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Abstract India has vast coal resources all over the coun-
try; however, the presence of high ash content makes them
invulnerable for industrial usage. To compensate for the
rapid depletion of high-quality coking coals and to com-
pensate for the demand for coal in iron and steel sectors,
coal cleaning or beneficiation and blending techniques
have come into limelight for the usage of low-quality coal.
In this paper, laboratory-scale experiments were performed
on the utilization of Indian high ash non-coking coal
(NCC) and imported semi-coking coal (SCC) for the coke
preparation. At first, washability characteristics of Indian
high ash coal were investigated by using jigging, spiral
concentration, and sink and float density separation meth-
ods. The optimum cut-off density NCC and SCC coals
were blended and sent for the caking properties analysis.
Proximate and ultimate analysis, vitrinite reflectance, cru-
cible swelling number, and caking index or roga index
have been taken as the measure for the caking ability of
coal blends.
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1 Introduction

High ash content in the Indian coals leads to poor swelling
properties, strength and makes it useless for industrial
usage. Coal beneficiation and blending technologies are
evolved to utilize the indigenous low-rank coals in coke-
making industries. Coal beneficiation technologies are
employed to improve the quality of coal or to lower the ash
and sulphur contents. There are numerous beneficiation
techniques like jigging, spiral concentration, tabling,
floatation, fluidized bed separators, and sink and float
density separation that are available for coal cleaning.
However, the identification of appropriate process with
maximum yield and minimal ash content is necessary for
the economical processing of coal. The yield of a particular
beneficiation technique is influenced by the size and ash
content of feed coal. For example, high yields obtained for
the coarse size fractions (+ 3 mm) of coal are beneficiated
using jigging and heavy media cyclones, while jigging
process does not give appropriate yield in the beneficiation
of the fine size coal (— 3 mm) [1].

The coal blending technology has taken much attention
to utilize the inferior grade indigenous coals in coke-
making sectors. Coal blending technology is first employed
in power generation sectors to reduce the overall cost
burden. Later on, this is passed on to coke-making indus-
tries to overcome the shortage of high-rank coking coals.
Prediction of the quality of coal blends has been a signif-
icant concern in blending technology. There are so many
prediction models available on the designing of coal blends
based on the cumulative intrinsic properties such as coal
ash chemistry, petrology, volatile matter content, and car-
bon content. [2].

In most cases, the quality parameters of overall blend is
approximated as the weighted average of the individual
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coal component parameters [3, 4], while this has proven
wrong in the case of rheological property parameters cal-
culations in most of the coal blends. Several researchers
have reviewed that there is no generalized model for
defining the coke quality using combinations. The identi-
fication of coke characteristics is better obtained using
practical knowledge than that from estimates using gener-
alized models [5-8]. For instance, Kumar et al. [6] noted
that the blend of hard coking coal with high fluidity and
non-coking coal (20 wt%) gives excellent coking proper-
ties. They also observed that the fluidity of coal blends
does not vary according to the mixed proportions like
petrographic and chemical properties.

The objective of the present study is to utilize the high
ash Indian origin non-coking and high sulphur imported
coking coals using coal blending technology. Moreover, it
is also to analyse the caking ability characteristics of coal
blends using beneficiated Indian origin non-coking (Tal-
cher region) and imported high sulphur coking coal (from
New Zealand). Vitrinite reflectance, crucible swelling
number, and Roga index or caking index are taken as the
parameters to measure the caking ability of beneficiated
coals.

2 Materials and Methods

High ash non-coking coal from Indian origin (NCC) and
high sulphur coking coal from New Zealand origin (SCC)
were used for washability studies and blending experi-
ments. Before the washability studies as received, NCC
and SCC coals were grinded to liberate ash and sulphur
proportions. The coal obtained from the grinding process
was collected and separated into three size fractions
—3mmto +1mm, — 1 mm to + 0.5 mm, — 0.5 mm
using sieves. Kelsey jig was used for the beneficiation of
NCC coal, and a total of 10 kg coal with size fraction
— 3 mm to + 1 mm was used as the feed for the jigging
operation. During the jigging operation, the other param-
eters such as pulp ratio and feed rate were maintained
constant as 25% solids and 1.5 I/min throughout the pro-
cess. For the operation of recyclic spiral concentration
experiments, a total of 36 kg™’ mm to + 0.5 mm size
fraction NCC coal was used as the feed material. A slurry
with 20 wt% coal particles and constant flow rate of 45 I/
min was maintained throughout the process. The concen-
trate obtained from the first cycle was used as the feed for
the succeeding cycle, and a total of three spiral concen-
tration cycles were used for the washability characteristics
of NCC coal. For the sink and float density separation
analysis of NCC and SCC coals, bromoform (sp.density
2.8 g/cc) and toluene (sp.density 0.6 g/cc) were used for
preparing the liquid medium of the required density of the
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medium. Total of 300 g NCC with — 1 mm + 0.5 mm size
fraction, and 4 kg of SCC coal with — 3 mm + 1 mm size
fraction was used in the sink and float analysis. A glass
hydrometer was used for measuring the overall density of
the liquid medium. The experimental procedure for sink
and float density analysis was performed according to the
ASTM standard D4371-06 [12].

