend 1 to 30 for coal blend 3, with 

corresponding decline in the thickness of plastic layer from 14 to 10 mm and in the 

free-swelling index from 6 to 3. 

The Audibert$Arnu softening temperature tI (the onset of plastic behavior) falls 

from 388 ��	�
�	coal blend 1 to 393 ��	�
�	coal blend 3; the maximum contraction 

temperature tII rises correspondingly from 438 to 462 ��� 

On introducing oxidized coal, the dilatation falls significantly; it is zero for 

coal blend 3. 

On the basis of Table 2.11, we may say that the use of oxidized coal in the coal 

blends reduces the content of carbon (from 86.10 to 85.75$85.55 %) and hydrogen 
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(from 5.62 to 5.58$5.55 %) and increases the oxygen content (from 5.29 to 5.66$5.91 

%). There is practically no change in the nitrogen and total sulfur content.  

Table 2.11 Ultimate composition of coal blends 

Coal blend 
Content, % 

Cdaf Hdaf Ndaf St
d Od

daf 
1 86.10 5.62 1.97 1.02 5.29 
2 85.75 5.58 1.96 1.05 5.66 
3 85.55 5.55 1.95 1.04 5.91 

 
2.2.2 Quality of coal blends with Pokrovskoe coal oxidized 

naturally 

Table 2.12 presents the characteristics of Pokrovskoe coal after open storage 

for four months (at temperatures between $ 1 and +22 �C).  

Table 2.12 Characteristics of Pokrovskoe coal by size class 

Sieve composition Proximate analysis, % 
Oxidation according to DSTU 

7611:2014 
class, mm yield, % Ad Sd

t Vdaf ����o� d0, % 
>25 8.1 8.0 0.75 29.5 3 6.7 

25$13 10.8 8.8 0.77 29.8 3 6.8 
13$6 18.0 8.1 0.85 29.6 3 7.3 
6$3 14.5 8.0 0.80 29.4 3 6.7 
3$1 17.1 8.2 0.79 29.0 3 6.8 

1$0.5 6.3 8.2 0.81 28.8 3 7.2 
<0.5 25.2 10.3 0.75 27.5 8 17.5 

Total 8.8 0.81 29.1 4.0 8.9 
We see in Table 2.12 that the <0.5 mm size class differs sharply from the 

others in terms of ash content (Ad=10.3 %) and the volatile matter (Vdaf =27.5 %). The 

oxidation (�t =8 ��"	���	��%���	
�	
������
�	 !do=17.5 %) are also a maximum for 

that class $ more than double the values for the other size classes. 

The <0.5 mm size class has the lowest carbon and hydrogen content and 

elevated oxygen content, as we see in Table 2.13 [12, 27]. In addition, the aromatic 

content of the structure and the degree of molecular association are significantly less 

for the <0.5 mm class. 
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Table 2.13 Ultimate composition and structural characteristics of the organic masses 

of Pokrovskoe coal, by size class 

Class, mm 
Ultimate composition, % 

Aromatic 
content of 

the structure 

Degree of 
molecular 
association 

Cdaf Hdaf Ndaf St
d Od

daf fa �� 
>25 90.05 5.55 1.85 0.75 1.80 0.716 0.797 

25$13 89.76 5.38 1.86 0.77 2.23 0.742 0.800 
13$6 89.27 5.31 1.87 0.85 2.70 0.743 0.799 
6$3 89.45 5.29 1.88 0.80 2.58 0.744 0.800 
3$1 88.45 5.13 1.88 0.79 3.75 0.746 0.799 

1$0.5 88.34 5.08 1.89 0.81 3.88 0.747 0.799 
<0.5 78.04 4.65 1.85 0.75 14.71 0.698 0.738 
Total 86.34 5.08 1.77 0.81 6.00 0.734 0.786 
 

On that basis, we may determine the change coke quality between coal blend 1 

with unoxidized Pokrovskoe coal and coal blend 2 with oxidized coal and assess the 

potential for mitigating the effect of the oxidized coal in the coal blend by screening 

out the most oxidized <0.5 mm class (coal blend 3). Table 2.14 presents the 

characteristics of the coal concentrates used in the coal blends and also of Pokrovskoe 

coal concentrate in the following states: 

$ initial coal (unoxidized); 

$ partially oxidized coal (storage time $ 4 months); 

$ partially oxidized coal (storage time $ 4 months), after removal of the 

<0.5 mm class. 

Analysis of the sample properties indicates that removing the <0.5 mm class 

from the partially oxidized concentrate reduces its ash content and also increases the 

volatile matter and the thickness of the plastic layer. In other words, screening out the 

<0.5 mm class boosts coal quality. 

Table 2.15 presents the composition of the experimental coal blends. We see 

that only the oxidation and piece size of the coal varies. 
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Table 2.14 Characteristics components of coal blends 

Supplier Rank 
Characteristics of coal, %  

Ad Sd
t Vdaf 
��

mm 
�, 

mm 
R0 Vt Sv I L �FC 

Sentyanovskaya mine, 
Ukraine 

Zh 5.6 0.95 31.1 22 18 1.06 89 - 9 2 9 

7������������%
�+	

enterprise, Russia 
�6 7.4 0.41 25.1 38 10 1.05 33 3 63 1 65 

Pokrovskoe mine, Ukraine 
(initial coal) 

� 8.9 0.78 29.0 11 15 1.13 88 0 10 2 10 

Pokrovskoe mine, Ukraine 
(after storage for 4 months) 

� 8.8 0.81 29.1 12 12 1.11 86 0 12 2 12 

Pokrovskoe mine, Ukraine 
(after storage for 4 months 
and removal of <0.5 mm 
class) 

� 8.2 0.80 29.4 12 14 1.12 89 0 10 1 10 

 

Table 2.15 Composition of coal blends 

Supplier Rank 
Content (%) in coal blend 

1  2  3 
Sentyanovskaya mine, Ukraine Zh 5 5 5 
7������������%
�+	�����'����#	*����� �6 15 15 15 
Pokrovskoe mine, Ukraine  
(initial coal) 

� 80 0 0 

Pokrovskoe mine, Ukraine (after storage 
for 4 months) 

� 0 80 0 

Pokrovskoe mine, Ukraine (after storage 
for 4 months and removal of <0.5 mm 
class) 

� 0 0 80 

Total  100 100 100 
 

Table 2.16 presents the characteristics of the experimental coal blends. 

Analysis indicates that introducing partially oxidized Pokrovskoe coal greatly affects 

the plastic-viscous properties of the coal: specifically, it reduces the thickness of the 

plastic layer y from 15 to 10 mm. 
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Table 2.16 Characteristics of coal blends 

Coal 
blend 

Proximate analysis, % 
Plastometric 
indices, mm 

Oxidation 
according to DSTU 

7611:2014 

Expansion 
pressure, 

kPa 
Ad Sd

t Vdaf 
 y ����o� d0, % Pmax 

1 8.5 0.73 28.5 11 15 1.0 2.2 16.8 
2 8.4 0.76 28.6 19 10 3.4 7.5 2.7 
3 8.0 0.75 28.8 16 13 2.6 6.0 20.1 

 

Removing the <0.5 mm class increases y to 13 mm. Note also that the ash 

content of the coal blend is markedly reduced: to 8.0 %. 

Removing the <0.5 mm class also reduces the oxidation of the coal blend (in 

terms of both �t and do). Change in oxidation of the Pokrovskoe coal in the coal 

blends greatly affects the expansion pressure. In the presence of the <0.5 mm class, it 

falls from 16.8 to 2.7 kPa. On screening out the <0.5 mm class, the expansion 

pressure exceeds its initial value, reaching 20.1 kPa. 

In Table 2.17, we note that the presence of partially oxidized Pokrovskoe coal 

considerably boosts the oxygen content in the coal blend, with decrease in the carbon 

and hydrogen content. On screening out the <0.5 mm class, the change in ultimate 

composition is less pronounced. 

Table 2.17 Petrographic and ultimate composition of coal blends 

Coal 
blend 

Mean vitrinite 
reflectance, % 

Petrographic composition (without 
mineral impurities), % 

Ultimate composition, % 

R0 Vt Sv I L �FC Cdaf Hdaf Ndaf St
d Od

daf 
1 1.12 78 1 19 2 20 87.28 5.82 1.90 0.70 4.30 
2 1.10 82 1 16 1 17 86.21 5.74 1.89 0.74 5.42 
3 1.11 80 0 18 1 18 87.07 5.80 1.91 0.75 4.47 

 
 

2.2.3 Laboratory coking of coal blends with Pokrovskoe coal 

������	�
��
��
�� 

The change in properties and composition of coal blend containing oxidized 

coal changes the yield of coke and byproducts (Table 2.18), as determined in a 20-g 

laboratory furnace in accordance with State Standard GOST 18635$73. 
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Table 2.18 Yield of coke and byproducts from coal blends 

Coal blend 
Yield of coke and byproducts, % 

coke tar 
raw 

benzene 
�mHn NH3 H2S CO2 �2�pyr gas+losses 

1 75.42 3.99 1.18 0.55 0.40 0.33 0.53 3.70 13.90 
2 75.08 3.87 1.14 0.53 0.42 0.28 0.58 3.80 14.30 
3 75.16 3.84 1.12 0.51 0.39 0.25 0.60 3.82 14.31 
The use of oxidized coal in the coal blend reduces the yield of tar, benzene, and 

unsaturated hydrocarbon and increases the yield of carbon dioxide, pyrogenetic 

water, and coke-oven gas, in accordance with the results in [6]. The yield of coke 

tends to decline slightly when oxidized coal is added to the blends. 

Table 2.19 presents the results of laboratory coking in a 5-kg furnace designed 

by UKHIN [29]. 

Table 2.19 Quality of laboratory coke from coal blends 

Coal 
blend 

Yield of coke, �d, 
% 

Proximate analysis, % Mechanical strength, % 
Ad Sd

t Vdaf M25 M10 

1 75.4 10.2 0.87 0.9 93.3 5.6 
2 75.0 10.0 0.86 0.5 92.9 6.0 
3 75.2 10.4 0.85 0.4 91.8 6.1 

The mechanical strength (M25, M10) in drum tests at UKHIN tends to worsen on 

adding oxidized coal. 

 
2.2.4 Laboratory coking of coal blends with Pokrovskoe coal 

oxidized naturally 

The use of oxidized Pokrovskoe coal in the coal blends reduces the yield of 

coke, tar, benzene, and unsaturated hydrocarbon and increases the yield of carbon 

dioxide, pyrogenetic water, and coke-oven gas (Table 2.20). Removing the <0.5 mm 

class restores the product yields to their original values. 

Table 2.20 Yield of coke and byproducts from coal blends 

Coal 
blend 

Yield of coke and byproducts, % 

coke tar 
raw 

benzene 
�mHn NH3 H2S CO2 �2�pyr gas+losses 

1 76.84 2.82 1.08 0.55 0.29 0.24 0.80 4.76 12.62 
2 76.50 2.73 0.99 0.50 0.32 0.24 1.24 4.99 12.95 
3 76.84 2.80 1.04 0.53 0.36 0.21 1.04 4.78 12.40 
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Table 2.21 presents the results of laboratory coking of the experimental coal 

blends in a 5-kg furnace designed by UKHIN. We see that the use of Pokrovskoe coal 

oxidized for four months impairs the mechanical strength, with 1.7 % decline in M25 

and 1.0 % increase in M10. 

Table 2.21 Quality of coke from coal blends 

Coal 
blend 

Proximate analysis, 
% 

Mechanical strength, 
% 

Reactivity and strength coke 
after reaction with CO2, % 

Ad Sd
t Vdaf M25 M10 CRI CSR 

1 11,1 0,65 0,7 90,0 8,1 38,6 49,1 
2 11,2 0,62 0,8 88,3 9,1 40,5 44,9 
3 10,4 0,63 0,7 89,8 8,3 34,4 53,6 

The total content of anisotropic carbon in the coke falls from 80 to 73 %, while 

the content of isotropic carbon rises from 4 to 12 %. In other words, the carbon 

structure of the coke becomes less ordered (Table 2.22). In Fig. 2.1, we show the 

optical texture of the coke [30]. 

