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Baffied-Column Flotation of a Coal Plant Fine-Waste Stream

T. C. Eisele and S. K. Kawatra
Department of Metallurgical and Materials Engineering
Michigan Technological University
Houghton, Michigan

Abstract. It is common in coal-cleaning operations to produce a fine waste stream which
contains a considerable amount of coal, but which is not economical to recover both because it is
mixed with large amounts of difficult-to-remove clay slimes, and because the fine coal is often
heavily oxidized or contaminated. Conventional froth-flotation machines cannot produce an
acceptable product from such material in a single stage of flotation, and even flotation columns
often have difficulty cleaning this type of feed.

A new type of ﬂotatidn column was designed specifically to deal with these problems, and
was installed and tested in a coal-cleaning plant in Ohio. The féed coal contained 39.8% ash as
fine clay, 2.83% total sulfur, was 80% passing 176 micrometers, and had a heatiﬁg value of 8401
BTU/Ib. The coal was the tailings thickener product for the plant. Plant personnel felt that the .
coal was too heavily oxidized and contaminated for flotation to be effective, as previous attempts
at conventional flotation of this material in the plant had been abandoned. -However, using the
new column it was possible to recover up to 85% of the ca]oriﬁ-c value in a product containing less
than 11% ash, and up to 60% of the calorific value in a product of less that 8% ash. The bulk of

the pyritic sulfur was rejected from the coal as well.

Introduction
Flotation columns have been widely adopted in many mineral beneficiation applications in
recent years, because they are more efficient separators than conventional flotation machines
(Parekh et al., 1990; Groppo et al., 1994). Columns are more effective because they establish a
long concentration gradient bctweex{ the froth product and the sinks product. This is in contrast to

conventional flotation machines, where the separation mainly occurs at the bulp/froth interface.



Froth washing in the columns, which reduces entrainment of gangue into the ffoth, further
improves the separation.

As columns are increased in size from laboratory or pilot scale to full scale, their performance
tends to be degraded by increasing axial mixing. In this paper, the use of horizontal baffles is
described, which reduce axial mixing by a method that is expected to be suitable for retrofitting

existing larger columns.

Theoretical Discussion

In flotation colﬁmns, vertical mixing along the axis of the column (axial mixing) is generally
harmful, as it tends to reduce the product recovery and to make the separation less selective (Finch
and Dobby, 1990). In the most common type of flotation column, shown in Figure 1, there is no
restriction to flow of air and water along the axis of the column. Rising air bubbles therefore are
free to carry slurry up along the axis, which then returns to the bottom along the sides of the
column, producing strong axial mixing. Considerable effort has been made to minimize this -
effect by means such as the use of microbubble generators, by multi-level air injection, and by
: uniformly dispersing the bubbles across the entire cross-section of the column so that there are no
areas where unusual numbers of bubbles are rising and producing a vertical current. While these
measures have been reported to show a certain degree of success in columns that are kept in
perfect working order at all times, any malfunctions that either allow large air bubbles to form, or
that make the distribution of air bubbles non-uniform, will cause axial mixing to occur again. Itis
therefore important that the column be designed not only to minimize axial mixing when
everything is working well, but also to suppress any axial mixing that is produced by equipment
imperfections or malfunctions.

Work has been done in the past using vertical baffies to subdivide the column and reduce the
apparent diameter, with the goal of reducing axial mixing, but tk-lis has been found to introduce
bubble-distribution problems (Finch and Dobby, 1990) and has been found to have only a small

effect on performance in any case (Alforﬁ, 1992).



In attempts to design columns that would inherently prevent axial mixing, two different
approaches were taken, by Yang (1988) and Dell (1976). Yang (1988) used packing similar to
that used in packed distillation columns. While Yang’s column was effective for ultrafine
particles finer than 20 micrometers, the packings were very prone to plugging by solids, and so
maintenance costs would be high. Coal flotation is typically carried out with a top particle size of
nearly 0.5 millimeter, which is far too coarse for the packed column to handle without plugging,
Therefore, Yang’s column is not suitable for existing coal-cleaning operations. In the Leeds
column, designed by Dell (Degner and Sabey, 1988), a combination of fixed and movable rods in
discrete racks was used to horizontally divide what was essentially a conventional flotation
machine into a series of stacked chambers. The goal was to mimic the performance of a
multi-stage flotation circuit with several stages of froth recleaning. In the Leeds column, the
feed was introduced in the bottom chamber which resulted in a considerably cleaner froth,
although no attempt was made to improve recovery. Because the rod-racks are fairly thicéﬁ: the
machine is only sectioned into a few chambers. The use of moving parts in the rod-racks is alsof
likely to contribute to excessive wear. Because of these problems, neithér of the above columns 7
have been adopted commercially by the coal industry. :i”x

The horizontal baffles described in this paper provide many of the advantages of both t}xe
regular column and the packed column, while minimizing the drawbacks. The horizontal baffles
consist of simple perforated plates, with openings large enough to keep them from being plugged
by solid particles, but small enough to break up vertical mixing currents, as shown in Figure 1, so
that slurry cannot be rapidly swept along the axis of the column. This provides a much closer
approximation to plug flow, and therefore improves the separation. The perforated-plate baffles
are much simpler and take up less volume than the rod-racks used in the Leeds column (Dell,
1976), and are ml_l_gi_more resistant to plugging and wear than closely-spaced packing maFerial.

They are also more suitable for retrofitting existing columns, as they are simple to make and

install,



In previous work by the authors (Kawatra and Eisele, 1993; Eisele, 1992), it was found that
the best results were obtained in the laboratory when the baffles had between 29 and 38% open
area and were present both above and below the feed inlet. In the work described in this paper, a .
pilot-scale column of the same basic design as the laboratory column was tested in an operating
coal-cleaning plant, to determine whether there were any obvious scale-up difficulties, such as

plugging, with the baffles.

Procedures

Plant Characteristics

Based on the results of previously-described laboratory studies (Kawatra and Eiselg, 1993), a
pilot-scale Deister Flotaire column (20.3 cm diameter) was modified and installed in the Empire
Coal processing plant, Gnadenhutten, Ohio. The flowsheet of the Empire fine coal cleaning

circuit is given in Figure 2.

Feed Characteristics

This plant processes a mixture of bituminous coals from the Lower Kittanning (#5) seam and
the Middle Kittanning (#6) seam, with the main gangue mineral being fine clay. The feed used for
the tests described in this paper was collected from the plant filter-press, which dewatered the
solids from the plant tailings thickener. This material contained 39.8% ash, 2.83% total sulfur,
2.04% pyritic sulfur, and 8401 BTU/Ib. The size distribution was 80% passing 176 micrometers,
and 10% passing 3.7 micrometers. The plant had originally included conventional froth flotation
in its flowsheet, but the flotation circuit had to be abandoned because it could not produce a
sufficiently high-quality product from the coal being processed. Plant personnel felt that the fine
coal was too heavily oxidized and contaminated by flocculants and dewatering aids to be fioatable

by conventional flotation.



Pilot-Scale Column Design

The column was derived from a Deister Flotaire unit, 20.3 cm in diameter and 9.1 meters tall.
A schematic of the column is given in Figure 3. Air bubbles were injected at 4.5 meters and 9.1
meters below the froth overflow lip. The column contained 9 upper baffies, and 17 lower baffles,
as shown in Figure 3, each with 34% open area. The bubble generators were manufactured by the
Deister Concentrator Co, which injected an air-water mixture at a volume ratio of 7.5/1. The two
bubble generators used each had maximum flowrates of 28.3 standard liters/min of air, and 3.78
liters/min of water (Eisele, 1992).

The column was operated with a froth depth of 61 cm. Measuring from the froth overflow lip,
the end of the feed inlet tube was at a depth of 122 ¢m. This long feed tube was needed so that
there would be enough room between the froth base and the feed inlet to install baffles. The upper

baffles extended from a depth of 71 cm to 117 cm, and the lower baffies extended from 147 crﬁ to

r,

234 cm. The washwater spray ring was immersed 5 cm below the froth surface, and the
washwater flowrate was maintained at 7.57 liters/min.

In initial tests, it was found that the clean-coal froth would immediately collapse unles‘sﬁ.
frother was added to the washwater. This was due to the upper baffles increasing the effectiveness
of the washwater, such that the frother rising from the feed slurry or the bubble generator water
was flushed back down before it could reach the froth.

The baffies also caused the froth to be much more stable, because they broke up large bubbles
into smaller bubbles, and made them rise more slowly. This was beneficial, as it prevented the
bubbles from entering the froth layer at high speeds, and disrupting the froth. However, it also
allowed parts of the top of the froth to dry slightly into a semisolid mass that stuck to the feed
tube. Over time, this would form a cap and eventually plug the top of the column. This was
prevented by installing additional spray nozzles above the froth, spraying a mist of water at 1
liter/min to keep the top of the froth moist and fluid, so that it would not become sticky. This

spray was in addition to the main washwater ring.



No operational problems were encountered with plugging of the baffies in any of the tests,

even when large particles of approximately 1 millimeter in diameter were present in the feed.

Feed Preparation and Reagents

For the series of tests described in this paper, approximately 1 metric ton of filtered solids was
collected from the plant fine-tailings filter-press, and thoroughly mixed. The collector used was a
mixture of 80% #2 fuel oil and 20% Dow M210 froth conditioner (whic-hAis more effective for
difficult-to-float coal than fuel oil alone). In addition, DF1012 (a very strong
polypropylene-glycol-based frother manufactured by the Dow Chemical Co) was also used. This
frother was selected because the presence of a dewatering aid in the column feed made it
necessary to use a very strong frother in order to maintain a satisfactory froth.

The column was run by preparing a large volume of feed slurry in a 55-gallon drum, and
continuously pumping slurry into the column during each test, so that random variations in the
plant feed would not disturb the column operation. For each test, 190 liters of a 10% solids slurry
was prepared, and conditioned for 5 minutes with the desired reagents. The column was first
filled with plant process water and operated until a stable froth layer had formed. The feed slurry
pump was then started, with the feed slurry pumped into the cell at a steady flowrate of 7.6
liters/min for 25 minutes. Froth and tailings samples were collécted after 20 minutes, which
provided sufficient time for the column to reach steady-state. The residence time of slurry in the
column was calculated to be approximately 15 minutes.

