
269

PART D

BULK ANALYSIS OP COAL

by

B.D. Sowerby



1. INTRODUCTION

There is a large potential for making savings by using on-line

analysis techniques in the coal industry, particularly in the control of

coal washeries and in the more efficient operation of coal-fired power

stations. Three important parameters for which on-line analysis is

required are specific energy, ash and moisture. Ash is the oxidised

incombustible residue from the combustion of coal and corresponds closely

to the mineral matter content. Radioisotope X-ray techniques have been

developed for the analysis of the ash content of coal; they are based

on the difference in absorption of X-rays in the coal matter and the

higher atomic number constituents of the mineral matter. Neutron techniques

can be used to measure the concentration of some specific elements such

as C,H,S and Al in the coal. The measurement of specific energy, ash

and moisture then depends on the correlation of the particular parameter

with the measured elemental composition. Sulphur analysis is important

where high S coals are used for power generation.

At the present time, there is much research and development under

way in many parts of the world on the application of nuclear techniques

to the on-line bulk analysis of coal. It is expected that developments

in this field will be rapid during the next five years.

2. ASH ANALYSIS BY RADIOISOTOPE X-RAY TECHNIQUES

2.1 Single X-ray Measurement

The ash content of coal can, in some cases, be determined from a

single measurement proportional to mass absorption coefficient of X-rays

in the coal, in, which can be determined either by transmission or

scatter techniques. This coefficient is expressed in terms of mass

absorption coefficient y. and concentration C. of the i element in the

coal by

yi = E y. .C. (1)
i x i

Equation (1) can be simplified to

where y is mass absorption coefficient, C is concentration, subscripts

'am' and 'mm' refer to coal matter and mineral matter respectively, and:

C + C = 1 (3)em mm

Using these equations, the mineral matter content can be determined from

a single measurement proportional to mass absorption coefficient if y

and y are essentially constant. Since mineral matter is closely
mm

correlated with ash content, the latter can also be determined.



For a transmission geometry (figure la), measurements of X- and

y-ray transmission are required to determine p , the latter measurement

determining the weight per unit area of coal through which the X-ray

beam passes. Figure la shows a system [Kato 1976] in which coal from a

sample by-line flowed continuously through the pipe; the weight per

unit area seen by the X- and yray beams was, for practical purposes,

the same over the period of measurement even though the beams were

perpendicular.

For backscatter geometry (figure Ib), the collimation about source

and detector was chosen so that the intensity of X-rays (60 keV) detected

was essentially independent of bulk density of the COB! [Trost 1966]. In

this case, one measurement of the intensity of backscattered X-rays was

sufficient to determine y. and hence the ash content. This is also the

case for the scatter-transmission geometry (figure Ic), where the coal

weight per unit area is chosen so that the detected intensity is at a

maximum, corresponding to about 8 g cm 2 of coal [Vasilev et al. 1974].

If smaller or larger coal weights per unit area are used, a measurement

of y-*ay transmission is also required.

Ash content has been determined to within 0.4 to 0.8 wt% in a

limited number of overseas coals using the above techniques [Trost

1966;Kato 1967;Vasilev et al. 1974]. The errors quoted hold only for

coal taken from one mine. The errors depend mainly on the extent of

changes in composition of the coal. Since these have not been detailed,

the relative accuracy of each technique cannot be determined.

Advantages of the above techniques are simplicity, practical hardware,

and the ease with which measurements can be made continuously on moving

streams of coal. The ash content measuremer 's averaged over large

volumes of coal because the high energy X-rays penetrate deep within the

coal, and the flow of coal past the source-detector system is continuous.

The main disadvantage is that in coal with variable iron content, unacceptable

errors in ash determination are introduced.

2.2 Techniques with Compensation for Iron Variations

2.2.1 Compensation using iron K X-rays

For many coals, u varies considerably, usually because of variations
HOT?

in concentration in the ash of a single interfering element, iron. For

these cases it is simpler to consider part of equation(2) rewritten as:

vmm'Cmm ~ vmn-x' mm-x + vx'Cx (4)
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where the subscript 'mxt-z* refers to mineral matter excluding component

'«' and

C c + cwn—x x (5)

The concentration of mineral matter determined by combining equations

(2) and (5) is given by

Cmn = a2'Cx + a3 (6)

where a,, â  and a are terms containing y/wi, y , and y^ and can be
4. «. O -. . . —». «v

assumed constant if component 'or1 is the only interfering element.