Table 2.22 Optical texture of coke from coal blends 

Coal 
blend 

Inertinite5 
Isotropic 
carbon (I) 

Anisotropic carbon (�) 
mosaic 

() 
striated 

(S) 
plate  
(P) 

	� 

1 16 4 78 2 0 80 
2 15 12 73 0 0 73 
3 17 6 75 2 0 77 

 

a 

 

b 

Fig. 2.1 Optical texture of isotropic (a) and anisotropic (b) structure of coke 

������������������������������������������������

5 The inertinite is little changed in thermal destruction and is readily identified in the coke 
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Our results confirm the earlier conclusion that the mechanical strength of the 

coke and the expansion pressure of the experimental blends always change in the 

same direction [31]. 

As the mechanical strength and content of anisotropic carbon decline, we also 

note undesirable changes in the reactivity (CRI) and strength after reaction with CO2 

(CSR) of the coke: increase in CRI from 38.6 to 40.5 % and decrease in CSR from 

49.1 to 44.9 %. 

After screening out the <0.5 mm class from oxidized Pokrovskoe coal, the ash 

content of the coke in coal blend 3 is reduced by 10.4 %. 

In that case, the mechanical strength of the coke in terms of M25 and M10 is 

practically the same as for the coke from coal blend with the initial Pokrovskoe coal. 

Preliminary removal of the <0.5 mm class in the oxidized coal markedly improves 

CRI and CSR in relation to the coke from blend 1. 

 

Conclusions 

1. When Pokrovskoe coal oxidized in laboratory conditions (at 140 ��"	���	��	

natural conditions (between $1 and +22 ��"	��	����	��	�
��	blend, the bulk density is 

increased, its plastic$viscous properties are impaired, the expansion pressure is 

reduced, the content of carbon and hydrogen is reduced, the oxygen content 

increases, the yield of coke, tar, and benzene falls, and the yield of carbon dioxide, 

pyrogenetic water, and gas increases. 

2. The oxidation is greatest for coal smaller than 0.5 mm. Accordingly, the 

overall oxidation of the coal is determined not only by the duration and conditions of 

storage but also by its content of dusty classes. 

3. Oxidation reduces the expansion pressure of the coal blend with loss of 

mechanical strength of the coke produced. 

4. The coke produced from coal blends containing oxidized coal has a higher 

proportion of isotropic coal, which increases its reactivity and impairs its strength and 

strength after reaction with CO2. 
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3. OXIDATION OF COAL IN INDUSTRIAL CONDITIONS 

 

3.1 Kinetics of Natural Oxidation 

Recently, there has been growing interest in the kinetics of coal oxidation, 

since oxidative processes during extraction, transportation, and storage impair the 

properties of coal and sometimes result in self-ignition [1$3]. The oxidation of coal 

by molecular oxygen reduces the yield of valuable pyrolytic products [4], while the 

accumulation of oxygen-bearing groups seriously impairs the caking properties [5]. 

In the present work, we analyze the results of a prolonged experiment (six 

months or more), in which the natural oxidation of Donets coal is studied during open 

storage in heaps at coke plants. The goal is to assess the limiting storage times 

mandated for enriched coal in heaps, which are unsatisfactory, in our view. For any 

coal, the limiting storage time is 60 days in summer and 90 days in winter according 

to the 2001 PTE Operational Rules (p. 4.2.4) [6].  

This standard takes no account of the known influence of the �
��+� 

metamorphic stage and correspondingly its ultimate composition and molecular 

and super molecular structure on the oxidation process. 

The artificial oxidation of coal with piece size <3 mm, which is typical of 

Ukrainian coking batch, was studied in [7]. 

 ��	 �
��	 ���	 
�������	 ��	 �����	 ��	 �	 �����%	 chamber with free access of 

atmospheric oxygen to the coal charge (height 5 mm). 

After 20$30 min, a coal sample was taken and the oxidation was determined. 

The value of do corresponding to transition from the initial stage to intense 

oxidation of the coal depends on its metamorphic development, characterized by the 

volatile matter Vdaf (Fig. 3.1). The curve in Fig. 3.1 may be described by the 

following equation, with a determination coefficient of 0.994 

 

d0 = 0.053 (Vdaf)2 � 2.683 Vdaf + 40.952   (3.1) 
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A minimum is observed in the region of Vdaf
 =25.3%. 

These results agree with those in [8], where it was concluded that the 

susceptibility of solid fuel to oxidation has an optimum corresponding to coal of 

moderate metamorphic development. In research on 40 Donets coal samples, the rate 

of oxidation absorption was lowest for Zh and K coal [9]. 

According to sorption data, the pore volume and specific surface of coal is least 

with a carbon content of 85$88 % [10$13]. According to X-ray scattering data, there 

is a maximum in this region [14]. These findings indicate the presence of closed 

pores inaccessible to oxygen molecules in coal of moderate metamorphic 

development. Table 3.1 shows the oxygen content in lightly reduced (type a) and 

reduced (type c) Donets coal [10]. 

 

Fig. 3.1 Dependence of the degree of oxidation do on the volatiles matter Vdaf 
 of the 

initial coal 

Analysis of Table 3.1 indicates that the quantity of reactive oxygen bearing 

groups in the coal increases with its degree of moderate metamorphic development. 

That leads to the reduced inclination to oxidation in Zh and K coal. 

With further metamorphic development, the oxidation mechanism evidently 

changes after most of the reactive oxygen has been removed. Increase in the quantity 

and size of fragments with a developed polyconjugation system then dominates. The 

number of paramagnetic centers increases here, with corresponding increase in the 

inclination to oxidation [15]. 
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Table 3.1 Content of various forms of oxygen in Donets coal 

Rank 
of coal 

Type, in 
terms of 
reductio

n 

Content, % (daf) 

Otot OCOOH OOH OCO Oreac Ounreac 

 
D 

a 
b 

14.56 
13.95 

0.31 
0.13 

4.66 
3.44 

1.30 
1.05 

6.27 
4.62 

8.29 
9.33 

 
G 

a 
b 

9.17 
8.77 

0 
0 

2.53 
0.84 

0.60 
0.26 

3.13 
1.10 

6.04 
7.67 

 
Zh 

a 
b 

6.04 
5.45 

0 
0 

0.31 
0 

0.45 
0.22 

0.79 
0.22 

5.25 
5.23 

 
K 

a 
b 

3.70 
3.40 

0 
0 

0 
0 

0.32 
0.18 

0.32 
0.18 

3.38 
3.22 

 
OS 

a 
b 

2.73 
2.44 

0 
0 

0 
0 

0.23 
0.17 

0.23 
0.17 

2.50 
2.27 

 
T 

a 
b 

1.86 
1.72 

0 
0 

0 
0 

0.12 
0.10 

0.12 
0.10 

1.74 
1.62 

On the basis of Fig. 3.1 and Eq. (3.1), the volatile matter may be used to 

calculate the critical degree of oxidation do of a specific coal at which the oxidation 

rate increases sharply (transition to intense oxidation), ����	������
����
�	��	���	�
��+�	

properties. 

Next, it is expedient to compare the laboratory data obtained with earlier 

industrial data regarding the natural oxidation of coal in heap storage. 

To this end, we analyze the data on the oxidation of Donets coal on open 

storage in [16, 17]. Specifically, we consider coal in (1028$2240)-t heaps, in summer 

and winter. 

Table 3.2 presents the storage data. On that basis were selected G, Zh, K, and 

OS coal for analysis. 

The change in coal properties on storage is monitored by means of samples 

taken at intervals of 0.5$1 month, over the whole height of the heap. In each sample, 

the ignition temperature tig and the plastometric indices x and y are determined. In 

addition, the coke samples are coked individually or as a blend, with assessment of 

the granulometric composition (>40 and <25 mm) and mechanical strength (I40 and 

I10) of the coke produced in a laboratory drum (125 turns). 
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Table 3.2 Storage parameters and coal properties 

 
Supplier; plant 
 

 
Rank of 

coal 

 
Period 

 
Coal 

stored,  
t 

Proximate analysis  
(mean data), % 

Plastometric 
indices, mm 

     A
d Sd

t  V
daf x y 

Novo-Golubovskaya 
enrichment plant; 
Zaporozhe 

 
G 

Summer 
Winter 

2240 
1715 

 
8.2 

 
3.20 

 
39.3 

43 
35 

19 
16 

Voproshilov mine; 
Dneprodzerzhinsk 

 
Zh 

Summer 
Winter 

2040 
2000 

 
7.7 

 
2.70 

 
30.8 

10 
22 

26 
25 

 
Kalinin mine; 
Dnepropetrovsk 

 
K 

Summer 
Winter 

1995 
1028 

 
9.0 

 
2.70 

 
23.9 

13 
13 

25 
20 

Chumakovskaya 
enrichment plant; 
Zaporozhe 

 
OS 

Summer 
Winter 

1680 
1617 

 
8.0 

 
2.10 

 
19.9 

25 
14 

15 
16 

We considered the change in ignition temperature and also the oxidation �t and 

degree of oxidation do of the coal as a function of its storage time (Table 3.3). 

Table 3.3 Oxidation and plastometric characteristics of coal 

Supplier; period 

 
Rank 

of 
coal 

Duration 
of 

storage, 
days 

Ignition 
��&'�������#	�� �t, 

�� 
do, % 

Plastometric 
indices, mm 

tig.r tig.o tig x y 

Novo-Golubovskaya 
enrichment plant; 
summer 

G 

0 

344 309.5 

343 1 2.9 43 19 
15 
60 

338 
320 

6 
24 

17.4 
69.6 

32 
29 

15 
16 

80 318 26 75.4 33 14 

 
Novo-Golubovskaya 
enrichment plant; 
winter 

 
G 

0 

 
342 

 
307.5 

341 1 2.9 35 16 
35 339 3 8.7 33 15 
70 
100 
120 

335 
332 
330 

7 
10 
12 

20.3 
29.0 
34.8 

40 
31 
31 

15 
15 
14 

165 327 15 43.5 40 13 
185 325 17 49.3 38 12 

Voroshilov mine; 
summer 

Zh 

0 

362 292 

361 1 1.4 10 26 
35 359 3 4.3 21 20 
65 
95 

357 
353 

5 
9 

7.1 
12.9 

23 
40 

18 
15 

125 349 13 18.6 21 21 
145 346 16 22.9 33 19 

Voroshilov mine; 
winter 

Zh 

0 

355 285 

354 1 1.4 22 25 
45 351 4 5.7 29 24 
75 349 6 8.6 44 20 
105 347 8 11.4 32 17 
140 343 12 17.1 28 20 
165 342 13 18.6 31 18 
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200 341 14 20.0 41 18 

Kalinin mine; 
summer 

K 

0 

361 276.5 

360 1 1.2 25 25 
60 350 11 13.0 12 $ 
75 346 15 17.8 17 15 
90 343 18 21.3 24 16 

105 338 23 27.2 27 16 

Kalinin mine; winter K 

0 

364 279.5 

363 1 1.2 13 20 
30 358 6 7.1 13 17 
95 356 8 9.5 24 18 

110 353 11 13.0 23 16 
125 352 12 14.2 26 15 

Chumakovskaya 
enrichment plant; 
summer 

OS 

0 

371 301.0 

370 1 1.4 25 15 
15 368 3 4.3 15 $ 
30 
60 

365 
352 

6 
19 

8.6 
27.1 

11 
11 

11 
10 

90 350 21 30.0 9 10 
120 344 27 38.6 10 11 

Chumakovskaya 
enrichment plant; 
winter 

OS 

0 

368 298 

367 1 1.4 14 16 
40 365 3 4.3 13 15 
70 
100 

361 
355 

7 
13 

10.0 
18.6 

22 
23 

16 
12 

120 345 23 32.9 26 8 
170 342 26 37.1 30 8 

 

Note that only the ignition temperature of the coal was presented in [16, 17]. It 

is expedient to consider in more detail the calculation methods for the characteristics 

tig.r, tig.o, �t, and do. 

In determining the ignition temperature of the reduced coal tig.r, we take into 

account that even coal that has been freshly extracted and delivered to the coke plant 

will have undergone some oxidation 

 

                                                      tig.r = t0
ig+1     (3.2) 

 

Here t0
ig ��	���	�%����
�	��&'�������#	��#	
�	���	�
��	����	��	��	�����	����
�����	

in the heap (Table 3.3); 1 is the minimum value of �t, ��#	�
�	�������	���������	�
��	

[2]. 
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The ignition temperature tig.o of oxidized coal is calculated as follows. From Eq. 