Two sets of tests were carried out with this feed. The first set was carried out at a constant
reagent dosage while the baffle configuration and bubble-generator configuration was varied. The
- reagent dosage was selected to be less than optimum for these teéts, so that the effect of the baffles
on the recovery could be clearly seen. The second series of tests used a constant bafile
configuration while the reagent dosage was changed, so that the -ultimate ability of the column to

recover clean coal from this feed could be determined.
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eries 1: B Variati
The first test series used a constant reagent dosage (80% #2 fuel 0il/20% M210 at 1.1 kg/mt;
DF 1012 at 0.36 kg/mt), and duplicate tests were run with each of the following conditions:
1: No baffles, both bubble generators used;
Upper baffles installed, both bubble generators used,
Lower baffles installed, only upper bubble generator used;

Rl

Both upper and lower baffles installed, only upper bubble generator used.

When the lower baffles were installed, only the upper bubble generator was used. This was
done to determine whether there was any potential for reducing the necessary height of the
column when baffles were installed. As a result, the comparison is essentially between an
unbaffled column 9.1 meters tall, and a column with lower baffles and an active height of only 4.6
meters. When both bubble generators were used, the air flow was evenly divided between'mem.
The total air flowrate with both generators operating was 35.5 standard liters/min, while the ,.air

flowrate with only the upper bubble generator running was 28.3 standard liters/min.

Series 2: Reagent Variation

The tests in the second series were all carried out with all of the baffles in place, and with only
the upper bubble generator used. Eleven single-stage tests were carried out in this series, with the
collector and frother dosages varied as shown in Table 1, along with the BTU recoveries obtained
with each reagent dosage. In two additional tests, the froth product from the column was
refloated, to determine whether any significant grade improvement would result from 2-stage

fiotation.

Results
The effect of the baffles on the column operation is clearly seen in Figure 4. When the baffles
are installed in the column, the BTU recovery is increased markedly, from only 15% without
baffles, up to 54% with baffles, even though the reagent dosage is unchanged. The reagent

dosages used in the baffle variation tests (1.1 kg/mt collector, and 0.36 kg/mt frother) were lower



than the values that were later determined to be needed for high BTU recovery (2.25 kg/mt
collector, and 1.26 kg/mt frother), as can be seen in Table 1.

The reagent-variation studies (Figure 5) showed that the column could produce good results
in a single stage, even when processing a very high-ash and difficult-to-fioat coal. With the proper
reagent dosage, a product of 10.5% ash could be produced at 85% BTU recovery from the 39.8%
ash feed stream. This feed was not considered by plant personnel to be treatable by froth
flotation, and was being discarded, but the column flotation product was sufficiently clean to be
salable. Reflotation of the froth product in the column did not produce a significant improvement
in the grade of the clean coal at a given recovery.

Figure 6 shows that the column is also quite effective for rejecting pyritic sulfur from the coal,

where rejection was calculated as:

(%Wt Pyrite in Tails x Tails Wt.)

(%Wt Pyrite in Feed x Feed W) « 100

JcRejection =

The feed contained 2.04% pyritic sulfur, and over 50% of this was rejected while recovering
85% of the calorific value. Pyrite rejections as high as 70% could be achieved at approximately
60% BTU recovery

Conclusions

The baffied column was tested on a pilot scale in an operating coal-processing plant, to
recover clean coal from a high-ash, difficult-to-float coal. No serious operating problems were
observed in the course of the tests, and the baffles did not plug or show any buildup of solids. The
baffles were found to be effective in increasing the BTU recovery of this difficult-to float coal

compared to operating with the same reagent dosages but without baffles.



The baffled column recovered up to 85% of the calorific value from this fine waste without
exceeding 10.5% ash, and simultaneously rejected over 50% of the pyritic sulfur. Reflotation of

the froth product showed no further improvement in the grade/recovery performance.
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Table 1: Reagent dosages used in column flotation tests with a complete set of baffles, and
the corresponding results.

Collector Frother %BTU % Pyrite %Ash
Kg/mt Kg/mt Recovery Rejection Rejection
0.55 0.18 1819 | 946 8.1
0.55 0.36 45.55 814 94.5
0.55 1.26 70.55 65.8 88.2
1.10 0.18 11.33 98.2 98.9
1.10 0.36 55.90 80.3 93.9
.10 . - | 1.26 65.26 - 70.6 91.0
1.30 0.36 30.31 924 97.3
2.25 0.54 24.65 94.9 98.0
2.25 0.72 51.12 84.1 95.6
2.25 1.26 83.57 53.3 85.3
2.25 2.52 85.26 51.7 84.0
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Regular Packed

Figure 1. Comparison of mixing in regular, packed, and horizontally baffled columns.
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Laboratory baffled-column flotation of
mixed Lower/Middle Kittanning seam

bituminous coal

S.K. Kawatra and T.C. Eisele

Abstract — The separating efficiency of a flotation col-
umn is largely limited by the degree of back mixing of railings
into the froth zone, and the recovery is limited by the degree
of short-circuiting of feed to the tailings. Current columns
are typically constructed very tall (30 to 40 ft} to limit the
effects of back mixing and short-circuiting. These effects can
also be reduced in a much shorter column, provided that the
Sflow in the column approaches plug-flow.

Inthis work, horizontal baffles were shown to improve the
performance of a 6-ft laboratory-scale flotation column
treating a poorly floatable coal. Tests with variations in the
baffle positions showed that baffles are needed both above
and below the feed inler 10 achieve the grearest benefir.
T -cer tests with a fluorescent dye in water showed that

s reduce the amount of feed water entrained in the froth
we unly given coal recovery.

Introduction

Because they are more efficient separators than conventional
flotation machines, flotation columns are being increasingly used
for many different applications. Columns are more effective
because they establish a long concentration gradient between the
froth proctuct and the sinks product, so that several meters are
available over whichthe separationcan take place. Thisisincontrast
to conventional flotation machines in which the separation mainly
occurs at the pulp/froth interface. Froth washing in the columns,
which reduces entrainment of gangue into the froth, further im-
proves the separation.

Inflotation columns, vertical mixing along the axis of the column
(axial mixing) is generally harmful because 1t tends to reduce the
productrecoveryand makesthe separation less selective (Finch and
Dobby, 1990). As colurmns are increased in size from laboratory-
or pilot-scale to full-scale, the amount of axial mixing tends o
increase, which not only harms the performance of targer-diameter
columns, but also makes scale-up calcutations more difficutt (Finch
and Dobby, 1990).

Previous work was performed using vertical baffles to
subdivide the column in order to reduce the apparent diam-
eter with the goal of reducing axial mixing, but this was found
tointroduce bubble-distribution probiems (Finch and Dobby,
'7 ") and, in any case, was found to have only a small effect

formance (Alford, 1992). Other work attempted to use
Cw_..n packing similar to that used tn chemical processing
{Yang, 1988), but this has often introduced serious operating
problems. In this paper, the use of horizontal baffles is
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Fig 1 — Comparison of flow patterns in regular, packed and
honzontally bafiled columns.

described. These baffles reduce axial mixing by a method
that is expected to be more suitable for larger columns.

Theoretical discussion -

In the most common type of flotation column {shown in
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Fig. 2 — Effect of horizontal baffles on the maximum bubble size. Bubbles enlarge with tme
in unbaffied columns, due to both coalescence and decreasing hydrostatic prassure. Horizontal
baffles break up the large bubbles, which keeps them from disrupting the froth layer.

wom by the slurry after only a short time.
which would result in high maintenance
costs. In Dell’s column, also known as the
Leeds column (Dell, 1976: Degner...
Sabey, 1988), a combination of fixed
movable rods indiscrete racks were used to
horizontally divide what was essentially a
conventional flotation machine into a se-
ries of stacked chambers. The goal was 10
mimic the performance of a multstage
flotation circuit with several stages of froth
recleaning, and this was quite successful.
Because the feed was introduced into the
bottorn chamber, this machine produced a
considerably cleaner froth, although ne
atternpt was made to improve recovery.
Also, because the rod-racksare fatrly thick,
the machine is only sectioned into a few
chambers. This column is not presently
being used industrially, mainly because of
corrosion and wear problems.

The horizontally-baffled column de-
scribed inthis paperhasmany of the advan-

Feed Flowmeter

1ages of both the regular column and the
or packed column. The honzontal baffles
consist of simple perforated plates with
openings iarge enough to keep thern from
being plugged by solid particles and small

Overfiow
Weir Froth
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Bafflos

Tailings
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enough 10 break up the vertical mixing
currents, so that shury cannot be rapidly
swept along the axis of the column. In
addition, the baffles act o produce a«.2¥
uniform distribution of bubbles and*" -
particles and act 1o break up bubbles that
become excessively large,as shownin Fig.
2. This provides foramuchcloser approxi-
mation of plug flow and improves the
separation. The perforated-plate baffies
are much simpler and take up less volume
than the rod-racks developed by Delt (1976)
and are much more resistant o plugging
and wear than closely spaced packing
material. Also, because they are simple to
make and install, they are more suitable for
rerrofitung exising columns.

In previous work by the authors
(Kawatra and Eisele, 1993), it was
found that the best results were ob-
tained when the baffles had an open
area of 29% to 38% and when they
were present both above and below the

.
 S—— |
Aspirator

Fig. 3 — Schematic of laboratory-scale flotation column.

feed inlet. Inthe work described in this
paper. the effects of the number of
baffles and their position within the
column were studied. Inparticular, the

Tap Water

Fig. 1), there is no restriction to flow along the axis of the
column. Rising air bubbles are therefore free to carry slumry
up along the axis, which then returns to the bottom along the
sides of the column, preducing strong axial mixing.

In atternpts to reduce this mixing, rwo different approaches were
taken by Yang (1988) and Dell (1976). Yang (1988) used packing
similar to that used in packed distillation columns. While this was
effective for ultrafine particles (<20 pm), the packing was very
prone 1o plugging by solids. In addition, the packing was heavily
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ability of the baffles positioned below
the feed inlet to prevent short-circuiting of material to the
tailings was determined.

