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Abstract

The experimental determination of mineral matter in coal is a tedious as well as time consuming
process, and requires highly skilled analyst to carry out the chemical analysis of coal and ash. On
the other hand, determination of moisture and ash is relatively easy using moisture oven and muf-
fle furnace and can be determined anywhere with little care. Most of the methods reported till
date for the evaluation of mineral matter in coal involves indirect determination of mineral mat-
ter using high temperature ash as one parameter. All these methods offer conversion of ash yield
into mineral matter with the help of correlations based on certain assumptions. Although, the me-
thod for direct determination of mineral matter by chemical analysis is also reported, but is of lit-
tle use as it requires extensive chemical analysis. In this study mineral matter is determined di-
rectly by oxygen plasma asher in coal samples collected from different regions of India. The re-
sults obtained were compared with those obtained by existing correlations. It has been observed
that all the existing correlations including Parr’s, are found to be unrealistic for high ash Indian
coal. An attempt has been made to develop a new correlation for the estimation of mineral matter
based on two simple parameter i.e. moisture content and ash yield. Present model was developed
after analyzing 75 coal samples. The developed correlation appears to be more simple and better

and is represented as Mineral Matter (MM ) = 0.74(Moisture)+1.17(Ash).
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1. Introduction

Coal is a solid fossil fuel and it incorporates inorganic materials from the original swamp environment or any
that may have been washed or blown into the accumulating coal seam. The mineral described as “mineral matter”
(MM) in coal encompasses dissolved salts in the pore water and inorganic elements associated with the organic
compounds, as well as discrete crystalline and non-crystalline mineral particles [1]. Coal can be regarded for
many purposes as consisting of two classes of material; organic components or macerals and a range of minerals
and other inorganic constituents, broadly referred to as mineral matter. The mineral matter in coal, like the or-
ganic matter, is a product of the processes associated with peat accumulation and rank advance, as well as
changes in surface fluids and other aspects of sediment diagenesis. Indian coal is believed to be of drift origin,
where coals were formed from plant materials of terrestrial vegetation which were transported in to lakes, river,
valleys and estuaries or even in to the sea. The drift theory is favoured by the similarity between coal and the se-
dimentary rock. During the period of deposition of the plant debris there could be periods during which heavy
quantities of mud were carried down to form intervening layers. This is evident in the coal seams in almost all
region of India. Indian coals suffer from the great disadvantage that the mineral matter content is not only high
but also of an intimately associated [2] [3] type due to its drift origin. Furthermore, during the mining operation
inadvertently (or inevitably) some rock material gets mixed with the coal. The inorganic fraction is a diluent,
displacing more useful organic matter with a hon-combustible component that leaves an ash residue when the
coal is burned, or that needs to be removed as slag from the blast furnace during metallurgical processing. Al-
though the mineral matter in coal is an undesired impurity, knowledge of its amount and composition is an im-
portant marker for the genetic history of coal [4]. The mineral matter in the coal also provides information on
the depositional conditions and geological history of coal bearing sequences and individual coal beds.

Coal produced by operating mines typically contains additional mineral constituents derived from bands and
other concentrations of non-coal material within the seam. They may also possibly contain some fragments of
non-coal rock derived from contamination of the mined product by roof or floor strata. This portion of the min-
eral matter is called extraneous mineral matter and may be at least partly removed by cleaning processes in coal
preparation plants. There is, nevertheless, usually a significant level of mineral matter intimately associated with
the macerals, sometimes referred to as inherent mineral matter that cannot effectively be removed by coal prep-
aration techniques. Inherent mineral matter is an unavoidable part of even the cleanest coal product, and must be
taken into account along with the macerals in assessing the coal’s behavior during handling, storage and use [5]
[6]. The bulk of the mineral matter of coal is due to clay or shale consisting of aluminosilicates of different com-
position. Other major constituents may be calcite, and pyrite, or related matter. When coal burns, shale and other
hydrated minerals lose water of hydration while sulphides, sulphates and carbonates usually decompose, or oxi-
des leaves their basic radicals free to combine with excess of silica, if any. The net result is a loss of weight so
that the ash of coal is always less than the mineral matter content.

Quantitative analysis of minerals and other inorganics contributes significantly to defining coal quality. For
the purpose of the scientific classification of coal, it is necessary to know the proportions of inorganic constitu-
ents present, since it is only possible to determine accurately the elementary composition of the organic portion
of coal when the proportion of inorganic matter is known. Data from mineral matter determination are used to
express other analytical results for the coal to a mineral matter free basis, as needed for classification purposes.
Since the inorganic matter may differ from the ash by several percent and the use of the figure would involve
large errors in the true carbon content or heat value of pure coal.