(3.1), we determine the degree of oxidation do at transition from the initial stage to 

intense oxidation of the coal, as a function of the volatile matter. 

Then, from Eq. (1.2), taking account of these do values and the known tig.r, we may 

calculate tig.o for all the coal, on the assumption that the oxidation �t=6 ��� 

From the results for tig.r and tig.o and data for tig in summer and winter, we may 

determine �t and do from Eqs. (1.1) and (1.2). 

Analysis of Table 3.3 indicates that, with increase in storage time, tig falls, 

while �t and do increase. For all the coal samples, the clinkering properties 

deteriorate, as is evident from the decrease in plastic layer thickness y. The time 

dependence of the degree of oxidation do is sigmoid, as for many heterogeneous 

reactions [7]. 

The Avrami$Erofeev equation [19] 

 

� = �1 ,
nke ��      (3.3) 

 

best describes the oxidation of sapropelite, according to a comparison of three 

exponential equations in [18]. Here � is the proportion of the material that has reacted 

after time �; k and n are constants. That suggests the potential applicability of this 

equation to the oxidation of humic coal. 

Constant k in Eq. (3.3) is not the rate constant, which takes the form 

 

K = nk n

1

     (3.4) 

 

as shown in [20]. 

If logarithms are taken twice in Eq. (3.3), it assumes a linear form 

log [�log(1 � �)] = nlog� + logk + logloge. 

 

If we find the slope of this line, we may determine n. 



���

�

To calculate K, we need to substitute k from Eq. (3.3) into Eq. (3.4). In 

logarithmic form 

 

logK= logn=
n

klog      (3.5) 

 
In Fig. 3.2, we plot the degree of oxidation do(�) of coal as a function of its storage 

time in summer and winter, in logarithmic coordinates. As we see in Fig. 3.2, the 

result is a straight line (correlation coefficient 0.95$0.99). In other words, the 

experimental data are satisfactorily described by Eq. (3.3). 

Table 3.4 presents values of n and k and the rate constant K from Eq. (3.4), as 

well as the coefficients of the linear equations describing Fig. 3.2 and the 

determination coefficient R2. We see that the rate constant is considerably different 

for coal of different ranks. That permits the formulation of better guidelines regarding 

the storage time. 

In Fig. 3.3, we plot the dependence of the rate constant K on the metamorphic 

stage of the coal, characterized by the volatile matters Vdaf. The corresponding 

equations are as follows: 

- in summer 

 


�10-3=11.292�(Vdaf)2-�����Vdaf+8146.8;   (3.6) 
 

- in winter 

 

�10-3=5.7005�(Vdaf)2-346.9� Vdaf+5314.7.   (3.7) 

 

The determination coefficients for Eqs. (3.6) and (3.7) are 0.9391 and 

0.9266, respectively. 
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Fig. 3.2 Dependence of the degree of oxidation do on the storage time � for G 

(a), Zh (b), K (c), and OS (d) coal. 
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Table 3.4 Kinetic characteristics of coal 

Supplier 
 

Rank of 
coal 

 
Period 

Parameters in   
Eq. (3.3) 

Rate 
constant 

K�10-3, 

day-1 

Parameters 
of linear equation 

n k�10-3 b1 b0 R
2 

Novo-Golubovskaya 
enrichment plant 

 
G 

Summer 
Winter 

1.2322 
1.1898 

6.8834 
1.3772 

21.6737 
4.6867 

1.2322 
1.1898 

$2.5222 
$3.221 

0.9923 
0.9964 

 
Voroshilov mine 

 
Zh 

Summer 
Winter 

1.2707 
0.9521 

0.4286 
1.5241 

2.8419 
1.0470 

1.2726 
0.9521 

$3.7279 
$3.177 

0.9787 
0.9846 

 
Kalinin mine 

 
K 

Summer 
Winter 

1.4336 
1.1528 

0.3922 
0.5776 

6.0290 
1.7889 

1.4336 
1.1528 

$3.7665 
$3.5984 

0.9931 
0.9531 

Chumakovskaya 
enrichment plant 

 
OS 

Summer 
Winter 

1.2020 
1.7409 

1.7018 
0.0708 

5.9726 
7.1937 

1.202 
1.7409 

$3.1291 
$4.51 

0.9714 
0.9669 

 

Analysis indicates that, in summer and winter, the rate constant of oxidation is 

lowest when Vdaf =26.4 and 30.4 %, respectively. This is consistent, in principle, with 

Eq. (3.1). The shift of the minimum K to coal of lower metamorphic development is 

due to the difference between the laboratory and industrial conditions (temperature, 

piece size, etc.). 

It is of practical interest to calculate the limiting storage time � (days) for coal 

of different metamorphic stages on the basis of Eq. (3.3), so as to prevent intense 

oxidation in summer and winter. To this end, we substitute values of n, k, and for 

each coal sample into Eq. (3.3), and calculate the corresponding � values. 

Comparing the results in Table 3.5 with the stipulations of the 2001 PTE 

Operational Rules [6], we find that � is less than the limits in the standard (except for 

Zh coal in summer). 
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 a  

 b 

Fig. 3.3 Dependence of the rate constant K of oxidation on the volatile matter Vdaf  in 

summer (a) and winter (b). 

Table 3.5 Limiting storage time of coal samples in summer and winter 
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Supplier 

 
Rank of 

coal 

Degree of oxidation 
d1

0 
corresponding to 
onset of intense 

oxidation, % 

 
Limiting storage 

time � 
(summer/winter), 

days 

Novo-Golubovskaya 
enrichment plant 

G 17.6 15/63 

Voroshilov mine Zh 8.60 67/72 
Kalinin mine K 7.10 39/67 
Chumakovskaya 
enrichment plant 

OS 8.55 27/61 

 

In Fig. 3.4, we plot � as a function of the oxidation rate constant K. The 

corresponding equations are as follows: 

$ in summer 

 

���������
�10-3)-0.714;    (3.8) 

 

$ in winter 

 

���������
���-3)-0.082    (3.9) 

 

The determination coefficients for Eqs. (3.8) and (3.9) are 0.9163 and 0.9738, 

respectively. 

Since the K and Vdaf values of particular coals are related, as seen in Fig. 3.3, it 

is of practical interest to assess the dependence of the limiting storage time on the 

metamorphic stage of the coal. 

In Fig. 3.5, we show the limiting storage times in summer and winter as a 

function of the metamorphic stage of the coal, characterized by the volatile matter 

Vdaf. 
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a  

 

b 

Fig. 3.4 Dependence of the limiting storage time � on the oxidation rate 

constant K in summer (a) and winter (b). 
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a  

b 

Fig. 3.5 Dependence of the limiting storage time � on the volatile matters Vdaf 

in summer (a) and winter (b). 

The corresponding equations are as follows: 
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- in summer 

 

�=-0.4485�(Vdaf)2+26.263� Vdaf-322.88   (3.10) 

 

- in winter 

 

                         �=-0.1033�(Vdaf)2+6.2377�Vdaf-22.51          (3.11) 

 

The determination coefficients for Eqs. (3.10) and (3.11) are 0.8925 and 

0.9921, respectively. 

On the basis of Eqs. (3.10) and (3.11), we may calculate the limiting storage 

��&�	�
����'
����%	�
	����'	��������	��	���	�
��+�	
������
�	����	!��������
�	��
&	���	

initial stage to intense oxidation of the coal) on the basis of results for the volatile 

matters Vdaf. 

We may conclude from Fig. 3.5 that different limiting storage times should be 

specified for coal with different the volatile matters Vdaf in summer and in winter. 

To assess the limiting storage times stipulated in the 2001 PTE Operational 

Rules [6], we must analyze the change in caking properties and quality of blast 

furnace coke produced from batch containing coal with different degrees of 

oxidation; and then compare the results with the data obtained in the present work. 

That will be addressed in the next part of this research. 

 

Conclusions 

1 The natural oxidation of coal on storage in open heaps at coke Ukrainian 

plants may be satisfactorily described by the kinetic equation for heterogeneous 

reactions 

d0 = �1 .
nke ��  
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2 Analysis of the results shows that the rate constant of coal oxidation in both 

summer and winter is a minimum for coal of moderate metamorphic development 

with Vdaf=26$30 %. 

3  ��	
������
�	����	�
������	��'����	��%����������	
�	���	�
��+�	&���&
�'���	

stage. Accordingly, it is expedient to specify different limiting storage times for coal 

with different Vdaf in summer and winter. 

4 The limiting storage times stipulated in the 2001 PTE Operational Rules are 

not consistent with the changes in the degree of oxidation and properties of coal 

observed on storage. In summer and winter, the calculated limiting storage times are 

less than the limits in the standard (except for Zh coal in summer). 

5 Recommendations for the correction of the existing standards will be 

formulated in the next part of this study, after studying the change in the properties of 

blended coking batch containing coal with different degrees of metamorphic 

development. 

 

3.2 Modification of the Plastic and Viscous Properties on Oxidation 

The natural oxidation of coal during open storage in heaps may be 

satisfactorily described by the Avrami$Erofeev equation for the kinetics of 

heterogeneous reactions 

 

� = �1 ,
nke ��       (3.12) 

 

as established in [21]. Here � is the proportion of the material that has reacted after 

time �; k and n are constants. 

The constant k in Eq. (3.12) is not the rate constant K. 

Rather 

 

K = nk n

1

     (3.13) 
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The rate constant of coal oxidation changes significantly with metamorphic 

development of the coal. Accordingly, it is expedient to identify limiting storage 

times for coal of different ranks as a function of the volatiles matters.  

It is also obvious that, in developing recommendations regarding the correction 

of the storage time for coal of different ranks, we must take account of the change in 

plastic and viscous properties of the coal, as well as the variation in the properties of 

coke produced from batch in which the coal has different degrees of oxidation. The 

temperature at which the coal is stored may also be a relevant factor. 

Earlier, in the laboratory, it was established that oxidation sharply degrades the 

�
��+�	 plastic and viscous properties: the plastic-layer thickness and frees-welling 

index decline [7]. The temperature corresponding to transition to the plastic$viscous 

state and maximum compression increases, along with the magnitude of the 

maximum compression, while the Audibert$Arnu dilation disappears in most coal 

after intense oxidation and saturation. 

In the initial stage of oxidation, the plastic and viscous properties become 

significantly worse. During intense oxidation and saturation, they practically 

disappear. 

The relative decrease �y (%) in plastic-layer thickness as a function of the 

storage time ST (Fig. 3.6) and the degree of oxidation Ko (Fig. 3.7) was studied in 

[22]. 

We may describe the data in Figs. 3.6 and 3.7, respectively, by the following 

equations 

 

�y = 0.2239�ST + 2.9234,     (3.14) 

 

�y = 0.5702�Ko + 5.5181,     (3.15) 

 

with determination coefficients of 0.8599 and 0.9231. 
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Fig. 3.6 Dependence of the change �y (%) in the plastic-layer thickness on the 

storage time 

 

 

Fig. 3.7 Dependence of the change �y (%) in the plastic-layer thickness on the 

degree of oxidation Ko 

Thus, �y depends linearly on the storage time and degree of oxidation of the 

coal. Note that Ko does not characterize the change in any specific property of the 
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coal (the ignition temperature, optical density of an alkaline extract, etc.) on 

oxidation. To establish the relation between y and the oxidation �t, 783 commercial 

and bed samples of coal)�����	'���
&�������	 ��
&	 ���	��
�
'+����	 ��%�
�	 ��	 ���	

Kuznetsk Bas��	���	���
	��
&	���	7����
���	���	 
&+-Usinsk regions)were studied 

in [23]. 

Analysis of the results indicates that the experimental points for the given 

sample may be divided into groups corresponding to a family of straight lines with a 

slope of 35�$37�. Each line expresses a relation between y and �t for an individual 

rank and technological group of coal. 

The general equation for the lines in this family is 

 

y = y0 $ 0.7�t,     (3.16) 

 

where y0 is a constant depending on the rank of the coal; �t is the oxidation, 

�C. 