Experimental procedures
Laboratory column design. A modified Deister Flotaire
column, 7.6-cm-diam. and 1.83-m-tall, was used. This col-

umn is significantly shorter than a typical laboratory column
of thiédiamelcr. Columns of this diameter are more com-
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Fig. 4 — Results of selected solids-free tracer tests with the laboratory column. These results show that the upper batfles tend to improve the
froth grade, and that the lower bafflesincrease the residencetime. Aiso, the presence of any baffles at all prevents the type ot operating instability
that was seen in the no-batiles test, where over half of the tracer was carned off in the froth product

moniy 4-to 5-m tall. The short column was used so that its
height/diameter ratio would be similar to that of a plant-scale
column. A similar height/diameter ratio insured that there
was a similar degree of axial mixing. The column used an
aspirator-type bubble generator and a wash-water spray ring
that supphed water at a rate of 1.0 L/min. An overflow weir
was used to control the pulp level in the column, and frother
was metered directly into the aspirator, as shown in Fig. 3.
Frother was also added 1o the wash-water reservoir, sothat afl
of the water entering the column would have the same frother
concentration. The froth depth was maintained at 0.5 m, and
the feed was introduced at a depth of 1 m. To operate
properly. the aspirator required 7 L/min of water at a pressure
of 138 KPa.

The baffles were of two types: The first type consisted of
Yiree baffles that were bolted into place above the 1ailings
Jutiet at heights of 0.3, 0.9 and 1.2 m, and the second type
consisted of a large number of adjustable baffles that were
threaded onto support rods at 3.5-cm intervals. The column
was made from 30-cm-iong sections of tubing. The bolt-in
baffles were inserted at the flanges between the tubing
sections. All of the baffles had had an open area of 29%, and
all could be remaved when desired. The adjustabie baffles
were installed as two sets, i.e., eight baffles above the feed
inlet (upper baffles) and eighteen baffles below the feed inlet
(lower baffles). The reason for having more lower baffles
than upper bafftes was that the upper baffles tended ta restrict
the flow to the froth, which forced more material into the
tailings. To compensate for this effect and to provide addi-
tional improvements over an unbaffled column, it was con-
sidered necessary to use more lower baffles than upper
baffles.

Solids-free tracer tests. A series of experiments was
carried out to deterrmine how the presence of baffles affected
the water flows (without interference from solid particles)
within the column. To track the water flow, a pulse of
fluorescein dye was added as a tracer. Dowfroth 1012, a
strong polypropylene giycot (PPG)-based frother, was used
at a concentration of 0.03 g/l.. The frother was selecied 10
ensure that there would be a stable froth overflow in the
absence of solid particles. The concentration of tracerdye in
the products was determined using a spectrophotometer set to
a wavelength of 492 nm to measure the absorbance. Tap
water with a pH of 7 and a hardness of 150 ppm was used.

For each experiment, the column was first run for 5 min,
so that the froth overflow is at a steady-state. The fluorescein
pulse was then added. and the timer was started. All of the

MINERALS AND METALLURGICAL PROCESSING

froth and 1ailings produced by the column were then collected
over the following time intervals: 0.5to 2.5 min, 2.5 w0 4.5
min, 4.5 10 6.5 min. 6.5 to 8.5 min and 8.5 to 10.5 min. All
10 products cotlected were weighed., and the tracer concen-
tration in each were determined, so that the fraction of the
total tracer in each product could be calculated.

The baffle arrangement was changed for each test.  The
arrangements ranged from no baffles at all 10 a complete set
of eight upper and 18 lower baffles.

Laboratory coal flotation tests. The coal used in these
experiments was a blend of bituminous coals collected from
the Empire Coal processing plant, Gnadenhutien, OH. The
plant processes coal from the Lower Kittanning (#5) seam
and the Middle Kittanning (#6) seam. The coal sample was
prepared by stage-crushing to -850 pm. The sample was then
stored at -20° C 1o prevent further oxidation. Column feed -
was prepared by grinding 900-g lots of the stage-crushed coal
ina20.3-cm-diam. rod mill. The sampies were ground for 45
min with 1500 ml of distilled water. The assay and size
distribution of the rod-milled coal was as follows: 13.5% ash;
3.41% total sulfur; 12,100 Btu/lb; 80% passing 40 pm and
10% passing 4.5 um.

After grinding, the slurry was filtered, and the wet filter
cake was split into three 250-g flotation charges and one 150-
g head sample. The coal was found to be poorly floatable
when #2 fuel oil was used as the onty collector. Therefore, a
mixture of 80% #2 fuel oil and 20% Dow M210 froth
conditioner was used. The froth conditioner is an agent that
improves the wetting of oxidized coals by neutral oils and,
therefore, reduces the collector requirements for flotation of
these coals. The dosage of the coilector mixiure was
3.4 kg/t. and the nominal frother dosage was 0.83 kg/t (0.03
g/L). The frother used for these expeniments was Dowfroth
200, a moderate-strength PPG-based frother. The Dowfroth
200 was selected for these experiments because the presence
of floatable solids stabilized the froth enough for it to over-
flow freely from the column. Also, a stronger frother, such
as Dowfroth 1012, would have increased the tendency to
entrain gangue in the clean-coal product.

_For each test, a flotation charge was repulped with water
to a volume of 1600 ml. After the addition of the desired
reagents and the tracer dye, the pulp was conditioned by
shaking vigorousty for 1 min in a stoppered Erlenmeyer
flask. The flow rates in the column were then adjusted to the
desired level, the tailings valve was closed. so that filling of
the column would begin, and the umer was started. Thirty
seconds after closing the 1ailings valve, the feed was added to
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Fig. 8 —BTU recovery as a function of time for the laboratory column
with varying numbers of batfles.

the column over a 15-sec interval. The froth overflow began
at | min, and froth samples were collected over the followng
intervals: Oto 1.5 min, 1.510 2 min, 2to 3 min, 3104 min. 4
10 6 minand 6 to 10 min. In addition, tailings samples were
collected over the intervals of 0 to 3 min and 3 10 10 mn.
After 10 min of operation, the column was shut down. The
material remaining in the column (the “holdup™ product) was
collected separately. Small samples of the 1ailings were
collected at intervals for the determination of tracer concen-
trations. The filtrates from the froth samples were also
collected. 50 that the tracer concentration in the froth water
could be measured. Before determining the tracer concentra-
tion. the water samples were filtered through a micropore
syringe filter to remove suspended solids that could interfere
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Fig. 8 — Quantity of tracer dye reaching the taihngs product as a
function of time in laboratory coal flotation tests. Greater numbers of
lower batiles consistently cause the tracer to reach the tailings more
slowly, regardless of the number of upper batfiles. Theretore,
addiman of baifles below the teed inlet reduces short-circuiting to the
tallings.

with the spectrophotometer reading. The weights, ash con-
tents. total sulfur contents and calorific vaiues of the se'*
products were also determined.

Experimental results and discussion

Solids-free tracer results, The results of these experi-
mcn§ are given in Fig. 4A and Fig. 4B. The test without
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baffies showed a serious operating instability. The froth level
gradually surged over a period of several minutes, and a
considerable amount of water and nearly half of the tracer
were carried into the froth. When even a single baffle was
present in the column, this did not occur.

Figure 4A shows that the upper baffles are most effective
.ureducing the amount of tracer carried into the froth and are
therefore able to reduce entrainment of gangue into the clean
product. Figure 4B shows that the lower baffles have a
significanteffect on the time needed for the tracer toreach the
sinks product. When all 18 lower baffles are present, the time
needed for 50% of the tracer to reach the tailings is 4.5 min.
This compares to only 3 min when no lower baffles are
present. This increase in retention time will resull in an
improved recovery at any given grade.

Laboratory coal flotation results. Results of the coal flotation
experiments are given in Fig. 5. All of these tests were conducted
with at least one upper baffle and two lower baffles to prevent the
operating nstabitity that was seen in the solids-free wacer test with
no baffles. These tests show that adding baffles to the column
markedly improved the grade-recovery performance. The best
results (i.e., 2 markedly higher grade with litile loss of recovery)
were reproducibly obtained when a complete set of baffles (eight
upper and 18 lower) were present. The change in recovery rate due
tothe baffies is showninFig. 6. The complete setof baffles reduced
the ultamnale recovery by only a few percentage points, which was
compensated for by an increase in froth grade. as seen in Fig. 5.

The amount of tracer reporting to the froth was greatly
reduced by the baffles, as shown by Fig. 7. This indicates that
entrainment is reduced by the baffles, which accounts for the
improvement in the froth grade. The best results were
achieved when the complete set of baffles was instalied.

Figure 8 shows that the addition of lower baffles increased the

idence time tn the column, which is the same effect as was seen

- the solids-free tracer tests. The effect of the upper baffles was to

change the total amount of tracer that reached the tails. However,
the upper baffles did not affect the residence time.

MINERALS AND METALLURGICAL PROCESSING

Conclusions

The performance of a coal flotation column can be mark-
edly improved by the use of horizontal baffles. These baffles
reduce axial mixing in the column, which improves both the
column retention time and the grade-recovery performance.
Another important benefit of the baffles is that they prevent
the formation of large bubbles that could otherwise disrupt
the froth iayer.

Baffles below the feed inlet are mainly responsible for
increasing the residence time in the column by preventing
feed from short-circuiting directly to the tailings.

Baffles above the feed inlet are more effective in reducing
entrainment into the froth. They are therefore useful in
improving the product grade.
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Removal of Pyrite in Coal Flotation
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In most operating coal-cleaning plants, a significant amount of pyrite is recovered in the froth during
flotation of high-sulfur coal. Reducing the pyrite recovery first requires that thc primary rccovery
mechanism should be identified, as different measures are required for reducing entrainment, locked-
particle flotation, or true hydrophobic flotation. In this paper, evidence is presented which suggests
that hydrophobic fiotauon is not an important mechanism for recovery of liberated pyrite when the
collector is a neutral oil, and that the bulk of the floated pyrite occurs either as a-result of simple
entrainment or by mechanical locking with floatable coal particles. Column flotation results arc also
presented which show that significant sulfur reductions can be achieved by reducing levels of entrain-
ment.