Brown et al. in 1959 [7] proposed the determination of mineral matter in coal by Low Temperature Ashing at
370°C with some corrections for pyrite, siderite and some clay minerals which undergo irreversible change of
mass or crystal structure. Besides the time consuming, its reliability remain under scanner as the mass percen-
tage remaining after such heating is still not necessarily a reliable measure of the total mineral content. Another
way of low temperature ashing was also reported by Gluskoter [8] and Frazer [9]. This represents the most reli-
able method for determination of mineral matter in coal. Precise determination of the mineral matter percentage
in coal by low temperature ashing also involves correcting the oxygen-plasma ash yield for any un-oxidised or-
ganic carbon residues, and for any sulphur fixed in the low temperature ash from the organic sulphur component
[10]. These are often relatively small corrections, however, and for many purposes the proportion of low tem-
perature ash gives an adequate indication of the percentage of mineral matter present [1].

In this study the mineral matter in coals were determined by low temperature ashing by oxygen plasma asher
under controlled conditions and utmost care. The mineral matter determined here was compared with those ob-
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tained by other existing correlations. All existing correlations are found to be unrealistic for the coal having ash
more than 35 percent. Five coal samples of varying ash content were taken to compare the results of MM ob-
tained by existing correlations and experimental MM. The ash of these samples ranges from 30.7 to 45.3 percent.
Their MM were determined by all existing correlations viz. KMC formula, modified KMC formula and mod-
ified Parr formula. Their MM was also determined by Plasma asher. All results were plotted as a function of ash
content (Figure 1). Significant deviations have been observed in all the results from experimental MM at high
ash level. The Gondwana coals, from which the thermal coals are drawn, are generally found to be intimately
mixed with fairy large proportion of mineral matter resulting in ash yields of 30 to 60 percent on air dried basis
[11].

2. Existing Correlations

A number of different correlations have been reported that purport to allow the calculation of mineral matter
content of coals from the high temperature ash yield. These correlations are based on chemical analysis of the
ash in coal as well as on some assumptions.

Parr in 1928 proposed a correlation based on the ash yield of coal and total sulphur content, assuming that all
the sulphur present in coal is pyritic, and represented as

MM =108A +0.55S (&)
Given and Yarzeb in 1978 [12] modified the correlation as
MM =113A+0.47S,, +0.5Cl )

They incorporate pyritic sulphur and chlorine in the correlation instead of total sulphur. Later this is further
modified for high ash indian coal as

MM =1.1A @)

This is called modified Parr formula and generally used for the calculation of mineral matter in Indian coals.
King-Maries-Crossley (KMC) in 1936 reported a correlation based on carbonate carbon, pyritic and sulphate-
sulphur, chlorine, ash yield and the proportion of the sulphur retained in the coal ash assuming the water of hy-

dration of clay is 8%, three parts of FeS, forms two parts of Fe,O; and that half the chlorine is inorganically
combined and represented as

MM =113A+0.5S,,, +0.8CO, +2.85S,,, —2.855,, +0.5Cl 4)

ash

Fereday and Flint [13] have modified this as
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Figure 1. Comparison of MM obtained by different correlations.

©,



M. K. Saini et al.

MM =106Ash +0.53S +0.74CO, —0.33 (5)

The common objections to these correlations are that they have to assume that the clay minerals in coals have
constant average water of decomposition, and that they ignore the possible presence of quartz, which yields no
water of decomposition on heating [14]. The KMC formula has been most commonly used in Britain, where all
commercially significant coals are of carboniferous age and of a restricted range of rank. On the other hand In-
dian coal varies widely as it formed in number of geological eras and covering a wider range of rank.

Another method reported by Radmacher and Mohrhauer in 1955 [15], which involve the acid treatment of
coal and resulting the removal of mineral matter content. The method involves the digestion of the mineral
components in hydrochloric and hydrofluoric acid. The loss due to digestion was reported as mineral matter in
coal. A number of different modern instrumental techniques [16]-[26] have been used for the quantification of
mineral matter in coal which involve separate determination of nhon-mineral inorganics, megascopic and micro-
scopic methods, scanning electron microscopy, electron microprobe analysis, thermal analysis techniques, X-ray
diffraction analysis and normative methods etc. All these techniques involve higher cost of instruments besides
the need of highly skilled operator.

Keeping the above in view, it is necessary to develop a reliable correlation which can predict mineral matter
in high ash Indian coals. To minimize the efforts and time involved in calculating the mineral matter by existing
correlation, it is also desirable to develop a correlation based on simple parameters.