Note that this research estimates the change in plastic and viscous properties of 

coal as a function of the storage time. To study the dynamics of the plastic layer 

thickness y during prolonged open storage in heaps, in summer and winter, the data in 

Table 3.6 may be employed. To compare coal of different ranks, with different y, the 

change �y (%) is calculated. 

In Fig. 3.8, �y is plotted as a function of the storage time, for coal of different 

ranks. Analysis of Fig. 3.8 shows that the curves for different ranks are markedly 

different. At the same time, two stages may be distinguished in the dependence of �y 

on the storage time, in all cases. In the first, y declines sharply, in both summer and 

winter. In the second, the decline slows. 

The decline in plastic layer thickness in the initial stages of oxidation is due to 

change in the surface properties of the coal grains in the presence of sorbed oxygen, 

according [24]. Those changes impair the interaction of the coal grains and their 

destruction products in the plastic$viscous state. 
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a 

 

b 

Fig. 3.8. Dependence of the change �y (%) in the plastic-layer thickness on the 

storage time in summer (a) and winter (b) for coal of different ranks. 
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Table 3.6 Variation in the caking properties of coal 

Supplier, season Rank �, days y, mm �y, % 

Novo-Golubovskaya 
enrichment facility, 
summer 

G 
0 19 0 

15 15 21.1 
30 
45 

16 
15 

15.8 
21.1 

60 15 21.1 
80 14 26.3 

 
Novo-Golubovskaya 
enrichment facility, 
winter 

 
G 

0 16 0 
35 15 6.3 
70 
100 
120 

15 
15 
14 

6.3 
6.3 
12.5 

165 13 18.8 
185 12 25.0 

Voroshilov mine, summer Zh 
0 26 0 

35 20 23.1 
65 
95 

18 
15 

30.8 
34.6 

125 21 19.2 
145 19 26.9 

Voroshilov mine, winter Zh 0 25 0 
45 24 4.0 
75 20 20.0 
105 17 32.0 
140 20 20.0 
165 18 28.0 
200 18 28.0 

Kalinin mine, summer K 
0 25 0 

75 
90 

15 
16 

40 
36 

105 16 36 

Kalinin mine, winter K 
0 20 0 

30 17 15 
65 
95 

18 
18 

10 
10 

110 16 20 
125 15 20 

 
Chumakovskaya 
enrichment facility, 
summer 

 
OS 

0 15 0 
30 
60 
90 

11 
10 
10 

26.7 
33.3 
33.3 

120 11 26.7 

Chumakovskaya 
enrichment facility, winter 

OS 
0 16 0 

40 15 6.3 
70 
100 

16 
12 

0 
25 

120 8 50 
170 8 50 
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The change in surface properties of coal as a result of oxidation is confirmed 

by flotation, whose effectiveness depends on the surface properties of the coal 

properties [24]. 

Table 3.7 presents results obtained for Zh coal (size class J1 mm) in a 2-l 

laboratory flotation apparatus with a 1:4 solid/liquid ratio in the pulp: specifically, the 

yields of concentrate and flotation waste after different storage times.  

Table 3.7 Flotation of Zh coal as a function of the storage time 

Storage time, 
days 

Concentrate Flotation waste 
yield, %, A

d
, % yield, %, A

d
, % 

0 87.72 5.5 12.28      59.7 
45 80.96 6.8 19.04      47.8 
90 72.30 5.3 27.70      39.8 

120 63.54 4.5 36.46      29.9 
150 61.14 4.7 38.06      30.4 
We see that, with increase in the storage time, the yield of concentrate declines, 

while its ash content remains approximately the same. 

The sharp initial decrease in y may also be attributed to self-acceleration of the 

process due to the accumulation of hydroperoxide [25$31]. 

In the second stage, the coal is gradually oxidized and the reaction zone 

steadily extends into the coal grain [32$34]. However, the decrease in plastic-layer 

thickness is not so pronounced, since the formation of plastic mass is not a surface 

process but a bulk process [35] (in contrast to oxidation [36, 37]). 

In view of the foregoing, the storage time must be such that the oxidation 

process cannot penetrate into the depth of the coal grains, with accompanying 

cracking and the exposure of new surface for further oxidation. In other words, the 

limiting storage time must not exceed the duration of the first stage. 

As already noted in the laboratory study of oxidation, the lower and fluctuating 

rate of decrease in plastic layer thickness in the second stage may be attributed to 

significant error in selecting the samples from large heaps. 

Table 3.8 presents the decrease in plastic-layer thickness in the first stage 

(�y1), the corresponding storage time, and the mean rate of decrease in plastic-layer 
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thickness as a function of the storage time. We see that the results are considerably 

different for different ranks of coal. This confirms the need for more careful 

differentiation of the storage time for coal in open heaps [6]. 

Table 3.8 Change in plastic layer thickness of coal as a function of the storage 

time 

Supplier Rank Season �y, 
% 

Storage 
time �, 
days 

�y1/�, 
%/day 

Novo-Golubovskaya 
enrichment facility 

G Summer  
Winter 

21.1 
6.3 

15 
35 

1.41 
0.18 

Voroshilov mine Zh Summer  
Winter 

34.6 
32.0 

95 
10
5 

0.36 
0.31 

Kalinin mine K Summer  
Winter 

40.0 
15.0 

  75 
84* 

0.53 
0.18 

Chumakovskaya 
enrichment facility 

OS Summer  
Winter 

26.7 
6.3 

30 
40 

0.89 
0.16 

 

Note that the limiting storage times in Table 3.8 differ from those in [21]. 

However, some general patterns are observed. In particular, the permissible storage 

times are least for G and OS coal and greatest for Zh and K coal. 

Before we compare the limiting storage times for different ranks of coal in 

summer and winter (in sub sequent articles), we will analyze the change in 

granulometric composition and mechanical strength of coke obtained from batch 

containing partially oxidized coal. 

In Fig. 3.9, we plot �y1 for coal in summer and winter as a function of the 

degree of metamorphism, as expressed by the volatile matter. The corresponding 

equations are as follows: 

- for summer 

 

           �y1 = $0.1432�(Vdaf)2 + 8.0479�V daf $ 74.66;              (3.17) 
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- for winter 

�y1 = $0.2491�(Vdaf)2 + 14.913�V daf $ 194.29.   (3.18) 

 

The determination coefficients for Eqs. (3.17) and (3.18) are 0.8601 and 

0.9073, respectively. 

We note a maximum when the volatile matter is 28.1$29.9 %. 

On that basis, we may conclude that �y1 is higher in summer than in winter. 

This may be explained by means of data on the change in peroxide-group content 

during the oxidation of coal [27, 28]. Kinetic curves of the peroxide content as a 

function of the oxidation temperature indicate that the rate of peroxide formation 

increases with temperature. In addition, the loss 
�	��������	
�	���	�
��+�	'������	&���	

is greater for higher preliminary oxidation temperatures, as established in [38]. 

Note that the absolute value of �y1 (mm) for different ranks of coal may be 

considerable, but further study is required to determine whether this reduction in 

plastic-layer thickness significantly impairs the physic mechanical properties of the 

coke produced. 

In Fig. 3.10, we plot the time to attain �y1 in summer and winter as a function 

of the volatile matters. The corresponding equations are as follows: 

- for summer 

 

� = $0.7901�(Vdaf)2 + 46.014�V daf $ 573.01;    (3.19) 

 

- for winter 

 

� = $0.73191�(Vdaf)2 + 43.07�V daf $ 527.26.   (3.20) 

 

The determination coefficients for Eqs. (3.19) and (3.20) are 0.9999 and 1.000, 

respectively. 

We note a maximum when the volatile matter is 29.1$29.4 %.  
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Fig. 3.9 Dependence of ��1 on the volatile matter for the coal, in summer and 

winter 

 

 

Fig. 3.10 Dependence of the time to attain �y1 on the volatile matter for the 

coal, in summer and winter. 

 

On the basis of the shape of the curves, the similarity of Eqs. (3.19) and (3.20), 

���	 ���	 ��%�	 �����&�����
�	 �
����������#	 ��	 �
������	 ����	 ���	 �
��+�	 &���&
�'���	

development has a marked influence on �y1, in both summer and winter. 

The time to attain �y1 must be regarded as one of the possible criteria in 

selecting the limiting time for the open storage of coal in heaps, together with kinetic 
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data on the oxidation process and the properties of coke produced from batch in 

which the coal has different degrees of oxidation. 

In Fig. 3.9, we show the rate of attainment of �y1 as a function of the volatile 

matter in summer and winter. We conclude that the temperature has considerable 

influence on the rate of decrease in the plastic layer thickness. In winter, the rate of 

attainment of �y1 ��	 �
	 �
�	 ����	 ��	 ��	 '����������	 ����'������	 
�	 ���	 �
��+�	

metamorphic development. 

Summarizing, it is expedient to take account of the coal temperature in the 

heaps when determining the limiting storage time. Since the rate of attainment of �y1 

��	 ������	 ��	 '����������	 ����'������	 
�	 ���	 �
��+�	 &���&
�'���	 �����
'&���#	 ��	

formulate an equation only for the summer 

 

0086.01 �

�
y

(Vdaf)2-0.4843�Vdaf+7.1418   (3.21) 

 

The corresponding determination coefficient is 0.9943. We note a maximum 

when the volatile matters are 28.2%. The form of the curves and the extremum for 

coal of moderate metamorphic development confirm that the oxidation process is 

different for coal with different degrees of metamorphism [21, 39]. 

In establishing the limiting storage times, we must take into account that the 

change in clinkering properties, expressed in terms of the plastic-layer thickness y, 

does not permit adequate prediction of the change in quality of the coke produced 

from batch containing such coal [40]�	K-�	��������%	�
��	����#	���	%�����% principle is 

that the coal blend must form sufficient molten material, and its quality must be such 

that optimal expansion pressure is created during the plastic period, so that a dense 

coke str������	��	�
�&��L#	���
����%	�
	/��2. 
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Fig. 3.11 Dependence of the rate of attainment of �y1 on the volatile matter for 

the coal, in summer and winter. 

 

M����#	���	����%�	��	���	�
��+s caking properties on storage must be regarded 

as only one of the factors changing its coking properties and the mechanical strength 

of the blast-furnace coke produced. 

In subsequent articles, we will assess the influence of the duration of open 

storage of coal in heaps in summer and winter on the strength of the coke produced 

from batch containing partially oxidized coal. 

 

Conclusions 

1. When coal of different ranks undergoes oxidation during open storage in 

heaps, its plastic layer thickness y changes in two stages. In the first, y declines 

sharply, in both summer and winter. In the second, the decline slows. 

2. The percentage reduction in y in the first stage is closely correlated with the 

degree of metamorphism, as expressed by the volatile matters. 
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3. The time to attain the maximum decrease in plastic layer thickness in the 

first stage may be used as one of the criteria in selecting the limiting time for the open 

storage of coal in heaps. 

4. The rate of attainment of the point of transition from stage I to stage II has 

been calculated for coal of different ranks, in summer and winter. The rate is 

considerably higher in summer than in winter. In winter, it hardly depends on the 

�
��+�	��%���	
�	&���&
�'���&� 

5. Analysis of the graphical and mathematical results shows that, in both 

summer and winter, there is an optimum in the range of moderate metamorphic 

development. That confirms that the oxidation process is different for coal of 

different metamorphic development. 

6 We may identify two groups of coals that differ in their rate of attainment of 

the point of transition from stage I to stage II: G and OS coal; and K and Zh coal. 

This must be taken into account in developing the limiting times for the open storage 

of coal in heaps. 

 

3.3 Mechanical Strength of Coke 

Researchers are very interested in the mechanical strength of coke produced 

from batch containing partially oxidized coal. 

The oxidation of coal impairs the strength of the coke produced but also 

reduces its crack content, as shown in [41]. When oxidized coal is present in the coal 

batch, the physic mechanical properties of the coke are always impaired. 

Research shows that the profound oxidation of Zh and G coal is accompanied 

by considerable loss of caking properties and consequent loss of coke quality. 