Key words: coal flotation, pyrite, entrainment, hydrophobicity, liberated pyrite

INTRODUCTION

In many coal flotation operations, a significant amount of apparently liberated
pyrite is seen to report to the froth, thus raising the sulfur content of the clean
product and reducing its economic value. Prevention of this unwanted recovery of
pyrite is therefore desirable. It has frequently been indicated in laboratory studies'*
that depressants can reduce hydrophobic pyrite in coal flotation. Yet, these de-
pressants are not found to be commonly used on an industrial scale, which raises
the question of whether hydrophobic flotation of pyrite is really a significant source
of contamination when compared to entrainment effects. Therefore, before the
best means for preventing liberated coal pyrite recovery can be selected, it is
necessary to determine which recovery mechanisms are actually dominant. Sepa-
ration of particle entrainment and bubble attachment effects in a real experiment
is very difficult, especially when locked particles are being floated as well. Since
coal pyrite does not have the same properties as pure mineral pyrite,® and it is not
practical to produce coal pyrite which is compietely free of locked coal particles,
experiments to demonstrate conclusively whether pyrite from a given coal either
does or does not float by hydrophobic bubble attachment are impractical, and the
best which can be done is to estimate the relative probable quantity of liberated
pyrite which can be accounted for by the two mechanisms.

For this paper, a conventional flotation machine was used to compare the float-
ability of two differcnt mineral pyrites and two coal pyrites, using only nonpotar
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oil as collector. Experiments were also carried out to attempt to measure the
floatability of liberated pyrite in coal using both a conventional cell and a laboratory-
scale flotation column, and using reagents which are commonly selected in current
industnal practice.

THEORETICAL DISCUSSION

It has long been known that mineral pyrite has some hydrophobic tendency, as do
several other sulfide minerals. However, this tendency is normally very slight, and
significant flotation of pyrite requires addition of a collector such as a xanthate.
The natural floatability of pyrite is also strongly pH dependent, with the highest
floatability in acidic solutions. Depression of mineral pyrite is quite easy, with a
variety of highly effective depressants being available, and in most selective sulfide
mineral flotation circuits the bulk of the floated pyrite occurs as a result of en-
trainment and locking to hydrophobic particles®.

While the responses of mineral pyrite in flotation are fairly well known, the
behavior of coal pyrite is poorly understood®. Due to its formation and long resi-
dence in the presence of a variety of organic compounds, it is often reported that
coal pyrite exhibits surface chemistry radically different from that of mineral pyrite.
In addition, the extreme heterogeneity of coal deposits apparently results in the
properties of the associated pyrite also varying over a wide range. As a result,
experiments with coal pyrite from a specific source may not be particularly relevant
to pyrites from other sources.

Many investigators have attempted to use various chemicals as depressants
for coal pyrite in order to reduce the sulfur content of the product, with some suc-
cess'=. However, in most reported experiments it has not been clear whether the
decrease in pyrite flotation was due to reduced pyrite hydrophobicity or im-
proved froth drainage, as the quantity of entrained water in the froth is often
not mcasurced. Also, since pyrite depressants reduce the floatability of coal slightly,
it i1s reasonable to expect that fewer locked particles will float in the presence
of these reagents, and the quantity of pyrite floating can be reduced by this
means as well. '

Determination of the quantity of entrained material is difficult, particularly when
a small number of experiments is conducted, as the water recovery in the froth
must be determined and correlated with the recovery of the entrained species.
Since entrainment is, in theory, directly related to water recovery, the entrainment
constant can be determined by linear regression when the data set available is
sufficiently large. The floated material which is not accounted for by the regression
line is then assumed to be floating either by hydrophobic bubble attachment or
as part of locked particles. The slope of the regression line varies with particle
size. becoming less steep as the particle size increases. Since a range of par-
ticles is present in flotation experiments, this tends to introduce a small amount

of scatter and curvature to the data. However, the linear trend will still be evi-
dent. 3
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EXPERIMENTAL PROCEDURES AND RESULTS

In order to determine whether the pyrite in a particular Pittsburgh Seam coal was
floating by locking/entrainment or by true flotation, three sets of experiments were
carried out. These experiments provided data on the extent to which coal pyrite
flotation occurs during normal flotation of coal, and its correlation to the quantity
of water entrained in the froth; the quantity of pyrite reporting to he froth in a
flotation column designed to reduce entrainment, as shown in Figure 1: and the
conditions under which pure mineral pyrite flotation could be expected with only
#2 fuel oil as a collector.

Conventional Flotation: Pittsburgh Seam Coal

The first objective was to determine the relative proportions of sulfur reporting to
a coal froth by entrainment and true flotation. To accomplish this, it was necessary
to measure the recovery of coal, ash, water, and the various forms of sulfur as a
function of time. Variations in collector dosage were intended to vary the coal
flotation rate, and determine whether pyrite fiotation was or was not sensitive to
collector dosage.

These experiments used 250 gram charges of a Pittsburgh seam coal which had
been stored at —20°C prior to use, to retard oxidation. For experiments, this coal
was ground in a.steel rod mill to the size distribution given in Table 1. The freshly
ground coal was then divided into 250 gm charges for flotation. Timed flotation

A.Conventional Flotation

[D
Feed Water |00 o ! > Tailings Woter

Froth Water

B Column Flototion

h
Wash Water 2 [—{> Froth water

A

Feed water. e
—— et d *

N

N :1> Taiings Water

FIGURE | Mechanism of cntrainment reduction in flotation columns.
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TABLE ]
Size distribution of Pitusburgh seam coal used in the coal flotation experiments, produced by grinding 900 g
charges of coal at 40% solids in a steel rod mill for 45 minutes. Size distribution was measured using a
Microtrac particle size anaiyzer.

Size, pm Cumulative % Passing
88 100.0
62 96.0
44 81.5
31 74.7
22 61.7
i6 49.2
1 37.6

7.8 28.4
5.5 20.3
3.9 13.7
2.8 8.1
1.9 31
1.4 1.1
0.9 0.0

experiments were carried out in a 4-liter fiotation cell, with gravity-feed pulp level
control and mechanical froth scrapers (Figure 2), under the conditions given in
Table I1. The frother was Dowfroth 200, added at a rate of 0.03g/liter. Froth was
collected over the time intervals 0-30 sec, 30 sec~1 min, 1 min-2 min, 2 min-3
min, 3 min-5 min, and 5 min-9 min, filtered, dried, and weighed. All products
were analyzed for ash content, and total sulfur content was determined using a

LECO SC-132 sulfur determinator. The results for all six tests are given in Ta-
bie III.

Woter
Wemco Reservoir
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Machine }
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FIGURE 2 Schematic diagram of flotation cell with automatic pulp level control.
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TABLE 11
Flotation conditions for timed tests using conventional flotation and Pittsburgh seam coal.
Test # pH Collector {fuel oil}
1 7.6 0.0
2 7.7 0.0
3 7.7 0.0
4 7.5 0.18 kg/mt
5 7.5 0.35 kg/mt
6 7.6 0.70 kg/mt

Column Flotation Experiments

Experiments with column flotation were intended to determine the behavior of the
coal components when entrainment was minimized by froth washing. Flotation
experiments were carried out in a laboratory-scale coal flotation column, using coal
prepared in the same manner as that used in the conventional coal flotation tests.
A modified Deister 3" diameter column 6’ high (Figure 3) was used for these
experiments. A froth depth of 18" was maintained, at a washwater flowrate of 1
liter/min. Aeration was provided by an aspirator, with a water pressurc of 15 psi
and a flowrate of 5 liters/minute. Frother was introduced with the aspirated air as
a 1% solution. The frother concentration was the same as for the conventional
tests, and no collector was added. Tracer experiments using sodium fluorescein
dye showed that less than 4% of the feed water was entrained in the froth product
using this column.

Timed flotation experiments were carried out by adding a 400 gm charge of the
coal 1n slurry form as a single increment. After adding the feed, 30 seconds were
required before coal began flowing into the overflow launder. Froth increments
were then removed over the 0-30 sec, 30 sec—1 min, 1 min-2 min, 2 min-3 min,
3 min-5 min, and 5 min—-9 min. These samples were analyzed in the same fashion
as for the conventional flotation tests, and the results are given in Table 1V.

Pure Pyrite Flotation

These experiments were intended to determine the conditions under which pyrite
is floatable by a neutral oil collector such as #2 fuel oil. They also compared two
different mineral pyrites to two different coal pyrites to determine whether mineral
pyrite 1s at all suitable as a model for coal pyrite.

Relatively pure pyrite from four sources (Custer, SD, and Rico, CO, mineral
pyrites obtained from Ward’s Natural Science Establishment, and coal pyrites col-
lected as large nodules from Panther Valley, PA, and Empire Coal, OH) were
ground to the size distribution given in Table V, using a steel rod mill, at 60%
solids and a pH adjusted to 12 with NaOH to prevent corrosion and subsequent
dissolution of iron, which is reported to be a pyrite depressant®. The pyrite was
then filtered, divided into charges of the desired weight, repulped in a Denver
laboratory flotation cell {(volume of 1.9 liters), and the pH was adjusted to the
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TABLE 11

Results from timed flotation experiments using a constant-level conventional flotation cell.

Product % Wt % Ash % S % Solids % Pyritic S
Test 1 30 sec Froth 31.24 11.1 214 15.14 0.9
1 min 26.60 13.2 2.59 16.04 1.6
2 min 8.83 26.8 3.64 5.88 2.5
3 min 4.83 61.1 5.17 2.41 4.4
5 min 5.70 82.5 5.08 1.15 4.5
9 min 6.73 88.1 4.22 0.70 3.7
Final Tails 16.07 28.2 4.55 4.2
Test 2 30 scc Froth 44.37 12.7 2.37 15.70 1.1
| nn 18.19 17.5 2.86 13.73 1.7
2 min 8.47 42.5 4.33 4,01 33
3 mun 3.88 19.5 5.27 .37 4.7
5 min 4.70 87.4 4.56 0.90 4.0
9 min 4.66 89.0 3.91 0.59 3.7
Final Tails 15.72 84.2 4.54 4.2
Test 3 30 sec Froth 43.82 12.4 2.26 16.00 1.1
I min 19.00 17.1 2.69 13.90 1.7
2 min 8.73 433 3.81 3.95 33
3 min 3.9 79.1 4.67 1.33 4.6
5 min 4.90 86.3 4.06 0.90 4.0
9 min 6.01 88.6 3.49 0.56 3.4
Final Tails 13.63 §7.0 3.98 4.0
Measured Head 37.2 2.90
Test 4 30 sce Froth 23.1 10.3 1.85 16.21 0.8
| min 14.3 9.4 1.89 19.4] 0.9
2 min 19.9 12.9 2.39 21.83 1.5
3 min 0.8 35.3 3.94 6.08 33
5 min 7.7 73.9 4.51 1.46 4.4
9 min 6.6 86.7 3.76 0.77 3.7
Final Tails 8.4 85.6 3.86 3.8
Test 5 30 see Froth 55.4 14.0 2.24 14.73 1.3
1 mun 16 9 27.1 3.13 7.78 2.3
2 min 7.2 58.2 4.20 2.09 3.7
3 mun 4.1 723 3.84 1.16 3.7
5 min 4.9 84.2 3.63 0.73 17
9 min 5.2 87.5 3.30 0.47 33
Final Tails [2.3 844 4.10 4.1
Test 6 30 sec Froth 56.0 15.0 2.33 14.50 1.4
I min 8.9 33.0 3.51 5.96 2.8
3 min 6.9 63.2 4.10 1.77 3.7
3 min 5.4 64.4 3.48 1.26 33
5 min 5.6 77.4 3.36 0.73 3.4
9 min 5.5 81.4 319 0.43 3.2
Final Tails 1.7 75.7 4.02 4.0
Measured Head 37.3 2.99

-
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FIGURE 3 Schematic of the modificd Deister flotation column.