3. Experimental

Coal samples were collected from different coalfields viz. North Karanpura, South Karanpura, Ramgarh, East
Bokaro, West Bokaro, Talcher and from CCL command area in Jharkhand and Orissa. All samples were crushed
to pass 212 micron sieve. The size of the samples was reduced by coning and quartering method and representa-
tive sample were taken for each coal. The proximate analyses of air dried samples were determined by thermo-
gravimetric analyzer (LECO, TGA-701) following ASTM-D 5142. The mineral matter of dried coal samples
were determined by single chamber oxygen plasma asher (Emitech K1050X with external No. 3 rotary Fomblin
pump). The operating power was fixed on 50 W, while the ashing time and frequency of stirring were taken as
variables. All results were corrected for residual carbon by treating low temperature ash with dilute hydrochloric
acid and subsequent determination of Carbon by CHNS analyzer (ELEMENTAR, Model-Vario Macro Cube)
following ASTM D5373. The effect of sulphate-sulphur fixation does not taken into account as all sample have
low sulphur (<0.5 %) content.

4. Development of Correlation

The results of the all 75 coal samples comprises proximate and mineral matter are divided in to two parts. Out of
75 data, 50 data were used to develop the correlation and shown in Table 1, and 25 data were kept for validation
purpose (Table 2). MM were plotted against the added values of moisture content and ash content and seen in
Figure 2. From the plot it is clear that both the parameter have positive impact on mineral matter. The impact of
VM and FC were also studied Figure 3 and Figure 4. It was observed that both the parameter have poor corre-
lation as compared to moisture and ash and have negative impact on mineral matter. Hence it has been decided
that both the variables will be used to develop the correlation.

Multiple regression analysis has been used to find the linear correlation between the independent variables i.e.
moisture and ash yield and dependent variable i.e. mineral matter by fitting a linear equation to the observed da-
ta. Each value of independent variable (X) is associated with a value of the dependable variable (Y). The regres-
sion equation for n independent variables is defined to be as

Yi=a+bX, +b,X,+---+b X, (6)

where b are the regression coefficient and a is the intercept. Relationship between the variables is then plotted to
identify the trend that has the best fit. The best fitted trend is selected based on the minimum value of the sum of
squares of deviation of the various data points from the line obtained. The best possible values of the regression
coefficient in the equation are determined by the method of least square. Regression equations obtained in this
analysis were compared on the basis of coefficient of multiple determinations. The coefficient of determination
(R? of a multiple linear regression model is the quotient of the variances of the fitted values and observed values
of the dependent variable. If we denote y; as the observed values of the dependent variable, § as its mean,
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Table 1. Statement of the results of 50 coal samples.

Sample Sr. No.

B

© © N o o

11
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23,
24,
25.
26.
27.
28.
29.
30.
3L
32.
33,
34,

35.
36.

M%
51
6.0
5.2
5.9
5.4
7.3
8.1
3.3
6.9
6.8
7.2
8.1
6.4
6.9
6.8
6.8
8.7
5.2
5.6
4.4
4.7
5.2
6.3
3.7
4.2
49
4.0
3.9
3.3
2.0
1.2
0.8
11
1.0

52
6.2

A%
273
36.6
36.3
365
36.2
36.8
34.4
55.3
447
403
337
29.9
35.0
275
20.3
16.6
14.6
135
525
382
321
28.1
26.3
25.3
19.7
17.3
36.8
417
481
46.0
453
60.6
49.2
414

17.4
511

(Air Dried)
VM%
24.6
23.8
25.4
23.7
25.2
26.5
26.4
175
229
251
27.0
254
32.6
31.9
254
28.2
30.4
29.8
18.3
27.2
25.6
26.4
27.3
29.8
32.6
35.3
22.3
174
21.0
20.0
20.4
155
18.3
185

27.4
25.2

FC%
430
336
33.1
339
332
29.4
311
239
255
27.8
321
36.6
26.0
337
475
48.4
46.3
515
23.6
302
376
40.3
40.1
412
435
425
36.9
37.0
276
32.0
331
23.1
314
39.1

50.0
175

MM%
35.32
46.44
46.72
45.88
45.35
46.35

43.5
69.08
57.45
50.93
42.47
47.73
45.28
39.65
27.34
23.61
23.33
20.75

67.7
45.64
41.91

37.0

35.2
35.24
29.47
27.11
50.18
53.81
63.77
55.65
53.25
72.68
59.45
48.85

23.89
63.87
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Continued
37. 1.9 39.9 15.2 43.0 48.69
38. 1.4 36.7 19.3 42.6 42.61
39. 11 23.2 19.8 55.9 25.94
40. 15 65.2 6.9 26.4 75.24
41. 6.8 36.3 251 31.8 45.11
42, 32 31.6 4.4 60.8 38.65
43 5.1 18.4 24.8 51.7 22.69
44, 32 29.4 10.3 57.1 35.64
45, 4.1 324 244 39.1 39.87
46. 6.4 34.0 25.6 34.0 42.17
47. 19 36.7 14.8 46.6 43.65
48. 1.2 48.8 12.1 37.9 57.96
49, 1.0 27.7 25.1 46.2 31.42
50. 1.2 36.6 135 48.7 39.14

Table 2. Comparison of experimental MM and predicted MM by proposed correlation.