A technique based on this method of compensation for iron variations

uses a measurement of backscattered X-rays combined with iron fluorescent

X-rays. A system based on this technique has been developed jointly

[Cammack & Balint 1976;Boyce et al. 1977] by the UK Atomic Energy Authority

(UKAEA) and the UK National Coal Board (NCB) and marketed commercially

by Gunson's Sortex (Mineral and Automation) Ltd, UK. Coal is continuously

sampled from the main conveyor belt, crushed by swing hammer to reduce

85 per cent of the sample to < 5 mm, and fed continuously in a uniformly

thick layer to a turntable rotating past the radioisotope source/detector

system (figure 2).
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On the right are details of the ash monitor.
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Accuracies of ash determination quoted for coals from different mines

in the UK are in the range 0.4 to 1.0 wt%. A number of these ash monitors

are in use in the UK and USA. The main limitations of this system are

the complexity of sampling and sample presentation, and blockages caused

by wet coal. Fine particle size-coal must be used because of the very

small penetration (~1 mm) of iron K X-rays in coal.

2.2.2 Compensation using a second X-ray measurement

The mineral matter content of coal can be determined by measurements

proportional to mass absorption coefficients, y.. and y_, of the coal at

two X-ray energies [Fookes et al. 1977]. Equation (6) holds at the

first energy, and similarly at the second energy:

Sim = VW2 + VCK + a6 (7)

C can be eliminated from equations (6) and (7) to give
x

Cmi = Vvl + VW2 + a9 (8)

where y. and y2 refer respectively to the first and second energies and

a_, a_, and aQ are terms containing y , , ŷ  m and y at both X-ray/ o y Ciii I/B/I—x x
energies and are assumed to be constant.

This method has the advantage that mineral matter content, and

therefore ash content, can be determined in spite of the presence of

varying concentrations of any single element, with an X-ray absorption

coefficient which is typical of others either in the mineral matter or

in the coal matter. In addition to overcoming the effect of a specific

element, the effect of concentration variations of a wide range of

neighbouring atomic number elements is reduced.

In practice, if two radioisotopes emitting X-rays of different

energies are used, separate measurements of intensities of part or all

of the detected energy spectra can be combined to give ash content.

Alternatively, if one X-ray source only is used, measurements of intensity

can be made in two or more energy regions of the same spectrum of detected

X-rays. These are combined to give ash content, whichever alternative

is used, a third measurement using high energy y-rays is often required

to compensate for changes in bulk density of the coal.

The technique based on two radioisotope X-ray sources has been

shown to determine ash content to 0.6 - 1 wt% r.m.s. if the X-ray energies

are S 35 keV [Fookes et al. 1977] . The use of higher energy X-rays is

desirable because of their increased penetration. Ash determination

would then be averaged over larger volumes of coal and the effect of

variations of particle size coal is made less. However, it has been
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shown [Fookes et al.1977] that ash content can not be determined accurately

using narrow beams of high energy X-rays unless the iron varies over a

relatively small range of concentration. However, it has been calculated

that it may be possible to use high X-ray energies in broad beam geometries

and determine ash accurately, even though the iron concentration may

vary considerably. The reason for the use of broad beam geometries is

to reduce the effect of Compton scatter relative to photoelectric absorption.
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Collimated Beam

FIGURE 3

SCHEMATIC DIAGRAM OF X-RAY BACKSCATTER,
SCATTER-TRANSMISSION AND COLLIMATED BEAM
TRANSMISSION ASSEMBLIES AS MOUNTED ABOUT
THE CONTAINER OF COAL USED IN EXPERIMENTS

TO DETERMINE ASH CONTENT OF COAL
LEGEND:-

Shields

Scintillation Detectors
o Radioisotopes

•VN/V Y-orX-Roys

I I 1

More recently, measurements of the intensity of y~ and X-rays have

been made with the back-scatter, scatter-transmission and collimated

beam geometries shown schematically in figure 3 [Sowerby & Watt 1980].