TABLE 1V

Timed column flotation results.
Product % Wt % Ash % S
Test | 30 sec Froth : 0.61 7.78 2.35
I min 1.07 2.91 1.72
2 min 3.42 2.85 1.67
3 min 6.05 3.13 1.74
5 min 2411 4,52 1.96
9 min 22.29 11.74 2.73
Fina! Holdup 7.41 56.68 7.43
2 min Tails 12.79 76.38 4.32
9 min Tatls 22.24 83.91 3.92
Test 2 30 sec Froth 0.00 0.00 0.00
i min 0.86 ) 3.42 1.71
2 min 3.57 3.1 .66
3 min 7.97 3.38 1.73
5 min 21.59 4.51 1.93
9 min 23.29 11.54 2.68
Final Holdup 8.25 57.04 6.99
2 min Tails 11.39 75.02 4.17

9 min Tails 23.06 83.87 3.86

Measured Hcead 36.85 3.36
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TABLE V
Size distributions for the samples used in the pyrite flotation experiments, determined by Microtrac particle
size analyzer,
Cumulative % passing, Cumulative % passing,
Size, pm mineral pyrite samples coal pyrite samples

62 100.0 100.0
44 97.4 100.0
31 88.3 ' 97.3
22 73.5 89.6
16 56.5 75.8
1 422 . 59.6
7.8 317 4572
5.5 23.0 327
39 16.1 2201
2.8 10.0 13.1
1.9 43 5.4
1.4 1.8 2.2
0.9 03 . 0.4

desired level with sulfuric acid. Finally, 0.03 gm MIBC/liter and the noted quan-
tities of #2 fuel oil were added as frother and collector, respectively. The pulp was
then conditioned for 2 minutes, and floated for 5 minutes with froth removed
manually. The results of these experiments are given in Table VI, along with two
experiments using pure silica which had been prepared in the same manner as the
pyrite. The pH values were selected on the basis of earlier tests, which showed
that mineral pyrite floats well below pH = 4, and poorly at higher pH values.
The pyrite appeared strongly to buffer the pH at pH = 4, consuming approxi-

TABLE VI
Conditions and results for pure pyrite experiments.
#2 fuc! oil.

Test Pyrite . Charge wt. kg/mt pH % Floats
1A Custer. 5.D. 150 3.0 7.5 3.34
2A " 150 3.0 7.5 4.34
3A " 150 3.0 8.3 4.65
4A " 150 3.0 2.0 98.57
SA " 75 6.0 24 97.07
6A ” 75 6.0 3.6 43,10
74 " 75 6.0- 2.5 77.21
3A " 75 6.0 2.5 67.27
1B Panther Valley 150 3.0 8.8 31.64
2B ! 150 3.0 3.5 36.47
iIC Custer, §.D. 150 3.0 2.3 98.01
2C " 50 3.0 2.2 97.57
3C Panther Valley 150 3.0 2.2 43.00
4C ! 150 3.0 2.0 35.22
5C Rico, CO 150 3.0 2.1 98.62
6C " 150 3.0 5.0 9.56
ID Silica 150 3.0 5.3 13.6
2D " 150 3.0 5.3 15.3
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mately 3 grams sulfuric acid per kilogram of pyrite to reduce pH below this level.
As a result, intermediate pH values were difficult to achieve. Upon lowering the
pH below 4, the pyrite became strongly floatable, simultaneously releasing a strong
odor of H,S. The charges for tests 7A and 8A were allowed to air-dry before
repulping for flotation, and became warm to the touch while drying. The reduced
recovery for these tests was most likely due to oxidation of the pyrite. Unlike the
two mineral pyrites, the Panther Valley coal pyrite never became strongly floatable,
and also never released the characteristic H,S odor. The froth product from the
coal pyrite appeared, from qualitative examination at 40 X magnification of the
loose powder, to be predominantly composed of locked coal-pyrite particles, float-
ing as a result of the hydrophobicity of the coal portion.

Additional experiments were attempted using coal pyrite from a second source.
the Empire Coal mine, Gnadenhutten, Ohio. However, it was found that even
when apparently pure pyrite nodules were collected and cleaned by hand, the pyrite
still contained 27% material which was insoluble in nitric acid, the residue being
predominantly composed of coal and clay. As a result, it was not possible to conduct
the desired experiments using coal pyrite which had been isolated from the asso-
ciated organic inclusions, and the resuits obtained were similar to thosc for the
Panther Valley coal for this reason. Since no conclusive technique was available
for distinguishing liberated particles from locked particles in quantity, the role of
locked coal/pyrite particles in pyrite fiotation, relative to liberated pvrite., could
not be confirmed. _

Experiments with the Empire coal pyrite were conducted using the automatic
flotation cell shown in Figure 2, using 300 gram charges ground for 10 minutes.
Reagent dosages were 3.3 kg fuel oil/mt. and 1.7 kg Dowfroth 200/mt. Flotation
was carried out for six minute intervals. Three tests were run, at pH = 2.5, 5.1,
and 10.5 Results are given in Table V1I. A slight increase in flotation rate and
froth percent solids is seen with increasing pH, which is consistent with flotation
being primarily of the carbonaceous component.

TABLE VII
Timed fotation results using the coal-pyrite samples
Product % Wi, % Solids

Test I.pH = 2.5 1 minwte froth 34.09 .
3mn  troth 23.41 1.7
6 min  froth 13,90 10.5
— Tails 28.60 2.5

Test 2. pH = 5.1 I minute froth 35.47 14.1
3 min  froth 18.92 12.2
6 min  froth 10.05 8.5
Tails ) 35.57 3.4
Test 3, pH = 10.5 ~ | minute froth 45.06 237
IJmin  froth 10.07 154

6 min  froth 4.21 71

Tails 40.66 3.1

| e
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DISCUSSION

An approximate estimation of whether coal, mineral, and pyrite particies are being
recovered by true flotation, locking, or entrainment can be achieved by correlating
the recovery of a given component with the recovery of water in the froth. If the
correlation with water recovery is nearly linear, then the component is being re-
covered predominantly by entrainment. Deviations from linearity are caused either
by hydrophobic flotation of the component directly, or by mechanical attachment
to another particle which is hydrophobic. The contribution due to locking can also
be estimated by observing similarities in the water recovery/solids recovery curves.
If the deviations from linearity for one component follow precisely those for another
which is known to be hydrophobic, then the most likely explanation is a high degree
of mechanical locking.

Correlations between solids recovery and water recovery for a constant-level
batch cell are complicated somewhat by the fact that such cells are batch with
respect to solids, but continuous with respect to water. This introduces a significant
curvature in the water recovery/solids recovery plots, even in the case of pure
entrainment. In order to correct for the continuous dilution by the makcup water
addition, a corrected water recovery was calculated, based on the assumption that
the pulp phase in the cell was nearly perfectly mixed. The proportion of the water
originally present in the cell which is removed by time T can then be calculated
according to a simple residence-time formula’, F(T) = 1 — ¢ ®'Y, where F(T) =
fraction of the water originally present in the cell which is removed by time T;
R = volume of water which has been removed, and replaced by fresh water, by
time T; and V = total cell volume. This corrected water recovery will correlate
linearty with recovery of solid particles by pure entrainment. making it much simpler
to distinguish between the various recovery mechanisms.

When pyritic sulfur, ash, and combustible matter recovery are plotted against
corrected water recovery as in Figure 4, it is immediately seen that the ash content
follows the water recovery line very closely. Since the ash fraction of this coal is
predominantly clay slimes, which are known to be hydrophilic and casily entrained,
this corresponds well with the expected results. Likewise, the behavior of the
combustible matter is as expected, with a recovery rate much faster than that of
the water until the coal had been almost completely removed from the cell. This
was followed by a sharp inflection in the curve as the remaining traces of com-
bustibles were gradually recovered. It should be noted that these curves are com-
posites of all six experiments, which showed a range of flotation rates due to changes
in the collector dosage, but which nevertheless showed the same corrclations with
water recovery. '

Examining the pyrite recovery curve shows that the pyrite was initially recovered
faster than the water, although not as fast as the combustibles. The pyrite curve
then shows a sharp inflection, and falls back to a slope consistent with rccovery by
entrainment. The point of most interest is that the inflection in the pyrite curve is
at exactly the same water recovery as the infiection in the combustibles curve, to
within the limits of accuracy of the data. This is what would be expected if the
pyrite attached to air bubbles primarily due to locking with floatable coal. If the
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FIGURE 4 Corrclation of ash, total pyritic sulfur. and combustibles recovery with corrected water
recovery for the batch coal flotation experiments.

pyrite were hydrophobic in its own right, and floating with a different rate constant
than the coal. then a second inflection would be expected to occur at a different
water recovery, or the inflection in the pyrite curve would appear broader than
the inficction in the combustibles curve. Since neither of these effects is scen, it
appears most likely that pyrite recovery occurs almost entirely through & combi-
nation of locking and entrainment, with true hydrophobic flotation of liberated
pyrite being minimal.