Consequently, the proportion of OS coal in the batch must be reduced. In the coking 

of K and OS coal with even slight oxidation, the index of abrasion of the coke is 

increased [42, 43]. 
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The loss of coking properties of partially oxidized coal on storage depends on 

���	�
��+�	��%���	
�	&���&
�'���	�����
'&���#	'���
%��'���	�
&'
����
�#	���	�������	

degree of oxidation, as established in [44]. 

The degree of oxidation of the coal markedly affects its coking behavior, both 

individually and in a blend, as noted in [45]. Until recently, however, no clear 

relationship between the coking properties and the degree of oxidation had been 

established. Without knowing that relationship, it is difficult to correctly formulate 

the coking batch and predict its properties. 

Laboratory data indicate that the presence of coal with slight or intense 

oxidation, regardless of its metamorphic development or petrographic composition, 

impairs the crushability M25 and abrasion M10 of the coke coal has a higher content of 

isotropic carbon and a lower content of anisotropic carbon. That is responsible for the 

loss of strength [46]. 

Accordingly, it is expedient to assess the mechanical strength of coke produced 

from batch containing coal with different metamorphic development after different 

storage times in open heaps. Data on the change in oxidation and caking properties of 

coal during storage were presented in [21, 47]. 

Table 3.10 summarizes the composition of experimental batch containing coal 

with different degrees of oxidation.  

Table 3.10 Batch composition 

 
Coal; rank 

Content, % 

batch 1 batch 2 batch 3 batch 4 

Novo-Golubovskaya 
enrichment facility; G 

40 0 0 0 

Voroshilov mine; Zh 30 100 0 50 
Kalinin mine; K 0 0 100 0 
Chumakovskaya 
enrichment facility; OS 

30 0 0 50 

In batch [41], the component with a variable degree of oxidation is concentrate 

from Novo-Golubovskaya enrichment facility; in batch 4, it is concentrate from 

Chumakovskaya enrichment facility. Batches 2 and 3 each contain a single 
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component with a different degree of oxidation: coal from the Voroshilov mine and 

the Kalinin mine, respectively. 

Table 3.11 presents the initial properties of the batches in summer and winter, 

including the results of proximate and plastometric analysis, as well as their degree of 

oxidation. 

Table 3.11 Characteristics of batch 

Batch Season 

Proximate analysis 
(mean data), % 

Plastometric 
characteristics, mm 

Degree of 
oxidation 

d0, % 
A

d Sd
t V 

daf x y 

1 
Summer 

    8.0    2.70    30.9 
      28 20      2.0 

Winter      25 19      2.0 

2 
Summer 

    7.7    2.70    30.8 
     20 26      1.4 

Winter      22 25      1.4 

3 
Summer 

    9.0     2.70    23.9 
    13 25     1.2 

Winter     13 20     1.2 

4 
Summer 

    7.9    2.40    25.4 
    18 21     1.4 

Winter     18 21     1.4 
 

Analysis of Table 3.11 indicates that the properties of each batch are 

practically the same after open storage in summer or winter. That allows the change 

in their properties and those of the coke produced to be compared over the course of 

oxidation. 

In storage, coal samples are taken at specific intervals and used to formulate 

the batches in Table 3.10. After box coking of the samples, the strength (I40 and I10) 

of the coke produced is estimated. 

Table 3.12 presents the coke strength for batches 1$4 in summer and in winter. 

To compare coal of different rank, with different coking properties, the relative 

changes in I40 and I10 are calculated. 
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Table 3.12 Variation in coke strength 

 
Coal supplier; season 

Coal rank 
Storage 

time, days 
Strength, % Change, % (rel.) 

I40 I10 I40 I10 

Novo-Golubovskaya 
enrichment facility; 
summer 

G 

0 
15 

39.3 
37.0 

9.5 
10.1 

0 
$5.9 

0 
+6.3 

60 36.5 10.3 $7.1 +8.4 
80 35.1 11.5 $10.7 +21.1 

Novo-Golubovskaya 
enrichment facility; 
winter 

G 

0 
35 

43.9 
41.2 

9.5 
10.1 

0 
$6.2 

0 
+6.3 

70 40.9 10.2 $6.8 +7.4 
100 36.0 10.3 $18.0 +8.4 
120 31.5 11.3 $28.2 +19.0 
165 30.3 12.3 $31.0 +29.5 
185 28.0 13.3 $36.2 +40.0 

Voroshilov mine; 
summer 

Zh 

0 60.6 13.6 0 0 
35 62.5 13.1 +3.1 $3.7 
65 64.6 12.6 +6.6 $7.4 
95 66.3 10.9 +9.4 $19.9 

125 67.8 10.2 +11.9 $25.0 
145 69.2 9.8 +14.2 $27.9 

Voroshilov mine; winter Zh 

0 66.7 14.6 0 0 
45 66.7 14.4 0 $1.4 
75 67.8 12.9 +1.6 $11.6 

105 68.5 12.7 +2.7 $13.0 
140 69.9 12.2 +4.8 $16.4 
165 69.9 12.2 +4.8 $16.4 
200 69.9 11.9 +4.8 $18.5 

Kalinin mine; summer K 

0 72.4 7.8 0 0 
60 71.4 7.9 $1.4 +1.3 
75 70.4 7.9 $2.8 +1.3 
90 69.8 8.4 $3.6 +7.7 

105 65.8 11.6 $9.1 +48.7 

Kalinin mine; winter K 

0 72.4 7.7 0 0 
30 71.8 7.9 $0.8 +2.6 
95 71.0 8.0 $1.9 +3.9 

110 69.0 10.8 $4.7 +40.3 
125 67.6 10.8 $6.6 +40.3 

Chumakovskaya 
enrichment facility; 
summer 

OS 

0 
15 

67.1 
64.6 

8.7 
9.4 

0 
$3.7 

0 
+7.5 

30 54.2 10.1 $19.2 +16.1 
60 51.2 15.4 $23.7 +77.0 
90 46.4 19.4 $30.8 +123.0 

120 32.5 43.2 $51.6 +396.6 

Chumakovskaya 
enrichment facility; winter 

OS 

0 
40 

67.1 
62.5 

8.6 
9.9 

0 
$6.9 

0 
+15.1 

70 59.0 10.1 $12.1 +17.4 
100 53.1 18.0 $20.9 +109.3 
120 35.6 49.1 $46.9 +470.9 
170 18.3 57.3 $72.7 +566.3 
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Analysis of Table 3.12 indicates that G, K, and OS coal lose their coking 

properties on natural storage. Correspondingly, the strength of the coke produced 

declines. However, after fairly prolonged storage (up to 200 days), the coking 

properties do not decline, but rather improve. 

We conclude from Table 3.12 that oxidation of the coal has a greater influence 

on the abrasion I10 of the coke than on its crushability I40. For example, in the coking 

of coal from the Kalinin mine stored for 105 days in summer, the crushability of the 

coke produced falls by 9.1 % (rel.), whereas the abrasion falls by 48.7 %. Hence, on 

oxidation of the coal, the strength of the coke constituting the pore walls primarily 

declines. Therefore, it is of interest to analyze when the abrasion of the coke 

produced from partially oxidized G, K, and OS coal is increased by 5, 10, 15, and 20 

% (rel.). We see from Table 3.13 that storage of G and OS coal for just 10$12 days 

increases the abrasion of the coke produced by 5 %. In assessing the strength of the 

coke produced, the discrepancy between two parallel measurements should be no 

more than 2.0 % (abs.) for I40 and 0.5 % (abs.) for I10. Since the strength of the coke 

produced from batch containing unoxidized coal fluctuates fairly widely, the 

significance of the change in I40 and I10 is assessed on the basis of their mean values. 

Given that the mean value of I40 for the initial batch is 61.2 %, a 3 % change is 

regarded as significant. Likewise, with a mean I10 value of 10.0 % for the initial 

batch, a 5 % change is regarded as significant. 

Table 3.13 Time for 5, 10, 15, and 20% increase in I10 

 
Coal 

 
Season 

Coal 
rank 

Time (days) for the following 
increase in I10 

5 % 10 % 15 % 20 % 

Novo-Golubovskaya 
enrichment facility 

Summer 
Winter 

G 12 
28 

63 
103 

70 
113 

78 
124 

Kalinin mine Summer 
Winter 

K 84 
96 

91 
98 

93 
100 

95 
102 

Chumakovskaya 
enrichment facility 

Summer 
Winter 

OS 10 
13 

19 
27 

28 
40 

32 
71 
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On that basis, Table 3.14 presents the limiting storage time beyond which the 

change in I40 and I10 for the coke produced exceeds the permissible measurement 

error. 

Table 3.14 Limiting storage times 

 
Coal supplier; 
coal rank 

 
Season 

Limiting coal-storage time 
(days) in terms of 
deterioration in 

I40 I10 
Novo-Golubovskaya 
enrichment facility; G 

Summer 
Winter 

10 
20 

10 
30 

Voroshilov mine; Zh Summer 
Winter 

145 
200 

145 
200 

Kalinin mine; K Summer 
Winter 

80 
100 

85 
95 

Chumakovskaya 
enrichment facility; OS 

Summer 
Winter 

15 
20 

10 
15 

 

It follows from Table 3.14 that the limiting storage time associated with loss of 

strength of the coke produced is very different for different coal samples. 

Accordingly, we must take care in specifying different storage times for different coal 

stocks; current practice is not very precise [6]. 

Note that the limiting storage time for G, K, and OS coal is practically the 

same as the time corresponding to 5 % deterioration in I10 for the coke produced 

(Tables 3.13 and 3.14). 

In Figs. 3.12 and 3.13, we show the limiting storage times in summer and 

������	��	�	������
�	
�	���	�
��+�	&���&
�'��� development (expressed as the volatile 

matters). 

These graphs may be described by the following equations: in summer 

 

�, days(I40) = $ 1.3583(V daf)2 + 80.599V daf  $ 1057.5;   (3.22) 

 

�, days(I10) = $ 1.4073 (V daf)2 + 83.607V daf  $ 1100.8;  (3.23) 
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Fig. 3.12 N�'�������	
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crushability I40) on the volatile matter 

 

 

Fig. 3.13 Dependence of the limiting storage time (in terms of the coke 

abrasion I10) on the volatile matter 

 

in winter 
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�, days(I40) = $ 1.8089 (V daf)2+ 107.88V daf  $ 1422.1;  (3.24) 

 

�, days(I10) = $ 1.7691 (V daf)2 + 106.32V daf  $ 1411.9.  (3.25) 

 

The corresponding determination coefficients are 0.9763, 0.9901, 0.9583, and 

0.9552, respectively. 

We note the presence of a maximum in the region 29.7$30.1 %. We may 

regard the shape of the curves in Figs. 3.12 and 3.13 and the presence of an optimum 

as confirming that the oxidation mechanism is different for coal of low, moderate, 

and high metamorphic development, as concluded in [21, 47]. 

It is of interest to compare our results for the change in coking properties of 

coal on open heap storage with literature data. French researchers studied the storage 

of Hannibal coal for six months in a large heap (tens of tons of coal) [48]. The stored 

coal was coked in a 400-kg furnace. Table 3.15 presents the results. 

Table 3.15 Variation in coal characteristics on storage 

Coal V 
daf

, % Characteristic, 
% 

Storage time. months 
before 
storage 

1 2 3 6 

  
b (the 

Audibert$
Arnu method) 

+40 +36 +30 +24 +5 

Hannibal 21.0 M40 83.8 84.2 84.4 84.2 82.5 
  M10 7.7 7.5 7.5 7.7 8.4 

 

The results in Tables 3.14 and 3.15 are fundamentally consistent, although 

different methods were used to estimate the coke strength. Thus, the change in the 

quality of coke produced from Hannibal coal characterized by a 21.0 % volatile 

matter is noted after storage for three months (90 days). That is consistent with the 

mean limiting storage time for K coal from the Kalinin mine in summer and winter. 

Stability of the coke obtained from Zh coal with different degrees of oxidation 

is confirmed by data on the combined coking of Zh coal from the Yubileinaya mine 
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(Baidaevsk field) and K2 coal ��
&	 ���	 ,��������+���	 &���	 ��	 /�=2. Table 3.16 

presents the characteristics of the coal employed, while Table 3.17 summarizes the 

characteristics of the blends employed and the coke produced. 