Sample Sr. No. M% A% VM% FC% Expel\r/:rl\rlllental g\)/’l l\élqzz?;(r:]t‘zg) Absolute Error
51. 6.2 51.1 25.2 175 63.81 64.38 0.57
52. 84 19.2 28.2 44.2 26.23 28.68 245
53. 5.2 41.6 21.0 322 50.74 52.52 1.78
54. 7.6 233 30.7 384 30.65 32.89 2.24
55. 2.0 24.4 28.7 449 28.91 30.03 1.12
56. 21 33.2 19.8 449 39.16 40.40 1.24
57. 24 25.7 211 50.8 30.54 31.85 131
58. 31 45.7 20.7 305 53.89 55.76 1.87
59. 31 54.6 17.8 245 62.92 66.18 3.26
60. 1.0 273 18.7 53.0 30.87 32.68 1.81
61. 34 19.8 34.1 42.7 24.87 25.68 0.81
62. 7.4 115 31.4 49.7 18.94 18.93 0.01
63. 9.1 27.5 26.7 36.7 38.27 38.91 0.64
64. 8.3 52.7 4.1 34.9 64.53 67.80 3.27
65. 24 219 7.0 68.7 25.46 27.40 1.94
66. 2.6 21.6 8.3 67.5 26.18 27.20 1.02
67. 1.6 42.0 12.0 44.4 48.80 50.32 1.52
68. 21 35.6 24.4 37.9 43.12 43.21 0.09
69. 2.3 24.6 25.8 47.3 30.10 30.48 0.38
70. 2.2 12.1 29.6 56.1 14.18 15.79 1.61
71. 0.7 58.5 15.7 25.1 67.23 68.96 1.73
72. 55 276 29.1 37.8 35.87 36.36 0.49
73. 12 33.8 10.9 54.1 41.07 40.43 0.64
74. 5.1 50.9 18.3 25.7 65.24 63.33 191
75. 1.9 46.9 20.7 30.5 56.21 56.28 0.07
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Figure 2. Variation of MM with added values of moisture and ash content.
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Figure 3. Variation of MM with volatile matter.
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Figure 4. Variation of MM with fixed carbon.
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and § as the fitted value, then the coefficient of determination is

R? :Z(V—‘V)z 7
Z(yi _7)

The equation with R? value close to one is selected to be the best. A generalized correlation (Equation (8)) in

the given form having R? value 0.99 was thus produced after checking the suitability of the equation for all the
parameters.

Y =bX, +¢X, (8)

where X; and X, are moisture and ash yield and Y is the mineral matter content of coal. After incorporating the
respective values of the coefficient in the equation the final correlation appears to be as

MM = 0.74(M)+117(A) 9)

where MM is mineral matter while M and A are the moisture and ash yield respectively on air dried basis. The
independent variables are in weight percentage on air-dried basis. The results obtained by the developed correla-

tion are in fairly good agreement with those determined experimentally. Both the results were platted and dis-
cussed later.

5. Results and Discussion

The proposed correlation has developed considering wide range of coal samples from the different regions of
India. The moisture of the coals range from 1.0 to 8.7 percent and ash vary from 13.5 to 65.2 percent on air dried
basis. The value for volatile matter ranges from 4.4 to 35.3 percent and the values of fixed carbon ranges from
17.5 to 60.8 percent. The coal samples ranged from low to high ash yield. The validity of the proposed correla-
tion was also established with the 25 coal sample data kept separately. The results obtained with the help of
proposed correlation were compared with those determined experimentally (Figure 5). The plot shows that there
is a good agreement in two data with R? value more than 0.99. The average absolute error between the experi-

mental and predicted data is found to be very low and calculated to be 1.35%. The low error establishes the va-
lidity of the proposed equation.

6. Conclusion

A correlation has been developed based on air dried moisture and ash yield which gives a better estimation of
the mineral matter compared to the existing relations. Selection of a wide range of moisture and ash percent
makes this correlation versatile. The validity of the correlation has been established with the experimentally de-

termined data. Hence, the proposed correlation may be used for the calculation of mineral matter in high ash In-
dian coal.

- R?=0.994

Q

g S

E 60

<

)

i

=
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% =40

=

)

Z

M k20
20 40 60
L 'l

L
Predicted Mineral Matter

Figure 5. Comparison of measured MM with predicted MM.
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