After the washability studies, the yield coal fraction of
NCC and SCC with optimum ash and sulphur content were
selected for the blending process. Effect of NCC to SCC
blend ratios on the physicochemical, petrography, and
caking properties was measured at different blend ratios
1:10, 2:10, 3:10, 4:10, and 5:10. For measuring the mois-
ture, ash, volatile matter, ultimate analysis ASTM D173,
174, 175, 176 methods were used, respectively [9—14]. For
measuring free swelling index, standard method
ISO501:1981 was used, and caking index test was done by
the GB/T5447 [15, 16] standard developed by China. Prior
to the experiments, coning and quartering method was used
for the preparation of coal blends.

3 Results and Discussions
3.1 Feed Preparation

At first, a pilot scale study was conducted on the washability
characteristics of NCC coal using jigging and cyclic spiral
concentration, as the operation of these methods is easy and
industrially viable [17]. Table 1 shows the characteristics of
NCC feed sample used in jigging operation, and it shows that
input feed coal is of inferior grade with 50 wt% of ash com-
ponent and only 28.7 wt% carbonaceous matter. Table 2 and
Fig. 1 represent the fraction of coal distributed in concentrate,
bed, and tail regions of jig. They show that the yield obtained
in the jigging operation is 6.32 wt%, which is very less. Most
of the coal proportion settled in tail region (yield = 83.8 wt%,
ash = 54 wt%) with poor chemical properties. The reason for
the low yield in bed fraction is due to the low size fraction of

Table 1 Analysis of NCC coal (— 3 4+ 1 mm) weight fraction

Test Moisture Ash Volatile C H N S
Matter

Weight% 2.73 50 2345 287 3 076 045

Table 2 Jigging analysis

Material Weight (kg) Yield % Ash %

Bed 0.63 6.32 30.9

Concentrate 0.67 6.7 39.6

Tail 8.38 83.8 54
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Fig. 1 Jigging analysis

feed coal, high ash content which increases the specific gravity
of coal to aid settling in the tail region [18]. Tables 3,4, 5, and
Fig. 2 show the cyclic spiral concentration results for NCC
coal. They show that the ash% in the concentrates of first,
second, and third cycle is noted as 35.25 wt%, 30.3 wt%, and
23.92 wt%, respectively, and the yields obtained in concen-
trate fraction for the individual cycle with respect to the head
feed sample are around 39.56 wt%, 31.87 wt%, and 18.7 wt%.
The ash content in the concentrates is lowered compared to the
jigging operation. In the final cycle, the ash content reaches the
standards required for the utility in thermal power sectors, but

Table 3 Spiral concentration first cycle

Material Weight (kg) Yield % w.r.to hs Ash %
Concentrate 1 14.4 39.56 35.25
Middling 1 9.4 25.82 47.5
Tail 1 10 27.47 70
loss 2.6

Table 4 Spiral concentration second cycle results

Material Weight (kg) Yield % w.r.to hs Ash %
Concentrate 2 11.6 31.87 30.3
Middling 2 1.3 3.57 42.1
Tail 2 0.2 0.55 60.7
loss 1.3

Table 5 Spiral concentration third cycle results

Material Weight (kg) Yield % w.r.to hs Ash %
Concentrate 3 6.81 18.7 23.92
Middling 3 2.64 7.24 39.04
Tail 3 1.18 323 43.05
loss 0.97

I Yield with respect to hs
I Ash %

Percentage

Ash %

Yield with respect to hs

Fig. 2 Spiral concentration results

the coals with ash percentage greater than five cannot be useful
in coke-making process.