Table 3.16 Characteristics of coal concentrates 

Sample 

Proximate 
analysis, % 

Petrographic 
composition, % 

Plastic- 
layer 

thickness 
y, mm 

Ultimate composition, 
% 

Hydroxide 
content, 
mg-equ 

Yield of 
flotational 

concentrate, 
% 

A
d Sd

t V
daf Vt Sv I L ��� C

daf H
daf N

daf O
daf K Bfl 

Bed 26a, Baidaevsk field 

Yubileinaya 
mine, ramp 6 

8.5 0.53 38.4 86 4 7 3 10 25.5 85.7 5.9 3.3 4.57 27.86 87.5 

Conveyer gal- 
lery 3 

7.9 0.55 38.6 88 3 7 2 9 24.5 85.3 5.9 3.2 5.05 34.04 83.5 

Longwall 1, 
sample 

7.9 0.41 38.3 86 4 8 2 11 23.0 84.9 5.9 3.2 5.59 35.29 79.5 

Longwall 2, 
sample 

5.1 0.46 37.9 87 3 7 3 9 21.0 84.5 5.9 3.2 5.94 55.33 76.5 

Longwall 3, 
sample 

7.8 0.51 35.5 88 4 6 2 9 16.0 84.3 5.6 3.0 6.59 57.81 68.0 

Additive 

,������+������ 
mine, rank 
K2.0 

9.1 0.73 19.1 70 4 26 $ 29 13 $ $ $ $ $ $ 

Analysis of the results shows that, on oxidation of Zh coal, the strength of the 

coke produced from batch containing the Zh coal begins to deteriorate only when the 

plastic layer thickness y declines from 25.5 to 16 mm (by 37.3 %). 

Thus, oxidation reduces the carbon content from 85.7 to 84.3 % and the 

hydrogen content from 5.9 to 5.6 %; increases the oxygen content from 4.57 to 6.59 

% and the hydroxide content from 27.86 to 57.81 mg-equ; and reduces the yield of 

flotational concentrate from 87.5 to 68.0 %. 

A heap of Kuznetsk coal from the Osinovsk field was observed in winter in 

[50]. The dimensions of the heap were as follows: base 110O22 m; height     10 m. 

The influence of the storage time on the coking properties of the coal was established 

by industrial coking in 3$4 parallel series of furnaces. The total size of the coal 

sample was 600$900 t. 
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Table 3.18 presents the variation in coal characteristics on heap storage in 

winter, as well as the corresponding change in coke properties.  

Table 3.17 Characteristics of coal batch 

 
 

Sample 

Proximate 
analysis, % 

Petrographic 
composition, % 

 
Plastic  
layer 

thickness 
y, mm 

Sundgren 
mechanical 
strength, kg 

A
d d

tS  V
daf Vt Sv I L �OK residue 10 mm 

Yubileinaya mine, ramp 6 (60 %) + 
,������+������	&���#	����	72 (40 %) 8.7 0.61 30.7 80 4 15 2 18 20.5 316 48 

Yubileinaya mine, longwall 3 (60 %) + 
,������+������	&���#	����	72 (40 %) 8.4 0.62 30.8 81 3 15 1 17 20.0 317 54 

Yubileinaya mine, longwall 1, sample 1 
(60 %) + 

,������+������	&���#	����	72 (40 %) 
8.4 0.54 30.6 80 4 15 1 18 19.0 316 52 

Yubileinaya mine, longwall 1, sample 2 
(60 %) + 

,������+������	&���#	����	72 (40 %) 
6.7 0.57 30.4 80 3 15 2 17 17.8 316 50 

Yubileinaya mine, longwall 1, sample 3 
(60 %) + ,������+������	mine, rank K2 (40 %) 8.3 0.60 28.9 81 4 14 1 17 14.8 277 73 

Table 3.18 Change in quality of coal in heap storage and the corresponding 

coke 

Characteristic 
Storage (winter), days 

0 70 150 190 

  Coal   
Ad, % 8.3 8.3 8.5 7.9 

d
tS , % 0.61 0.67 0.62 $ 

V d, % 28.3 28.6 27.5 28.1 
y, mm 35 34 32 31 
Coke     
Ad, % 10.7 11.2 11.6 11.3 

d
tS , % 0.65 0.64 $ $ 

Content of fines (<25 mm class), % 2.5 2.4 1.4 1.7 
Drum residue, kg 306 305 320 319 

�
�����	
�	J��	&&	�����	������	

drum, kg 
36 34 38 32 

 
Some improvement is seen in the strength of coke produced from coal that has 

been stored for 190 days: the drum residue is 319 kg, rather than 306 kg; the content 

of the J10 mm class in the material that falls from the drum is 32 kg, rather than 36 

kg; and the content of fines is 1.7%, rather than 2.5 %.  

Summarizing, the limiting storage time for the Kuznetsk Zh coal in winter (190 

days) in [50] is practically the same as for Donetsk Zh coal in Table 3.13 (200 days). 
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The change in coke quality when the batch contains partially oxidized coal may 

be explained on the following principles. 

The surface layer of the individual coal grains has a local concentration of free 

macroradicals, according to [51]. In the presence of oxygen, even at low 

temperatures, that results in the formation of branched and oxygen-crosslinked 

structures (for example, for coal of metamorphic development) or stable peroxides 

(for coal of moderate metamorphic development). 

In coal storage, the branching and crosslinking of the macrostructures under the 

action of atmospheric oxygen becomes more developed, and a layer of thermostable 

structure is formed at the surface of the coal grains, preventing their deformation and 

plasticization.  

Accordingly, the fluidity of the plastic mass is reduced, and the clinkering of 

the residual material in the coal grains is impaired. Since coal of low and high 

metamorphic development forms a small quantity of plastic mass on heating, because 

a considerable layer of crosslinked structure is formed at the surface of their grains, 

they may partially (or completely) lose their caking ability. Caking is localized within 

each individual grain, and hence strong coke cannot be formed. 

On heating coal with good caking properties, a considerable quantity of fluid 

products is formed within the coal grain and breaks through the oxidized surface to 

the outer surface of the grain. In that case, the negative effect of the crosslinked 

surface layer will be considerably reduced. In addition, the presence of residual 

thermo-stable coal fragments within the plastic mass increases its viscosity and hence 

increases the expansion pressure, with improvement in the coke strength. 

The improvement in the coke with moderate oxidation of Zh coal may be due 

to increase in its expansion pressure, according to [48]. 

The foregoing explains why the coking properties of coal of low and 

metamorphic development are impaired in the early stages of storage and why the 

strength of coke obtained from coal of moderate metamorphic development may be 

improved. 
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Conclusions 

1. Considerable variability is noted in the limiting coal-storage time due to 

deterioration in strength of the coke produced. Accordingly, greater care must be 

taken in specifying different storage times for different coal stocks. 

2. Analysis of graphical and mathematical relationships indicates that, in both 

summer and winter, coal of moderate metamorphic development (with        V 
daf=29.7$30.1 %) may be stored for the longest times in terms of loss of coke 

strength, in both summer and winter. 

3. On open storage, G, K, and OS coal loses its coking properties. There is a 

sharp change in the wear of the coke produced, as a result of loss of strength of the 

coke constituting the pore walls. 

4 On storage for up to 200 days, bituminous Zh coal produces coke with better 

I40 and I10 values. This improvement in the coking properties of Zh coal on natural 

oxidation may be attributed to increase in the expansion pressure. 

5 The change in the coking properties of coal may be assumed to depend on the 

ease of penetration of the plastic mass through the surface layer of rigid thermostable 

structure formed on oxidation. 

 

3.4 Coal Temperature in Heap Storage 

In heap storage, coal maybe heated, culminating in self-ignition, if the heat of 

oxidation generated by a strong air current within the heap is not adequately 

extracted. A considerable air current is observed when the heap structure is not 

compact, especially in windy areas. The air-filled cavities in loose heaps facilitate 

their heating. 

The presence of air pockets and the poor thermal conductivity of coal prevent 

the rapid dispersion of heat. Consequently, the temperature in the heap rapidly rises. 

In turn, the temperature rise accelerates oxidation, which develops progressively [52]. 
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If the temperature of the coal reaches 60$65 ��	 ��	 �	 ������	 
�	 
������
�	 �	

atmospheric oxygen, further storage in the heap is extremely hazardous, since self-

ignition of the coal is possible. 

Beyond 60 ��#	���	&���	�����	��������	��	��&'�������	���rply rises, as we see 

in Table 3.19 [52]. Whereas it takes 74 days for the coal to reach 60 ��#	��	�	����	
�	

0.27 ��I���#	���	����	��	��: ��I���	��	��&'��������	�
��	?� ��� 

Table 3.19 Relation between the coal temperature and its rate of increase in 

heap storage 

Mean heating rate, 
��I��� 

Duration 
of temperature rise, days 

Coal ��&'�������#	�� 

0.27 74 60 
1.2 19 83 
3.8 5 102 

Therefore, in coal heaps, we must regard 60$65 ��	��	���	��������	temperature, 

beyond which further storage is problematic. Thus, the critical temperature is not the 

self-ignition temperature of the fuel but the temperature at which oxidation sharply 

accelerates. 

We need to establish the limiting temperature at which coal may be stored 

without losses due to self-ignition or deterioration in quality. To reduce expenditures 

associated with reconditioning of the coal reserves, this temperature should be as high 

as possible. However, raising this temperature also poses the risk of self-ignition. 

 ��	 
������
�	 
�	 �
��	 ��	 ��
����&���	 B������	 �
��+�	 ����&��	 �
����������	 ��	

low and heat transfer to the atmosphere from the heap is slow, the coal temperature 

rises. Above the critical temperature, the oxidation rate increases so much that self-

ignition occurs. 

The heat liberation on coal oxidation at different temperatures was studied in 

[53]. In Fig. 3.14, on the basis of those data, we plot the heat liberation as a function 

of the temperature for coal at different stages of metamorphic development. We see 

that, beginning at 60 ��# the heat liberation increases for all the coal; the increase is 

greatest for G coal. 
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Fig. 3.14 Influence of the metamorphic stage of coal on the heat liberation at 

different oxidation temperatures 

The critical temperature is 40$60 ��	�
�	��%����#	P?� ��	�
�	N	���	5	�
��#	P0� 

��	�
�	H�#	 #	���	66	�
��#	���	P1� �C for anthracite, according to [54]. 

Beyond 80 ��#	���	
������
�	����	��������	���������#	����	�
����'
����%	��'��	

rise in the heating rate, according to [55]. 

In our view, the critical temperature of 60$80 ��	&��	�	��'������	��	�
��
���	

Oxidation includes four stages, according to Oreshko [56, 57] (Table 3.20). In the 

first two stages, peroxides are formed (up to 70$85 ��"	���	����	����	�
��	(in the 

range from 80$85 to 120$150 ��"�	 ��	'��
�����	���	
���	�����	������	�	����������	

narrow range and decompose rapidly above 80$85 ��� 
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Table 3.20 Stages in the oxidation of coal 

 
Stage  

Dominant process 

 �&'�������#	�� Activation  
energy,  
kJ/mol 

beginning of 
stage 

end of stage 

I Peroxide formation 
Ambient 

temperature 
70$85 12.5$17.0 

II Peroxide decomposition 70$85 120$150 29.3$33.5 
III Formation of coal$oxygen 

complexes 
120$150 190$360 50$70 

IV Low-temperature 
combustion 

190$360 $ 100$150 

 

After decomposition of the peroxides and exposure of the reactive surface of 

����������	&���
&
�������	���%&����	��	���	�
��+�	
�%����	&���#	�������	��&'�������	

����	��	���
������	����	����'	����	��	���	�
��+�	
������
�	����	���	����-ignition. 

The primary and secondary hydroperoxides may break down with the 

formation of water [58]: 

$ for primary hydroperoxides: 

 

 

 

- for secondary hydroperoxides 

 

 

 

The decomposition of the hydroperoxide groups is associated with the 

accumulation of secondary oxidation '�
�����	 ��	 ���	�
��+�	
�%����	&���#	 ��������%	

phenol, hydroxyl, carbonyl, and carboxyl groups. 