Crystals of dimensions 50 mm x 50 mm were used in each scintillation

detector. Radioisotope sources of 2ltlAm(300 mCi;ll 100 MBq), 153Gd (12

mCi;44 MBq) and 133Ba(7 mCi;33 MBq) were each mounted on a steel cylinder

which could be put in and taken out of the measurement positions shown

in figure 3. Count rate reproducibility on replacement was better than

0.1 per cent. Only one source was used at a time. Backscattered and

collimated beam measurements were made simultaneously, but scatter-

transmission measurements were done separately.

Coal was contained in a 100 L polythene container of internal

diameter 350 mm, height 1030 mm and wall thickness 7 mm. The container

was rotated about its axis continuously, and the source/detector

systems were scanned vertically, parallel to the container axis. This

ensured that intensity measurements were averaged over much of the coal.
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The best results [Sowerby & Watt 1980] have been obtained with

backscattered X-rays from 153G^, comparing count rates in the two energy

regions shown in figure 4. The r.m.s. errors in ash determination of

0.80 wt% ash for Blackwater samples of less than 18 wt% ash, and 1.1 wt%

ash for the New South Wales South Coast samples are probably acceptable

for some applications of on-line analysis of coal streams.

FIGURE 4

COMPARISON OF CHEMICAL ASSAY FOR ASH IN COAL
AND THE RATIO OF INTENSITIES OF TWO ENERGY

REGIONS IN THE SPECTRUM (SEE INSET) OF BACKSCATTERED
X-RAYS FROM GADOLINIUM-153 FOR BLACKWATER SAMPLES

OF < 18 wt% ASH.

3. NEUTRON TECHNIQUES OF ANALYSIS

3.1 Measurement of Carbon/ Specific Energy and Hydrogen

Neutron techniques can be used to measure the concentration of some

specific elements such as C, H, S, Si and Al in the coal. The measurement

of specific energy, ash and moisture then depends on the correlation of

the particular parameter with the measured elemental composition. The

variations in the elemental composition of 112 washed Australian black

coal samples [JBC/QCB 1976] is given in table 1. Using these published

coal compositions, one can correlate coal parameters of interest with

elemental composition. These correlations show that carbon and specific

energy are correlated to within 1.6 per cent relative for all 112 samples

and to within 0.4 per cent relative for particular seams [Sowerby 1979].
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TABLE 1

SUMMARY OF VARIATIONS IN THE COMPOSITION OF 112 WASHED AUSTRALIAN
BLACK COAL SAMPLES

COAL MATTER (d.a.f.)

Carbon
Hydrogen
Nitrogen
Oxygen
Carbon/hydrogen
Specific energy (MJ kg *)

MINERAL MATTER (d.b.) +

Mineral matter
Ash
Mineral matter/ash
Ash constituents:

Si02

A12°3
Fe2°3
CaO

MOISTURE (a.d.)"1"

Inherent raoisture

Concentration (wt%) *

Range

81 - 90
3.4 - 6.2
1.3 - 2.2
3.6 - 12
13.7 - 25.8
33.1 - 37.0

5.0 - 23.7
4.3 - 22.1
1.04 - 1.2

36 - 82

13 - 41

0.1 - 14

0.14 - 8.7

0.9 - 6.0

Mean

84.7
5.2
•1.8
7.7
16.45
34.94

11.8
10.6
1.11

59.4

27.7

4.8

2.1

2.23

Standard
Deviation

2.42
0.42
0.22
2.15
1.78
0.84

3.13
2.93
0.03

9.0

6.5

2.9

2.0

0.92

* Concentrations quoted on a wt% basis except for the ratios and
specific energy (MJ kg 1).

+ d.a.f. = dry ash free; d.b. = dry basis; a.d. = air dried.
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FIGURE 5

CROSS-SECTION VIEWS OF (a) THE NEUTRON GAUGE
AND (b) THE Y-RAY GAUGE USED FOR-THE BULK

ANALYSIS OF COAL SAMPLES
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Carbon can be accurately determined by combination of a measurement

of 4.43 MeV l^C Y~raYs from neutron inelastic scattering with a separate
60Co y~ray scattering measurement. However, accurate analysis of specific

energy requires determination of the 4.43 MeV Y~raY yield to an accuracy

better than 1 per cent relative. To achieve this accuracy on coal

samples, it was necessary to design the neutron and y-ray density gauges

to measure over essentially the same sample volume.