The column flotation results represent a flotation separation where entrainment
1s reduced to very low levels, and thus all pyrite which is recovered under these
conditions docs 50 as a result of either locking or true flotation®’. Comparison of
the results for conventional tests 1-3 and the column flotation tests are given in
Figures 5 and 6. and the shift in the grade/recovery curves is most consistent with
pyrite being recovered primarily by entrainment. As a result, it is probable that
when this paruicular coal exhibits excessive pyrite recovery, it is more cffective to
switch to column flotation (thus minimizing cntrainment) than to attempt to use
chemical depressants to prevent hyvdrophobic flotation which docs not appear to
be occurring. A complete review of available column flotation can be found in the
literature',

The results from the pyrite fiotation experiments show very clearly that pure
mineral pyrite loses its natural floatability ncarly completely when the pH is greater
than 5.0, and also that the floatability of silica, which is known to be hydrophilic,
1s very comparable to the floatability of pyrite at pH = 5 or greater. This indicates
that under normal conditions for coal flotation (pH = 5 — 9), unmodified mineral
pyrite is not noticeably recovered by true hydrophaobic flotation. Even large dosages
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of neutral oil collectors do not render mineral pyrite floatable over this pH range,
up to 3 kg collector/metric ton pyrite. This has been found to be true for pyrites
from two distinct sources, and is likely to be generally true for all pyrites which
are not associated with organic matter. Therefore, true hydrophobic flotation of
coal pyrite should only be expected when the pyrite has been heavily modified by
organic material. or when flotation is being carried out under acid conditions. The

coal pyrite, although prepared in the same fashion as the mineral pyrites, did not

exhibit similar behavior, as it maintained essentially constant levels of flotation
recovery (31-43%) over the pH range from 2.2 to 8.8, while the mineral pyrite
dropped from nearly 99% recovery to in some cases less than 4% over the same
pH range. Qualitative microscopic examination of the coal pyrite flotation product
indicated that much of the floating material was coal and locked coal/ pyrite par-
ticles. It is therefore hypothesized that, in this case, the coal pyrite is floating due
to attachment to coal. This hypothesis is supported by recent work by Chander
and Aplan'', where great care was taken to isolate liberated pyrite from seven coal
sources for a variety of detailed analyses. Using a microflotation cell aerated with
nitrogen gas, all of the purified pyrites were found to show very little inherent
fioatability (average = 1.9% wt. floating, range = 0-7% wt.}. The procedure
which Chander and Aplan describe for purifying the pyrites does provide oppor-
tunity for the pyrite to oxidize somewhat, which may conceivably destroy its in-
herent floatability. Nevertheless, it appears likely that coal pyrites have a very low
inherent floatability, and are therefore floated primarily as either locked or en-
trained particles.

Unfortunately, there does not appear to be any practical method available for
conclusively measuring the relative qualities of locked and liberated pyrite particles
in coal flotation, nor is there an effective method for isolating coal-free pyrite from
coal which does not also either contaminate or oxidize the pyrite surfaces. At the
present time, it is therefore not possible to prove that coal pyrite either does or
does not enter the froth as a result of true hydrophobic attachment. Based on the
behavior of the pure mineral pyrite samples, it is hypothesized that coal pyrite is
recovered in the froth by entrainment and by mechanical attachment to floatable
coal particles. However, as a result of the fine scale of the organic contaminants
in coal pyrite, it is clear that mineral pyrite is not a good model for the behavior
of coal pyrite, and should not be treated as such.

CONCLUSIONS

From the resuits presented, the following conclusions are drawn:

1. Mineral pyrite 1s readily fioatable by fuel oil alone at acid pH (<4). but this
native floatability i1s entirely lost at the higher pH levels where coal flotation
1s most often carried out.

. Determination of the floatability of coal pyrite in the absence of coal particies
is not practical, due to the intimate intermixing of carbonaccous and pyritic
components cven in pyrite nodules which appear visually to be refatively pure.
As a result, pyrite which floats by true hydrophobic bubble attachment cannot

g8
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readily be distinguished from that which floats due to mechanical attachment
to coal particles. While it can be hypothesized that completely liberated coal-
pyrite particles behave similarly to mineral pyrite, and are therefore not
recovered by hydrophobic flotation at near neutral pH, this is very difficult
to prove.

. The results of timed flotation of a Pittsburgh seam coal using both conventional

and column flotation are consistent with the pyrite being recovered in the
froth predominantly by entrainment and locked particles, with any contni-
bution from hydrophobic flotation of liberated pyrite being minimal.
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ON-STREAM COMPOSITION ANALYSIS OF MINERAL SLURRIES
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ABSTRACT

In the last 30 years, on-
stream slurry analyzers have
proven to be of great use in the
control of mineral processing
circuits. This review discusses
the two most popular methods,
x-ray fluorescence and neutron
activation analysis, and also
considers techniques which are
still under development.

INTRODUCTION

On-stream composition analysis
of process streams in mineral
processing operations has been
proven to be a powerful tool for
the adjustment of the process to
variations in plant feed quality.
The benefits derived from the
use of on-stream analysis are
now widely accepted in the base
metal industry {(Cogper, 1976,
1934 and Wells, 1983). The rapid
feed back of the chemical assay
drastically reduces the response
time of control schemes, and thus
helps to increase grade and
recovery while reducing reagent
consumption and operating costs.
Rlso, the installatieon of an on-
line analyzer freguently reveals
that a process stream which has

641

been considered to be stable
actually undergoes sizable
fluctuations, which may be detri-
mental to plant operation. For
these reasons, a large number of
on-stream analyzers have been
installed throughout the world
during the last 30 years.

An on-stream composition
analyzer may operate in a number
of ways, as discussed in the
literature (Kawatra, 1984). The
principles used by commercial
units range from excitation by
gamma-ray irradiation or neutron
activation to measurement of
radiation from naturally-occurring
isotopes, Elemental analysis by
use oif fluorescent x-rays is
commonly used. Several systems
employing neutron activation have
been installed for continuocus
analysis of silica in iron ore
slurries, Natural isotope decay
has been widely applied in the
potash industry for determination
of the potassium content of ore
carried on conveyors (Cooper,
1976, 1984). Several analyzers
employing non-radiometric tech-
noloay are also in use. The
following sections describe the
various types of on-stream compo-
sition analyzers which have been
used or are being developed for

| g
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use in mineral concentration
operations,

X-RAY FLUORESCENCE ANALYZERS
Fundamental Principles

Conventional on-stream analy-
sis is based on the principle of
x-ray fiuorescence (XRF) analy-
sis. The basic principle of this
methoed is illustrated in Figure
1. The sample may be excited
either by low energy photons from
radioisotope sources, or by
electronically produced x-rays.
The characteristic radiations
emitted by the excited samples
may be measured using either a
wavelength-dispersive x-ray
analyzer (WDX), or an energy-
dispersive x-ray analyzer (EDX).

The WDX systems are based on
the fact that the angle at which
an x-ray photon is diffracted
from a crystal is a function of
its wavelength. Since the wave-
length of a photon i1s a functiocn
of 1ts energy, a WDX analyzer
determines the energies of x-rays
with great accuracy by geometric
measurements. For on~stream
analysis, the elements of inter-
est are specified in advance, and
individual diffracting crystal
and detector units are provided
to select and measure the charac-
teristic x-rays of each element
simultaneously.

Energy dispersive x-ray sys-
tems (EDX} use radiation
detectors which produce electri-
cal pulses with amplitudes
proportional to the energy of the
x-ray photons which were detected.
The number of pulses produced
with amplitudes corresponding to
the energy of the characteristaic
x-rays of the elements of inter-
est 15 then used to determine the
concentrations of these elements.

The WDX systems have a much
better energy resolution (20-25

CONCENTRATION AND DEWATERING CIRCUITS

eV} than do EDX systems, and
therefore are less subject to
error from peak overlap. However,
a great deal of the x-ray inten-
sity is lost in the diffraction
crystal, with the result that WDX
systems can only be used with an
intense source of exciting x-rays,
such as an x-ray tube. EDX sys-
tems are usable at much lower
intensities, which may be produced
by radioisotope sources. The
energy resolution of an EDX sys-
tem depends on the type of
detector used. Solid-state
detectors have the best energy
resolution, but must operate at
cryogenic temperatures. Propor-
tional and scintillation counters
can both operate at room tempera-
ture, but whereas the proportional
counter has the superior energy
resolution, the scintillation
counter has a higher detection
efficiency. A discussion of the
advantages and disadvantages of
these detectors was presented by
Carr-Bricn (1980). It may be
noted that all three types of
detector have been used in on-
stream analyzers, with the selec-
tion depending on the number of
elements to be determined, the
energy resclution required to
separate the characteristic x-rays,
and the x-ray intensity which may
be feasibly produced. The general
principles of EDX and WDX systems
are illustrated in Figure 1.

Excitation Sources

A mineral slurry may be excited
into production of characteristic
x-rays for guantitative analysais
by use of either electronic x-ray
tubes or by low-energy photons
from radioisotope gamma-ray sour-
ces.

Radioisotope Excitation

Many radicisotope sources are
available which are suitable for
exclting characteristic x-rays
for energy-dispersive x-ray
analysis. Table 1 lists commonly

[}
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Characteristic radiation

X-ray Source Ay and A;

Crystal

Characteristic radiation
Energy E, and E,

Radiation
Detector

X-ray Source

Multichannel
Analyzer

Energy l l Energy
E, counts E, counts

- b) Energy -dispersive Spectrometer

FPigure 1 X-ray Fluorescence Spectrometer Configurations. Wavelengths
;\-1 agdzi\z, and energies E] and E3, are emitted by elements
an .
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Table 1

Properties of x-ray and x-ray sources used in on-stream composition

analysis.

Radioisotope Half-life (yr) Energy KeV Relative Abundance*

Am-241 458 14-21 (Np L x-rays} 36
59.6 37
Gd-153 0.65 41-47 (Eu K x-rays) 89

70 2.6
97 20
103 30
Co-57 0.74 122 B9
136 9

Fe-55 2.7 5-9 (Mn K x-rays) 28.5
Pu-238 86.4 13-20 (U L x-rays) 10
Cm~-244 18 14-21 8
Cd=-109 1.3 22-25 (Ag K x-rays} 107

88

I-125 0.16 27-31 (Te K x-rays) 138
35 7
Cs-137 30 662 82
Co=-60 5.3 1170 100
1330 100

*percent photons per disintegration

used low energy gamma and xX-ray
sources. Since optimum flucre-
scence efficiency is achieved

when the excitation photon energy
is close to, but greater than, the
critical excitation potential
required to produce the charac-
teraistic x-ray of interest, opti-
mum source selecticn depends on
the elements to be determined.