Note this specification of the relevant operational rules (paragraph 4.23) [6]: 

K ��	�����	
�	���	�
��	��	��
��%�	&���	�	���������	&
���
���	��	
����	�
	'�����t its 
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oxidation and self-ignition. Where necessary, the temperature in the heaps must be 

&��������L	3	�������	���'�����
�	��	��	 �
��
��	!'���%��'�	��=:"4	K-�	����	�����#	��	

the junction of the cylindrical and conical sections, instruments constantly monitoring 

the batch temperature must be installed at 2$3 points around the circumference. 

When the batch temperature exceeds 50 ��#	 ���	 ������	 &���	 �	 �&'����	 ���	

��������L 

The present work continues a cycle of research regarding the relation of the 

�
��+�	 ��ate of oxidation with its caking properties, plasticity and viscosity, and 

coking properties; earlier findings were presented in [21, 47, 59]. Specifically, we 

focus here on the temperature variation of coal in open heap storage during the 

summer and winter. 

Table 3.21 presents the temperature variation of coal in heap storage during the 

summer and winter. In Fig. 3.15, we plot the coal temperature as a function of the 

storage time. Analysis indicates that the critical temperature of 60 ��	��	�
�	�������	

in summer or in winter. 

Table 3.21 Temperature variation of coal in heaps 

Supplier, season 
Rank of 

coal 
Storage time, �, 

days 
Coal temperature, t 

��	���'#	�� 

Novo-Golubovskaya 
enrichment facility, summer 

 

G 

0 
     15 
     30 
     45 
     60 

80 

27 
   40 
   45 
   47 
   48 

49 

Novo-Golubovskaya 
enrichment facility, winter 

G 

0 
35 
70 

    100 
        120 

165 
185 

11 
15 
21 

   26 
   29 

30 
31 
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On the basis of Fig. 3.15, we conclude that the temperature rise includes two 

stages: relatively rapid temperature rise (to ~45 ��	��	��&&��	��� ~30 �� winter), by 

slower temperature rise. 

 

Voroshilov mine, summer Zh 

0 
35 

     65 
     95 

125 
145 

26 
32 

   38 
   44 

46 
47 

 
Voroshilov mine, winter 

 
Zh 

0 
45 

     75 
    105 
    140 

165 
200 

8 
14 

    18 
     22 
    26 

28 
29 

Kalinin mine, summer K 

0 
     75 
     90 

105 

26 
   41 
   44 

45 

Kalinin mine, winter K 

0 
30 

     65 
     95 

110 
125 

12 
15 

    19 
   24 

26 
28 

Chumakovskaya 
enrichment facility, summer 

OS 

0 
30 

     60 
     90 

120 

26 
36 

   45 
   46 

47 

 
Chumakovskaya enrichment 
facility, winter 

 
 

OS 

0 
     40 
     70 
    100 
   120 

170 

7 
    17 
    26 
    30 
    31 

 32 





�

�

�
a 

 

b 

Fig. 3.15 Dependence of the coal temperature in the heap on the storage time in 

the summer (a) and winter (b). 

The higher temperature at the end of the first stage in summer (45 �C) than in 

winter (30 �C) may be explained in that the rate of peroxide formation increases with 

increase in the temperature, while the content of peroxides declines [28]. In that 

case, there will be a steady concentration of the unstable intermediate product at 

which the rates of peroxide formation and decomposition increase with increase in 

the temperature. 

The slowing in the temperature rise after the end of the first stage with intense 

rise in the temperature t1 is explained in that more energy is required for the onset 
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of the second stage, in which the peroxides break down, than for peroxide 

formation (Table 3.22), according to [56, 57]: 12.5$17.0 and 29.3$33.5 kJ/mol, 

respectively. 

In our view, prior to the onset of peroxide decomposition (stage II, 

according to Oreshko [56, 57]), there is an induction period, during which the 

energy accumulates. 

 ���#	 ��	 ������	 ����	 .�����
+�	 �����	 ���%�	&��	 �	 �������	 ���
	 ��
	 '�����	

with different rates of temperature rise: rapid in the first and slow in the second. 

These are followed by .�����
+�	 ���%�	 --#	 ���������ized by sharp increase in the 

�
��+�	������%	����	���	'
�����	����-ignition. 

Table 3.23 presents the temperature t attained by coal of deferent ranks in 

summer (45 ��) and winter (30 ��"	��	���	���	
�	���%�	-#	��	����	��	������
�	�1 which 

this temperature is reaped in the heap. 

Note that the onset of the second stage was not observed in winter for Kalinin 

coal, on account of the termination of the experiment. Accordingly, estimates of t1, �1, 

and t1/�1 are employed for that coal. We see in Table 3.23 that the rate at which t1 is 

attained is significantly different. 

The results are consistent with the conclusion in [28] that peroxides accumulate 

more rapidly for coal with low carbon content. 

 

Table 3.22 Time to reach the final temperature in the first stage of heap storage 

Supplier 
Rank of 

coal 

The volatile 
matter 

V 
daf

, % 
Season tI#	�� �I, days 

tI/�I, 
��I��� 

Novo-
Golubovskaya 
enrichment facility 

G 39.3 
Summer 
Winter 

45 
30 

30 
120 

1.50 
0.25 

Voroshilov mine Zh 30.8 
Summer 
Winter 

45 
30 

110 
165 

0.41 
0.18 

Kalinin mine K 23.9 
Summer 
Winter 

45 
30 

105 
140 

0.43 
0.21 

Chumakovskaya 
enrichment facility 

OS 19.9 
Summer 
Winter 

45 
30 

60 
100 

0.75 
0.30 
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Table 3.23 Coal temperature in heap during storage 

 
Supplier 

 
Season 

 
Rank of 

coal 

 �&'�������	!��"	��	���'	�����	��
��%�	��&�	

(days) 
30 60 90 120 

Novo-
Golubovskaya 

enrichment 
facility 

Summer 
Winter 

G 
45 
14 

48 
19 

No data 
 24 

No data  
29 

Voroshilov 
mine 

Summer 
Winter 

Zh 
31 
12 

37 
16 

42 
20 

46 
24 

Kalinin mine 
Summer 
Winter 

K 
32 
15 

38 
18 

44 
23 

No data  
27 

Chumakovskaya 
enrichment 

facility 

Summer 
Winter 

OS 
36 
15 

45 
23 

46 
29 

47 
31 

In Figs. 3.16 and 3.17#	 ��	 ��
�	 ���	 ���������	 
�	 ���	 �
��+�	 &���&
�'���	

development (its volatile matters V daf) on �1 and t1/�1, respectively. 

We see in Fig. 3.16 that �1 varies from 30 days for G coal in summer to 165 

days for Zh coal in winter. In Fig. 3.17, we note the strong influence of the ambient 

temperature on t1/�1�	 -�	������#	 ��	 ��	 �
	 �&���	 ����	 ��	 �
��	 �
�	 ��'���	 
�	 ���	 �
��+�	

metamorphic development. 

 

Fig. 3.16 Dependence of the duration �I of the first stage in heap storage on the 

volatile matter 
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Fig. 3.17 Dependence of the heating rate tI/�I in the first stage of heap storage 

on the volatile matter 

 

We may describe the curves in Figs. 3.16 and 3.17 by the following equations 

(with reliability 0.9994, 0.9993, 1.000, and 0.9752, respectively): 

�in summer 

 

     �1 = �0.7443(V daf)2 + 42.383V daf � 486.69;          (3.26) 

 

 t1/�1 = 0.0081(V daf)2 � 0.4422V daf + 6.3461;    (3.27) 

 

�in winter 

 

                              �1 = �0.5807(V daf) 2 + 35.407V daf � 374.59;          (3.28) 

 

t1/�1 = 0.0011(V daf)2 � 0.066V daf + 1.1633.    (3.29) 
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Many years of research confirm that self-ignition is only observed in heaps of 

G coal stored outdoors for more than 90 days in windy conditions, with high 

humidity, during hot summers. Thus, the coal temperature in the heap is of no 

significance in selecting the limiting storage time. 

Since these results relate to heaps of petrographically uniform Donetsk coal, 

��������	��%�����%	���	���������	
�	���	�
��+�	&������	�
&'
����
�	
�	��� likelihood 

of self-ignition is of interest. 

A literature review shows that, for metamorphically uniform coal the 

likelihood of self-increases with decrease in the content of the vitrinite group and 

increase in the content of the fusinite group [60$62]. At low temperatures (15$50 ��"#	

fusain coal absorbs much more oxygen than vitrain, clarain, and durain coal, on 

account of the better accessibility of their pores, as shown in [28, 63]. Therefore, we 

may assume that Russian and other imported coal that is petrographically mixed will 

be more inclined to heating and self-ignition in open heap storage. 

 

Conclusions 

1. The temperature rise on storage observed for all coal in both summer and 

winter, regardless of its metamorphic development, may be divided into two stages: 

rapid increase, followed by slower increase. 

2. The higher temperature at the end of the first stage in summer (45 ��"	����	

in winter (30 ��"	&��	�	��'������	��	����	 ���	����	
�	'��
����	�
�&���
�	 ���������	

with increase in the temperature, while the content of peroxides declines. 

3. A correlation is found between the duration of the first stage and the 

metamorphic development of the coal (its yield of volatiles Vdaf). A similar 

�
�������
�	 ��	 �
���	 �
�	 ���	 ����	
�	 ��&'�������	 ����	 ��	 ���	 �����	 ���%�	���	 ���	�
��+�	

metamorphic development. 

4. Since the coal does not reach the critical temperature for self-ignition (~60 

��"	
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��%�	�
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��	��&&��	���	������#	���	�
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heap is of no interest in selecting the limiting storage time. 
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3.5 Limiting Storage Times 

Determination of the limiting storage time of coke is of great importance. For 

fuel use, coke may be divided into four groups in terms of its physicochemical 

properties and susceptibility to oxidation and heating, according to [37]. This 

classification was incorporated in the standard instructions used in the Soviet Union 

for coal storage at mines, enrichment facilities, and sorting plants [64]; and also in the 

standard instructions for coal, fuel-shale, and peat storage in open heaps at power 

plants [65]. 

On the basis of data regarding the change in coal properties on storage at coke 

plants, the following limiting storage times (days) for Donetsk coking coal were 

proposed in [24]. 

In summer (May 1 to October 1): 

D coal     25 

Raw G coal      30 

Enriched G coal    30 

Raw Zh coal    60 

Enriched Zh coal    70 

Raw  KZh coal    60 

Raw OS coal    90 

In winter (October 1 to May 1): 

D coal     30 

Raw G coal                45 

Enriched G coal    60 

Raw Zh coal    70 

Enriched Zh coal    80 

Raw KZh coal    90 

Raw OS coal    120 
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These storage times are regulated by the Operational Rules for coke plants. 

Over the years, the prescribed storage times have changed, as follows. 

In 1949, the limiting storage times (months) in the Operational Rules were as 

follows [66]: 

 

Raw coal from the Donetsk (except G coal),          3 

Kizelovsk and Karaganda basins 

Enriched coal from those basins     2 

Raw coal from the Kuznetsk Basin               4 

(except G coal)        

G coal from the Donetsk Basin     2 

G coal from the Kuznetsk Basin     3 

 

On that basis, the upper limit on the storage of enriched Donetsk Basin coal, in 

summer or winter was two months (60 days). 

In the 1968 edition, the specifications were as follows [67]: 

    In              In 

summer  winter 

Raw coal from the Donetsk, Kuznetsk,     80   100 

and Kizelovsk basins (except G and DP coal) 

Raw Donetsk and Kuznetsk G coal and     60     90 

all enriched Soviet coal 

Raw Karaganda coal         60     90 

Raw Pechorsk coal and siftings       60     90 

DP Donetsk coal          30     60 

According to the current (since 2001) version of the Operational Rules 

(paragraph 4.2.4), the limiting storage time for all Russian coal is the same: 60 days 

in winter and 90 days in summer [6]. In our view, this fails to take into account that 

���	 �
��+�	 &���&
�'��� development and its associated characteristics (ultimate 



���

�

composition, molecular and supermolecular structure, etc.) have a strong influence on 

its oxidation. Table 3.24 presents the limiting storage times for coal of different rank 

in summer and winter, according to our analysis of the oxidation kinetics and the 

variation in clinkering and coking properties and also the temperature in open heaps 

[21, 47, 59, 68]. 