Owing to the poor results obtained from the jigging and
spiral concentration washability results, laboratory-scale
experiments have been conducted on washability character-
istics study of NCC and SCC coals using the sink and float
density separation method. The results obtained from the sink
and float analysis of NCC and SCC at different densities are
labelled in Tables 6 and 7, respectively. They show that the
optimum results (in terms of minimal ash content and high
yield) for NCC coal are obtained at average density fraction of
1.75 g/cc, which gives cumulative yield of 32.6 wt% with 16.8
wt% of cumulative ash. For SCC coal, the optimum results are
obtained at average density fraction 1.355 g/cc with a
cumulative yield percentage of 74.4 wt% and ash content 1.21
wt%. Sahu etal. [19], and Saqib et al. [20] proposed the degree
of washing curve (DOW) and washability index (W) for
comparing the washability of different coals in one plot. They
stated that the change in the slope of the DOW curve indicates
the cut-off density of the respective coal. The values of W
indicate the easiness of washing particular coal; it varies from
0 to 100. As the washability index (W) increases, the washa-
bility of the coal becomes easier.

The degree of washing (DOW) is expressed as:

N:W(a—b) 0

a

N, imum
Washability Index(W) = —2mm (2)

boptimum
where a = the ash content of the feed, b = the ash content of
the clean coal at a given density of separation, w = the yield
of clean coal at a given density of separation, Nopimum =
optimum DOW, bgyimum = ash % at respective Nopimum-
Figure 3 shows that at specific density 1.275 g/cc, there
is a change in the trend observed in the DOW curve of SCC
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Table 6 Sink and float analysis of NCC coal

Avg. specific Yield weight Ash  Cumulative % of Cumulative float ash Cumulative % of Cumulative sink ash NGM

density % % floats % sinks %

<14 10.36 6 10.36 6 100 47.85 12.53
1.45 2.17 9.6 12.53 6.65 89.64 52.38 5.24
1.55 3.07 146 15.6 8.26 87.74 53.61 8.07
1.65 5 19 20.6 10.84 84.4 54.85 17
1.75 12 27 32.6 16.8 79.4 57.11 79.4

>1.8 67.4 62.47 100 47.85 67.4 62.47 -

Table 7 Sink and Float analysis of SCC coal

Avg. Specific Yield weight % Cumulative % of Cumulative float Cumulative % of Cumulative sink ash NGM

density % Ash  floats ash% sinks %
1.225 7.025 0.445 7.025 0.445 100 3 62.17
1.275 55.15 0.76  62.18 0.724 92.85 32 62.27
1.325 7.12 332 693 0.99 36.45 6.74 12.22
1.375 5.1 4.12 744 1.21 29.16 7.53 30.7

> 1.4 25.6 821 100 3 23.94 8.21 -

coal, while for NCC coal, the change in the slope of the
DOW curve is observed at an average specific density of
1.75 g/cc. The washability index (W) for the SCC and
NCC coals is calculated by using Eq. (2), and the values
are noted as 65.16 and 1.26, respectively, for SCC and
NCC coals. These values indicate that the SCC coal is easy
to be washed compared with NCC coal.

3.2 Analysis of Coal Samples

3.2.1 Physicochemical and Caking Properties of Coal
Samples

For the coal blending process, the yield coal obtained from
the sink and float density fractions 1.75 g/cc (NCC) and
1.275 g/cc (SCC) was collected and blended properly
according to calculated proportions. The physicochemical
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Fig. 3 Degree of washability curves for NCC and SCC
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and caking properties of the beneficiated coals and their
blends are shown in Table 8. It shows that besides the low
sulphur content in the NCC (avg. specific density fraction
1.75 g/cc) coal, a high percentage of ash content is
observed, while in the SCC (1.275 g/cc fraction), coal ash
content is very less but sulphur content is very high. In the
blends of NCC and SCC coals, ash content is increased
with an increase in the NCC coal, while the sulphur is
reduced. Caking parameters do not have any particular
relation with the NCC content; this may be due to the
dependency of rheological properties on the blending ratio.
The optimum caking properties are obtained for the blend 2
coal. Analysis of coke prepared from the blend 2 sample is
shown in Table 8. Ash content in the final coke is 6.15
wt%, and sulphur content is 1.17 wt%.

3.2.2 Petrography Analysis

Petrography analysis of the coal samples is shown in
Table 9. It shows that the vitrinite reflectance of SCC
(1.275 g/cc) and NCC (1.75 g/cc) coals are 0.79 and 0.43,
respectively. Optimum Ro values are obtained for blend 1,
blend 2, and blend 3 coals, which are 0.77, 0.74, and 0.73
respectively. Mineral matter content in the coal blends
increases with an increase in the NCC coal proportion. This
is due to the too much ash content in the NCC coals.
Figure 4 shows the micrographs of blend 2 and blend 5
samples. They show that coal particles in blend 2 show
mature vitrinite (bright) compared to blend 5. The particles
in blend 5 show high red matter which indicates the min-
eral matter content as shown in Table 9 [21].
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Table 8 Analysis of samples