The depth response of a backscatter neutron inelastic scatter gauge

is of the form

exp(-£x.-y x p)
R2 R2 1 0 0
Ri Ro

where the subscripts i and o refer to the incoming and outgoing radiation

respectively. A similar relation applies to the gamma-backscatter gauge

except that Ex. is replaced by y.x.p. For constant source to detector

distance and increased source to sample distances, the relative effect

of the 1/R? R2 term is reduced and sample penetration is effectively

increased. In this way, penetration depths of the neutron and gamma

assemblies can be effectively matched. As the radiation penetration is

lower for the gamma assembly, a relatively large source to sample separation

is used.

Suitable neutron and y-ray gauges are shown in figure 5. The

matching of the two gauges as a function of sample thickness is shown in

figure 6. The Y~̂ ay gauge is used to correct the neutron measurement

for variables such as sample bulk density, bulk density gradients and

sample thickness.

This method has been tested by laboratory measurements on many

samples (~50 kg) from southern New South Wales coalfields. A typical

pulse height spectrum from a 50 kg coal sample on the gauge in figure

5(a) is shown in figure 7. Each sample was analysed for 10 minutes on

the neutron gauge and then transferred to the gamma gauge and counted

for 200 s.

Root mean square deviations between chemical laboratory and nuclear

gauge assays are summarised in table 2. These results show that the

method can be used to determine the carbon, specific energy, hydrogen

and ash contents of coal to within relative errors of respectively, 1.3,

1.5, 1.6 and 9.5 per cent. For samples which contain >70 wt% C, these

relative errors reduce to 0.51, 0.84, 1.4 and 6.4 per cent,' respectively.

Moisture can be measured to within about 0.2 wt% provided that the

carbon/hydrogen ratio in the coal matter remains constant.
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TABLE 2

SUMMARY OF RESULTS OF 85 MEASUREMENTS OF 23 COAL SAMPLES
FROM VARIOUS MINES IN'SOUTHERN NEW SOUTH WALES

Experimental assays for carbon and specific energy were obtained by using
a combination of the intensities of 4.43 MeV y-rays and y-ray backscatter.
Experimental assays for hydrogen, moisture and ash were obtained by using
a combination of the intensities of 2.22 and 4.43 MeV y-rays and Y~
backscatter.

Carbon
Specific energy
Hydrogen
Moisture
Ash

r.m.s. Deviations between Chemical Laboratory
and Experimental Assays*

For all 23 Samples

0.92
0.44
0.071
0.85
1.42

For Samples with Carbon
Content > 70 wt%

0.38
0.26
0.058
0.19**
0.81

* r.m.s. deviations quoted as wt% on an 'as received'_basis (A.R.)
except for specific energy which is quoted in MJ kg * (A.R.).

** Measurements on a single coal sample with added moisture up to
23.4 wt%.

3.2 Measurement of Moisture

Among the various methods for measuring moisture contenr, there is

one based on the moderation or slowing down of fast neutrons by hydrogen

in the sample. The response of a neutron moisture gauge based on this

principle can be measured by a slow neutron detector or by determining

the yield of 2.22 MeV ^-rays from thermal neutron capture in hydrogen.

However a neutron moisture gauge is incapable of distinguishing between

hydrogen in coal and hydrogen in water. As coal matter contains about 5

wt% hydrogen, and as 1 wt% water contains only 0.11 wt% hydrogen, variations

in the hydrogen in coal matter must be very small for accurate moisture

measurements.

A neutron moisture meter for coal has been developed and shown to

operate satisfactorily in a commercial coal preparation plant [Hall et al.

1973]. The neutron source and slow neutron counter were mounted in the

centre of a 100 cm diameter hopper, as shown in figure 8. By mounting

the meter about 150 cm below the surface of coal in the hopper, the bulk

density was kept constant to within ± 1 per cent relative. The effects

of bulk density variations were also minimised by careful choice of the

source-detector separation. Moisture values determined by the meter
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were within 0.2 wt% of the value determined by standard analytical

procedures for -0.6 mm bituminous coal containing 4 to 10 per cent

moisture and 5 to 7% ash.
coal. I.UOO tph

Test bin
40" diam
13' high

type 304 SS

Main product belt

FIGURE 8

MOISTURE METER INSTALLATION AT A COAL
PREPARATION PLANT

According to Hall et. al. [1973], the bound hydrogen content of coals

from a particular mine generally does not vary by more than 0.1 wt% on

a dry ash free basis. However, to achieve the moisture accuracy of 0.2

wt%, hydrogen variations in the coal must have been less than 0.02 wt%.