X-ray Tube Excitation

An x-ray tube provides a use-
ful excitation source for either
WDX or EDX systems. X-ray tubes
provides a much higher x-ray
intensity than is prossible with
radiolsotope sources. As a
result, small-area detectors may
be used. Also, it 1S not as
critical that the source and
detector be in close proximity to
the sample as is the case for
radioisotope sources. X-ray tubes
are sometimes used with a secon-
dary source to reduce background
radiation.

COMMERCIAL XRF ON-STREAM ANALYZERS

Commercially available on-stream
analyzers can be divided into two
categories; centralized and dis-
tributed systems,

Centralized Systems

In a centralized XRF system,
samples of several slurry streams
are transported to a common sens-
ing unit. Such installations are
generally of the wavelength-dis-
persive type, as this configura-
ticn allows the relatively expen-
sive and bulky egquipment required
for WDX analysis to be shared
among several streams., This
system is particularly suited for
large plants where more than five
or six slurry streams are to be
analyzed. A typical centralized
analyzer is shown in Figure 2.

As it is usually not feasible
to send entire slurry streams to
& centralized analyzer, such
systems require carefully designed
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slurry sampling, pumping, and
flow reducing equipment. The
slurry is presented to the x-ray
equipment through a flow cell
having a plastic window (usually
Mylar or Kapton) approximately

25 microns thick. Since the
x-rays travel only a few milli-
meters into the flowcell, the
layer of slurry in immediate
proximity to the window has the
greatest influence on assays.
Hence, obtaining a representative
sample for analysis is essential.
Generally, a primary sample of
200-250 liter/min is taken, and
is transmitted through two inch
diameter pipes by pumping, pres-
sure flow, or gravity flow to a
secondary sampler, which removes
20 liters/min as a secondary
sample, and returns the remainder
to the main stream. Secondary
sample streams are then presented
to the x-ray analyzer unit.

Examples of centralized XRF

systems are the Courier 300, manu-
factured by Outkumpu Oy, Finland,
and the Monitor 1000 System, from

Harrison R. Cooper Systems, U.S.A.
The first commercial systems of
Courier design were installed in
1967, and since then about fifty
have been put intc use, Several
detailed descraiptions are avail-
able 1n the literature (Lundan et
al, 1977; Leskinen and Lundan,
1983). Elements of atomic number
greater than titanium (no. 22) can
be analyzed, often at assays of
0.01% by weight or below. Metals
subjected to on-stream slurry
analysis include copper, zinc,

iron, silver, cobalt, nickel,
lead, meolybdenum, barium, and
tungsten (Saarhelo, 1985).

The Courier system uses a
series of fixed flow cells, with
a movable x-ray head travelling
on a precision guide rail. The
system is modular, with fourteen
cells 1n each. As many as stix
elements can be assayed, up to
many as three modules can be used
in a Courier configurat:ion.
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This design enables a degree of
expandability 1n the analyzer 's
capacity as reguirements 1ncrease
(Leppala et al, 1971}.

On-stream XRF analyzer accept-
ance by industry has resulted from
attention given to design of samp-
ling, and other factors providing
for all needs of turn-key 1instal-
lations., The systems 1ncorporate
built-in minicomputers with data
processing including programs for
assay computations, self monitor-
ing, and other elements for fully
developed operating capability.

The Monitor analyzers, from
Harrison R. Cooper Systems, Inc.
employ a fixed spectrometer unit
with the multipie sample cell
assembly positioned seguentially
at the spectrometer head. Two
designs are available: the Monitor
1000, with capability for measuar-
1ng elements above titanium simi-
lar to the Courier 300, and Monitor
2000 systems for measurements of
elements as low as aluminum (no.
13}). Measurement of low order
atomic species is made possible
with a sealed spectrometer unit
flushed with helium gas, enablinrg
transmission of low energy photons
from elements below titanium that
otherwise would be absorbed by air
1in the spectrometer.
yzers are 1nstalled on a turn-key
basis 1n units of 14, 28, and 42
flow cell modules. Primary sample
streams are divided 1n secondary
sampling to sequence flow of slurry
Ssample streams to the measuring
head. Figure 2 provides a schem-
atic diagram of the system.

Cther manufacturers offer
similar equipment, of which the
Boliden "Baoxray" is an example
{Sundvist and Sehlstedt, 1978).

In this system, the samples are
exclited by radiation from secon-
dary targets, which produce highly
monochromatic excitation radiation
to thus reduce background noise.
EDX analysis is then carried out
with a lithium-drifted-silicon

Monitor anal-
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so0lid state detector. The
spectrometer is held stationary,
with slurry flowcells for each
sample moved into analysis posi-
tion by rotating the presentation
system around a vertical axis.

A similar sample presentation
system has been described earlier
in the literature (Kawatra, 1976a).

Distributed Systems

In a typical distributed
system, several small on-line
analyzers are provided, one for
each slurry stream. The sensors
are located on the mill floor at
the points where analyses are
desired. The analyzer may be
either in-stream, which eliminates
the need for sampling equipment,
or near-stream, in which case the
sampling requirements are greatly
reduced compared to those of a
centralized system. These
systems are available using
either WDX or EDX spectrometry.

Typical examples of distri-
buted systems include the systems
manufactured by Cutokumpu Oy,
Finland; Australian Mineral
Development Laboratories (AMDEL),
Australia; Austrian Research
Center, Seibersdorf, Austria;
Nuclear Equipment Corporation,
U.S5.A.; Autometrics, U.S.A.; and
Harrison Cooper, U.S.A. The
following sections discuss the
sensor units for in-stream and
near-stream analyzers.

In-stream X-ray Analvzers. This
type of sensor consists ofa radio-
isotope excitation source and a
detector which are immersed
directly in the process stream.
Analyzers of this type are the
result of excellent research work
by the Australian Atomic Energy
Commission {(Watt, 1977), and
several —commercial units are
available. The most commonly

used units are those manufactured
by AMDEL, Australia, and Outokumpu
Oy, Finland. Another attractive
unit for in-stream analysis, the

‘metal concentrations
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Inscan System, has been developed
by Texas Nuclear, U.S5.A. These
units differ primarily in the type
of detector used, with the Inscan
using a solid-state detector, the
OQutokumpu Oy Minexan-202 system
using a proportional counter, and
the AMDEL probe eguipped with a
scintillation counter. It may be
reiterated that the energy resol-
ution of solid-state detectors is
superior to that of proporticnal
counters, which in turn have
better reselution than scintilia-
tion counters.

Since in-stream units utilize
radioisotope excitation sources,
the intensity of the excitation
radiation is inherently stable,
with only a slight correction for
decay being needed. With radio-
isotope excitation sources, fluor-
escence response 1s of low inten-
sity, making WDX spectrometry
impractical, so in-stream analy-
zaers are exclusively EDX systems.
This severely limits the ability
of in-stream probes to resolve
fluorescent x-rays of similar
energies. The background radiatien
levels are inherently high, parti-
cularly at low metal concentra-
tions. These factors limit the
ability of in-stream probes to
produce accurate assays at low
(Cooper,
1376). Serious accuracy problems
arise in measuring low metal
concentrations when elements with
fluorescence spectra overlapping
that of the element of interest
are present in concentrations
greater than one percent.

The AMDEL probe system requires
a separate source-detector set for
each element of interest at each
measurement point. In addition,
this system requires an additional
probe for- measuring pulp density.
A difficulty with in-stream
systems in general is the fact
that repeatable measurements of
pulse amplitude and number
requires high order electronic
stability. Electronic drift
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cannot be effectively evaluated
unless the probe 1s tested after
being removed from its sensing
position in the slurry. Also,
the fact that these probes must
be immersed in a corrosive slurry
introduces problems, as the
detector will be destroyed if
slurry leaks into the sensor heacd.
In general, therefore, the in-
stream systems require a high
level of routine maintenance, and
since they make use of radiciso-
topes, they may be a health
hazard if handled improperly.

Even though the AMDEL and
Outokumpu probes have been
successfully used in in-stream
analysis situations, there are
many applications that do not
lend themselves to systems of
this type. For example, immer-
sion of the probe in a large
vessel, where slurry segregation
is likely due to settling, flota-
tion, or poor mixing, will pro-
duce peoor results.

Near-stream X-ray Analyzers.
Near-stream analyzers consist of
an on-site unit through which a
portion of & slurry stream 1s
shunted for analysis, without
traveling any great distance.
There are several general types
of excitation source/detector
arrangements in use, which are
described in the following
sections.

1) X-ray Tube Diffraction Crys-
tal. Excellent sensitivity and
accuracy is achieved down to very
low metal concentrations often in
the parts per million range, as a
result of the high primary x-ray
intensity and high resolution
capability of crystal spectro-
meters. Such devices are
mechanically more complex, and
thus more costly, than in-stream
analyzers. Typical examples of
this type of analyzer include the
Courier-30 system, manufactured
Ly Outokumpu Electronics, Finland,
and the Monitor 590 system, manu-
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factured by Harrison R. Cooper
Systems, Inc., U.S.A.

The first application of on-
stream x-ray fluorescence to an
industrial mineral process was
carried out with the Monitor 500
system. The Monitor 500 was used °
at a baryte mineral beneficiation
facility where several process
slurry streams in flotation were
analyzed for barium sulphate. In
this process, a critical require-
meént was providing information to
a computer control system to main-
tain final product grade in the
range of 50% baryte. The Monitor
500 system with two channels for
rhodium backscatter radiation was
installed to measure the Rayleigh
and Compton scattering intensitaies.
Preliminary tests conducted with
process samples showed a correla-
tion of impurity level in the
concentrate with the difference
(divergence) between inelastic
scattering intensity and elastaic
scattering intensity. The Monitor
500 system was employed in this
application because it has the
capability for extension of
measurement range to low atomic
number elements, which allows for
determination of silica if such
should become necessary for
impurity control in the future.