Sample/Test SCC (1.275 g/ce) NCC (1.75 g/cc) Blendl Blend2 Blend3 Blend4 Blend5 Coke
Moisture 1.6 5.7 33 34 3.6 3.86 4.3 0.08
Ash 0.75 16 3.02 5.6 6.7 9.62 11 6.15
VM 33 32 33.77 33.45 33.25 33 32.35 1.2
C 79.2 55 77 75.5 74.085 69.5 67.4 90
H 54 4.5 5.13 5 5 4.85 4.84 0.62
N 1.27 1.5 1.17 1.26 1.25 1.27 1.3 1.31
S 1.6 0.72 1.50 1.42 1.34 1.25 1.16 1.17
CSN 5 Nil 4.5 4 2 3.5 3 -
Caking Index 40 Nil 35 29 14 25 23 -
Table 9 Petrography analysis of samples

Sample Reflectance (R,) Vitrinite Inertinite Liptinite Mineral matter
SCC(1.275) 0.79 76.4 73 5.5 10.8
NCC(1.75) 0.43 47.5 3.7 1.2 47.6

Blend 1 0.77 73.8 6.9 4.3 15

Blend 2 0.74 68.2 8.6 3.1 20.1

Blend 3 0.73 63.8 10.9 14 23.9

Blend 4 0.69 554 12.3 0.8 31.5

Blend 5 0.65 439 16.7 0.3 39.1

3.2.3 Effect of NCC Proportions on the Caking

Parameters of Blend Samples

Figure 5 shows that with an increase in the NCC content,
the reflectance and sulphur contents in total blends

Fig. 4 Petrographical images of blends; a blend 2 and b blend 5

decrease linearly, while moisture and ash contents increase
linearly. Figure 6 shows that the variation of rheological
parameters like swelling index, caking index with respect

to the amount of NCC percentage does not show any
proper relation. CSN and caking index of blend 1 and blend
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Fig. 6 Variation of CSN and CI of blends with % NCC addition

2 decrease from parent coal due to the addition of NCC,
and in blend 3 (30% NCC) shows minimum caking prop-
erties compared to all combinations. Seki et al. [22] and
Qin et al. [15] measured the caking properties of coals
based on the crucible swelling number (CSN) and G-caking
index measurements. They noted that swelling character-
istics are influenced by the blending proportion, agglom-
eration, porosity, volatile matter, and fluidity. Figures 7
and 8 show the correlation between the reflectance and
blending proportion and inertinite content in coal blends.
They show that as the NCC coal content in blends
increases, the vitrinite reflectance of coal blends decreased;
this is due to the low reflectance macerals present in NCC
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Fig. 7 Correlation of Ro with %NCC

coal. Inertinite has a negative impact on the reflectance of
overall combinations; as the inertinite content increases,
reflectance value of overall blends decreases drastically.

4 Conclusion
Beneficiation study shows that jigging and spiral concen-

tration operations are less effective for the beneficiation of
the high ash coals. In the Jigging process (— 3 + 1 mm
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Equation y=a+b*x

n Adj. R-Square 0.92172
16 - Value Standard Error
Inertinite Intercept 63.60004 6.88194
Inertinite Slope -72.82324 9.4114

Inertinite

Fig. 8 Correlation of Ro with inertinite content

size NCC coal), ash is reduced to approximately 31% with
a very little yield of 6.3%. Recycle spiral concentration of
— 1 4 0.5 mm size NCC coal results shows the yield of
40%, 32%, and 19% obtained in first, second and third
cycles with ash content 35.35%, 30.2%, and 23.92%,
respectively. Sink and float density separation data of — 1
4+ 0.5 mm size NCC coal indicates that optimum cut-off
specific gravity is 1.75 g/cc and the cumulative yield is
32.6% and cumulative ash is 16%. For SCC coal, optimum
cut-off average specific gravity is 1.275 g/cc, which yields
cumulative float of 63.55 wt% and cumulative ash per-
centage 0.725% which is very less.

Proximate and ultimate analysis of blended samples shows
that ash and the sulphur content in the blend 1 and blend 2
samples are 3.02%, 1.5% and 5.6%, 1.42%, respectively. Blend
1 and blend 2 samples show the optimum swelling properties as
well as vitrinite reflectance. Regression analysis of the samples
shows that there is a negative correlation between the per-
centage of NCC coal in the blends and reflectance of the blends.
Inertinite and the reflectance of the blends show the negative
correlation between them with correlation factor of 0.92. The
reason for this may be due to the increase in the low reflectance
inertinite (from NCC coal) in the blends.
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