Australian coals show much larger variations in hydrogen content than

0.02 wt%. For example, analysis of 17 samples from the Bulli seam

[JCB/QCB 1976] shows an r.m.s. deviation for hydrogen of 0.15 wt%.

The method of moisture determination discussed in section 3.1 has

the advantages of being compensated for density changes, being applicable

to small or large samples, and simultaneously measuring specific energy,

ash and moisture. Its accuracy is expected to be about the same as that

of Hall et. al. [1973] provided that the sample geometry is kept constant.

However, accurate moisture results can be obtained only if variations in

the C/H ratio in coal matter are small.

Alternative methods for determining moisture in coal include capacitance

and microwave transmission [Brown 1979]. At present, capacitance methods

are favoured over microwave transmission because of their relative

simplicity.. Laboratory trials have indicated an accuracy of about 5 per

cent relative on coal from a particular seam.

3.3 Measurement of Sulphur

At present, a lot of effort in the US is being expended on the

development of on-line bulk analysis gauges for sulphur. These gauges

are required to control blending and washing operations on high-sulphur

steaming coals.
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Two laboratories in California are developing commercial sulphur

meters based on the measurement of 5.42 MeV neutron capture y-rays from

sulphur [Gozani et al. 1979, Cekorich et al. 1979], These sulphur

meters use high intensity 252Cf neutron sources (~5 x 108 n s 1) and

large Nal(Tl) detectors. Total count races in tliese detectors are about

200-300 000 counts s 1 and special electronics are used to reduce individual

pulse analysis times and bo minimise pulse pile-up. As well, sophisticated

spectral analysis is required to separate the sulphur peak from y~rays

coming from interfering elements. Laboratory experiments indicate that

sulphur can be determined to within about 5 per cent relative using

these sulphur meters. However, it should be pointed out that both these

sulphur meters are designed to analyse continuously a coal stream of

about 10 to 30 t h 1 . Diversion of coal at this rate is accomplished by

cutting the main stream of coal and sending the coal to the analysis

unit after which it is routed back to the main coal stream.

3.4 Measurement of Ash

The ash content of the 112 Australian coal samples referred to in

Table 1 [JCB/QCB 1976] is correlated to the silicon and aluminium contents

to within 9 and 11 per cent, respectively, and to silicon plus aluminium

to 6 per cent relative.

Aluminium can be accurately determined in bulk coal samples using

neutron activation [Wormald et al. 1979, Borsaru & Mathew 1981].

Borsaru and Mathew have shown that Al20a can be determined to within

0.24 wt% in ~10 kg coal samples using the assembly shown in figure 9.

The measurement involves irradiating the bulk sample for 6 roan, then an

gamma-ray
deled ior

Lead

Mini-rails,

= 252
Cf neutron
source -^

High-density /
polyethylene'/

Bismuth

Coal
Paraffin

Brass box

Neutron
detector
Paraffin
Boron - impregnated
paraffin

FIGURE 9

IRRADIATION AND COUNTING FACILITY FOR THE
DETERMINATION OF THE ALUMINIUM CONTENT OF

COAL BY NEUTRON ACTIVATION
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interval of 15 s to transfer the sample to the counting station, where

it is counted for 5 min. The particle sizes in the samples ranged from

0.5 to 40 mm and the moisture contents from 1 to 6 per cent. The ash

contents in the 22 samples analysed ranged from 7 to 40 per cent.

Silicon can be analysed by either fast neutron activation [Parker

et al. 1967] or by the combined neutron inelastic scattering/y-ray

scattering method discussed in section 3.1. Silicon yields the 1.78 MeV

y-rays shown in figure 7. Results indicate that silicon in coal can be

determined to better than ±0.7 wt% (equivalent to a 10 per cent relative

error).

Ash can also be determined using the measurements of carbon and

hydrogen discussed in section 3.1. The results in table 2 show r.m.s.

deviations of 1.4 and 0.8 wt% between chemical and nuclear gauge assays

for ash.
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