We see in Table 3.24 that the limiting storage times based on different data are 

very different. 

We know that the coal temperature in the heap practically never reaches the 

critical value for self-�%����
�	?�	��	/?12. Therefore, the coal temperature in the heap 

provides no useful information in selecting the limiting storage time. 

Table 3.24 Limiting storage times for coal of different rank in summer and 

winter 

 
 
 

Supplier 

 
 
 

Rank 

 
 
 

V 
daf

, % 

 
 
 

Season 

Limiting storage time �, days 

based 
on the 

onset of 
intense 

oxidation 

 
based on 

the 
clinkering 
properties 

based on the 
mechanical 

strength of coke 

 
based on 

the critical 
coal 

temperature 
I40 I10 

Novo-
Golubovskaya 
enrichment 
facility 

 
G 

 
39.3 

Summer 
Winter 

15 
63 

15 
35 

10 
20 

10 
30 

No values 
 
Voroshilov mine 

 
Zh 

 
30.8 

Summer 
Winter 

67 
72 

96 
105 

145 
200 

145 
200 

Kalinin mine K 23.9 
Summer 
Winter 

39 
67 

75 
84 

80 
100 

85 
95 

Chumakov 
enrichment 
facility 

 
OS 

 
19.9 

Summer 
Winter 

27 
61 

30 
40 

15 
20 

10 
15 

 

 

We now present, in broad outline, the variation in the degree of oxidation and 

the caking and coking properties for coal of different rank in summer and winter. 

1. Novo-Golubovskaya G coal. In summer, the limiting storage times 

fluctuate from 10 to 15 days. In this period, the initial stage is succeeded by a stage of 

�������	 
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��+�	 caking and coking 
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properties. In winter, the limiting storage times fluctuate from 20 to 63 days. 

-&'���&���	
�	���	�
��+�	caking and coking properties begins during the initial stage.  

In summer and winter, deterioration in the coking properties precedes marked 

reduction in the caking properties. 

2. Voroshilov Zh coal. In summer, the limiting storage times fluctuate from 67 

�
	��C	�����	 ��	����%�	��	���	�
��+�	caking properties mainly occurs during intense 

oxidation. Deterioration in mechanical strength only occurs after storage for 145 

days, in the intense-oxidation stage. In winter, the limiting storage times fluctuate 

��
&	 0:	 �
	 :��	 �����	  ��	 �������
�	 ��	 ���	 �
��+s caking and coking properties 

resembles that in summer. Reduction in coking properties only occurs after storage 

for 200 days, in the intense-oxidation stage. 

In summer and winter, deterioration in the coking properties is preceded by 

marked reduction in the clinkering properties. 

3. Kalinin K coal. In summer, the limiting storage times fluctuate from 39 to 

85 days. Analogously to Zh coal, significant change in caking and coking properties 

mainly occurs during intense oxidation. In winter, the limiting storage times fluctuate 

��
&	?0	 �
	���	�����	6�%��������	����%�	 ��	 ���	�
��+�	caking and coking properties 

occurs during intense oxidation. 

In summer and winter, deterioration in the coking properties is preceded by 

reduction in the caking properties. 

4. OS Chumakovskaya coal. In summer, the limiting storage times fluctuate 

from 10 to 30 days. Significant change in properties occurs at the onset of intense 

oxidation. The change in the coking properties begins earlier. In winter, the limiting 

storage times fluctuate fr
&	 �C	 �
	 ?�	 �����	 6�%��������	 ����%�	 ��	 ���	 �
��+�	 ���	

coking properties occurs during the initial stage. 

In summer and winter, deterioration in the coking properties precedes marked 

reduction in the caking properties. 

Analysis of the results indicates that, for coal of low (G coal) and high (OS 

coal) metamorphic development, the change in caking and coking properties precedes 
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the onset of intense oxidation. However, deterioration in the coking properties 

precedes marked reduction in the caking properties. 

For coal of moderate metamorphic development (Zh and K coal) significant 

change in caking and coking properties accompanies intense oxidation. However, 

deterioration in the coking properties is preceded by reduction in the caking 

properties. 

These findings are consistent with our previous conclusion (based on results in 

[51]) that the change in the coking properties of coal on account of oxidation may be 

assumed to depend on the ease of penetration of the plastic mass through the surface 

layer of the rigid thermos table structure formed in open-heap storage [59]. 

In the case of G and OS coal, the plastic mass does not participate in caking 

and coking, since it cannot pass through the oxidized surface layer. Conversely, for 

Zh and K coal, the plastic mass, which is formed in sufficient quantity even in 

oxidized coal, penetrates through the surface layer of the coal grain and is able to 

participate in caking and coking. In addition, the residual thermos table fragments of 

the coal grains within the plastic mass increase its viscosity and hence increase the 

expansion pressure and improve the mechanical strength of the coke. 

In determining the limiting storage time for the coal, the best approach is to use 

the reduction in coking properties (as expressed by decrease in mechanical strength 

of the coke exceeding the measurement error), since the quality of the blast-furnace 

coke produced is not critically determined by the change in the caking properties or 

transition to intense oxidation. 

In that context, we need to bear in mind the following principle (included in the 

1949 and 1968 editions of the Operational Rules [66, 67] but not in the 2001 edition 

[6]"4	K�
��	��
���	�
�	&
��	����	���	��&����%	��&�	&��	
���	�	����	�
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Table 3.25 presents the limiting storage times of coal beyond which the use of 

such coal in blended batch will change the mechanical strength of the coke produced 

(specifically, the crushability I40 and abrasion I10) beyond the permissible tolerances 
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[59]. In determining these limiting storage times, we take into account that, in the 

method adopted to assess the mechanical strength of the coke, the discrepancy 

between two parallel measurements must be no more than 2.0 % (abs.) for I40 and 0.5 

% (abs.) for I10. 

Table 3.25 Limiting storage times for coal 

 
Rank 

Limiting storage time, days 

in summer in winter 

G 10 20 

Zh 145 200 

K 80 95 

OS 10 15 
In addition, it was concluded in 10 ����#	��	��
��%�#	K���re is a sharp change in 

the abrasion of the coke produced, as a result of loss of strength of the coke 

�
���������%	���	'
��	������L 

The need to assess the coking properties in terms of the abrasion of the coke 

produced is confirmed by the finding that 1.0 % increase in coke abrasion M10 is 

associated with 2.8 % increase in coke consumption and comparable loss in furnace 

productivity [69]. Correspondingly, 1.0 % increase in coke strength M25 is 

accompanied by only 0.6 % increase in coke consumption and comparable loss in 

furnace productivity. 

Currently, the determination of coke strength at Ukrainian coke plants is 

determined by Ukrainian State Standard DSTU 2206$93 [70], according to which the 

discrepancy between two parallel measurements of the abrasion M10 in the same 

laboratory must be no more than 1.0 % (abs.) with P = 95 %, rather than 0.5 %, as in 

[59]. Accordingly, the limiting storage times for G and OS coal may be extended 

somewhat. 

We propose limiting storage times of 30 and 60 days for G coal in summer and 

winter, respectively, and corresponding values of 20 and 30 days for OS coal. 

The storage time of G and OS coal must be lengthened because the content of 

such coal in coking batch is no more than 15 %, as a rule. Imported coal is supplied 
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over routes with capacity as great as 4000$5000 t. Accordingly, the use of G and OS 

coal after storage for only 10$15 days is practically impossible, in the light of its low 

content in the batch. 

We know that most of the reactive oxygen has been removed from coal at a 

late metamorphic stage (OS and T coal). That evidently changes the oxidation 

mechanism of such coal: the increase in the quantity and dimensions of fragments 

with molecular structure characterized by developed polyconjugation plays the 

dominant role. That increases the content of paramagnetic centers 15 and 

correspondingly the tendency of the coal to oxidation. 

In addition, OS coal is characterized by increased grindability, as determined 

by the Hardgrove method [71, 72]. This results in large surface area of the coal grains 

and high rates of oxidation [73]. 

In the extraction and enrichment of coal of different ranks, the quantity of 

small size classes formed will be different: for harder G coal (HGI < 60), the 

commercial product will contain a higher quantity of large classes; for softer Zh and 

K coal (HGI=60$90) and especially OS coal (HGI > 90), it consists mainly of small 

classes. Thus, we propose the limiting storage times in Table 3.26. 

Table 3.26 Limiting storage times for coal 

 
Rank 

Limiting storage time, days 
in summer in winter 

G 30 60 
Zh 145 200 
K 80 95 
OS 20 30 

 

Conclusions 

1. The limiting storage times determined for coal of different metamorphic 

stages on the basis of the degree of oxidation, caking, coking, and temperature of the 

coal in the heap are considerably different. 

2. For coal of low (G coal) and high (OS coal) metamorphic development, the 

change in caking and coking properties generally occurs before or at the onset of 
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intense oxidation. Deterioration in the coking properties precedes marked reduction 

in the caking properties. For coal of moderate metamorphic development (Zh and K 

coal), significant change in caking and coking properties occurs during intense 

oxidation. Deterioration in the coking properties is preceded by marked reduction in 

the caking properties. 

3. 6������
�	 
�	 ���	 ��&����%	 ��
��%�	 ��&�	 
�	 ���	 ����	 
�	 ���	 �
��+�	 �
���%	

properties is proposed, since those properties determine the quality of the blast-

furnace coke produced. 

4. The limiting storage times recommended for coal in summer and winter, 

respectively, are as follows: 30 and 60 days for G coal; 145 and 200 days for Zh coal; 

80 and 95 days for K coal; and 20 and 30 days for OS coal. 

5. In revising the Operational Rules, a provision requiring verification of the 

coking properties of any coal stored in open heaps for more than the standard 

time must be introduced. 
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4. SYMBOLS 

Wa $ moisture in the analysis sample, %; 

Ad $ ash content of coal in the dry state, %; 

Vdaf $ volatile matter in the dry ash-free state, %; 

St
d $ sulphur of coal in the dry state, %; 

Cdaf, Hdaf, Ndaf, Odaf $ carbon, hydrogen, nitrogen and oxygen in the dry, ash-

free state, %; 

H/C and O/C $ atomic ratios of elements; 

cA � the degree of molecular association; 

fa $ the aromatic content of the structure;  

R0 $ mean vitrinite reflection coefficient, %; 

Vt $ vitrinite, %; 

Sv $ semivitrinite, %; 

I $ inertinite, %; 

L $ liptinite, %; 

	�� $ sum of fusinized components, %; 

�t $ oxidation index#	��; 

d0 $ degree of oxidation, %; 

tig,r $ ignition temperature of reduced coal, oC; 

tig,o $ ignition temperature of oxidized coal, oC; 

tig $ ignition temperature of initial tested coal, oC; 

� $ the reaction time, min; 

c0 $ the initial concentration of unoxidized coal; 

c1 $ the concentration of unoxidized coal at the onset of intense oxidation;  

d0.0 $ the degree of oxidation of unoxidized coal, %; 

d0.1 $ the degree of oxidation of coal at the onset of intense oxidation, %;  

RI $ index Roga; 

FSI $ free swelling index;  

y $ thickness of the plastic layer, mm; 
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tI $ temperature of softening, oC; 

tII $ temperature of maximum contraction, oC; 

tIII $ temperature of final swelling temperature, oC; 

a $ contraction, %; 

b $ dilatation, %; 

BD $ bulk density, t/m3; 

�	p $ oxidation, %; 

Pmax $ expansion pressure, kPa; 

k $ rate constant of oxidation in the initial stage, min-1; 

k0 $ the preexponential factor; 

Ea $ the experimental activation energy; 

k1 and k2 $ the rate constants at temperatures T1 and T2, respectively;  

R $ Gas constant. 

�mHn, NH3, H2S, CO2, �2�pyr � unsaturated hydrocarbon, ammonia, hydrogen 

sulphide, carbon dioxide, pyrogenetic water, %; 

�d $ yield of coke, %; 

M25, M10 � mechanical strength, %; 

CRI $ coke reactivity index, %; 

CSR $ coke strength after reaction with CO2, %;  

� � anisotropic carbon, %;  

 $ mosaic carbon, %;  

S $ striated carbon, %; 

P $ plate carbon, %;  

�� $ sum of anisotropic carbon, %. 
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