2} X-rav Tube/Solid State Detec-
tor. A system based on this com-
bination has been described by
Sundkvist and Sehlstedt (1978),

and used 1n Boliden Metal's
Aktiebolag Copper mine in Sweden.
This System utilizes energy dis-
persive analysis in combination
with secondary excitation. Secon-
dary excitation consists of
directing the tube output to a
secondary target. The secondary
target then emits nearly mono-
chromatic fluorescent radiation,
which 15 used to excite the sample.
In the process, the continuous and
characteristic spectra of the tube
are largely eliminated. This
allows both precise selection
excitation photon energy, and

of
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reduction of background radiation
The line-to-background ratio for
the energy-dispersive spectrometer
is then nearly comparabkle to the
line~to-background ratio of wave-
length-dispersive systems.

Another example of this type
of near-stream analyzer is the
XRA-1500 system developed by
Armco Autometrics, Boulder,
Colorado. This system utilizes
a germanium solid-state detector,
rather than a lithium-drifted
silicon detector (Ballard et al,
1983, and Kouns, 1985).

3) Radicisotope/Solid-State
Detector. A by-line system based
on Iodine-125 as an excitation
source and a solid-state detector
for energy-dispersive analysis
has been developed by INAX,
Ottawa; Bondar-Clegg, Ottawa; and
Ramsey Rec. Ltd., Richmond Hill,
Canada (Ereiser et al, 1980).
Since solid-state detectors are
capable of resolving x-rays of
most elements of interest even
when their atomic numbers are con-
secutive, simultaneous multi-
element analysis is possible with
this system. High resclution
with solid-state detectors can be
achieved only if the diameter is
small, usuvally 4 mm. Since this
is considerably less than the 25
mm typical for scintillation or
proportional counters, an intense
radiocisotope source 1s regquired
for solid-state detectors. This
type of analyzer has been tested
in plant trials at Noranda Mines
Ltd., Ontario, Canada, for assay-
ing copper, lead angd zinc.

4) Radioisctope/Proporticnal
Counter. An example of this type
of analyzer is Outokumpu's Minexan
202 system, which 1s available in
both in-stream and near-stream
configurations. Each Minexan
probe is capable of determining
concentrations of as many as five
elements plus pulp density. The
probe employs a sealed proportional
counter, and utilizes energy-
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dispersive analysis. While such
detectors are relatively inexpen-
sive and simple to use, resclution
is inferior to both solid-state
detectors and wavelength-disper-
sive systems, and thus elements
with closely spaced fluorescent
lines are difficult to distincuish
{Barker and Saarhelo, 1984).

FACTORS AFFECTING MEASUREMERT
ACCURACY

XRF analysis accuracy depends
on several factors, some of which
may be beyond the control of the
instrumental technique such as
mineralogical conditions, size
distributions, interelement
effects, and the level of assays
which exist in the slurry being
analyzed. Several fundamental
sources of error inherent to x-ray
fluorescent analyzers are discussed
below. Within these laimitations,
the accuracy to be attained by
XRF becomes dependent on the care
and details put forth to the pro-
cess of calibration.

A variety of methods for-XRF
calibration are available, ranging
from simplistic multiple linear
regression to more advanced
methods employing mathematical
models based on the x-ray fluore-
scence process., Calibration
procedures are discussed in other
tests (Cooper 1976). It is to be
emphasized that effective use of
on-stream x-ray fluocrescence
analysis depends on producing
reliable assays which can be
derived only from application of
proper calibration technigue.

Some factors such as particle
size distribution, air content
and pulp density can have signi-
ficant effects on XRF accuracy.
These factors are discussed below:

Atomic Number of Element. The
higher the atomic number of the
element being analyzed, the
greater is the accuracy of

10
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measurement,

Concentration of the Element.
The higher the concentration of
the element being analyzed, the
greater is the accuracy of
measurement. Expected relative
accuracies to be attained are
given for typical cases {(relative
accuracy is the standard error of
measurement divided by the aver-
age concentration, multiplied by
100 percent).

Copper 1n concentrates 4-5%
(25% grade)

Copper in tails (0.1%) 6-8%

Molybdenum in feed (0.2%) 4-6%

Lead in feed (5%) 7-9%

Zinc in tails (0.5%) 6=8%

Particle Size. The smaller the
particle size the greater 1s the
measurement accuracy. Variation
in particle size distribution can
give rise to errors. Berry et al
{1969) have discussed particle
size effects in detail. 1If a
grinding circuit has a particle
size control, variations in the
particle size in the flotation
section would be less, giving
lower errors (Kawatra, 1975).

in the
of mineral

Mineralogy. Variations

composition and variety
types incorporating the element

to be measured, as well as mineral
graln size variation, causSe re-
duced possibilities for accurate
measurement.

Pulp Density. Measurement

accuracy becomes greater for
higher pulp densities and reduced
variations in pulp densities, not-
ing that the measurement result
is the element content of the
solids portion of the slurry.

Entrained Air. Since the inten-
sity of the fluorescent x-rays
depends on the amount of sus-
pended solids, and hence on the
slurry density, it is necessary
to apply a density correction to
the fluorescent intensity. This
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correction Mmay be obtained

through either of two methods;
gamma-ray transmission, and x-ray
backscatter. For example, AMDEL
probes use a gamma-ray-transmis-—
sion density gauge to correct for
pulp density. Entrained air is
always present in flotation
slurries, and causes errors in

the pulp density measurement, with
the magnitude of the error being
greater for transmission density
corrections. In a study conducted
for the measurement of percent
copper in a chalcopyrite slurry
using a transmission gauge for
density compensation, it has been
shown that an increase of entrain-
ed air from 0 to 30 percent
resulted in a 40% error in the
copper determination (Kawatra,
1976b}.

NEUTRON ACTIVATION ANALYZERS
Fundamental Prainciples

Neutron technigues are attrac-
tive for analysis of elements with
low atomic number such as silicon,
aluminum, chlorine, sulfur, and
fluorine. These elements may
only be measured with difficulty
by x-ray fluorescence analysis due
to their low-energy characteristic
x-rays. Thus, neutron activation
may be considered as a viable
method to carry out on-stream
analysis when XRF methods cannot
be used.

Neutron activation analysis is
based on the interactions of neu-
trons with atomic nuclei, rather
than on interactions with the
electron shells. The results are
therefore independent of the
chemical state of the elements
being measured. There are two
types of neutron-nucleus inter-
action which may be applied for
analytical technigues: 1) Radio-
nuclide production, which results
in delayed gamma-ray emissions as
the unstable nucleus decays, and
2} prompt gamma emission, Which

13
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occurs immediately following the
capture of a thermal neutron by
the target nucleus,

Radionuclide production has
been employed for on-line analy-
s1s of silica in iron ore, and
silica and chromium in chromite.
The nuclear reaction for silicon
activation is as follows:

+ n (fast) —+ A128 + p

.28
. 13

14°

181%8 nas a half-life of 2.3
minutes, and decays to the
original stable silicon nucleus

by emitting a bheta particle
accompanied by a 1.78 MeV gamma
ray.

The neutreon sources used are
typically either Cf£-252, or an
a~n source. O=-n sSpurces consist
of a source of alpha particles,
such as Po-210 or Pu-239, and a
target such as beryllium. The
reaction of the alpha particles
with the target causes neutrons
to be emitted. These sources
produce on the order of 108 neu-
trons per second.

Determination of Silica in Iron
Ore Slurries

At present, only one type of
neutron activation sensor is
commercially available. This is
the NOLA ] system, produced by
Texas Nuclear, Texas., This unit
has been installed in at least
eight operating iron ore process-
ing plants with satisfactory
results.

The NOLA unit consists of an
analysis loop which recirculates
a sample of slurry through the
irradiator, detector, and density

gauge units, as shown in Figure 3.

The analysis loop holds approxi-
mately 500 milliliters of slurry,
whxich must be at least 50% solid
for a reascnable analysis. The
loop 1s filled automatically from
the slurry stream through a

solencid-operated 2-way valve.
This technique, termed Recircula-
tion Activation Analysis, has
several advantages {(Texas Nuclear,
1985):

1} increased sensitivity over
single-pass analysis schemes;

2} lower dependence on fluctua-
tions in slurry flowrate; and

3) minimal slurry sedimentation,
due to the capability of
maintaining a high flowrate
in the analysis loop.

The NOLA system uses a Pu-Be
a-n source (half-life 87.4 years)
which emits 10° neutrons per
second. At the Reserve Mining
Co., Silver Bay, Minnesota, the
NOLA system has been found to be
capable of measuring silica con-
tent with an accuracy of + 0.2%
by weight (Allie, 1980). The
NOLA analyzer at U.S5. Steel's
Minntac taceonite plant measures
the silica content in a slurry
containing from 20 to 70% solids
at 5 to 6% silica, with results
within + 0.2% of the silica con-
tent determined by wet chemical
methods (Benner and Ludwig, 1984).

ON-LINE COMPOSITION
ANALYZERS USING OTHER
TECHNOLOGIES

The discussion in this chapter
heretofore has dealt with the more
established on-stream XRF and
neutron activation analyzer sys-
tems, as these technologies have
become of substantial importance
to the metallurgical and mineral
processing industries. Neverthe-
less, newer on-line compositiocn
analysis technologies have been
introduced in recent years which
offer the possibility of extending
the range of analyzer methods which
can be applied for improved process
control. Several of the technigques
are based on non-radiometric
methodologies. Salient features

12
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of the newer technigues are
briefly described below.

Several methods for on-line
analysis of gold in solutions
and slurries are currently being
developed. Witteck Development
of Toronto, Canada, is currently
developing an on-line gold
analyzer based on the Direct
Current Plasma (DCP} pranciple.
Unlike the atomic absorption
spectroscopy (AAS) method, which
utrlizes light abscrption, PCP
is based on light emission. The
plasma yields a much higher oper-
ating temperature with resulting
sensitivities of 5-10 ppb achiev-
able from unconcentrated samples.
This compares very favorably with
the levels of .1 ppm (unconcen-
trated samples} and 20 ppb (con-
centrated samples) normally
obtainable with AAS, Plant trials
have been scheduled for the near
future, however, no details are
available at this time because
of commercial interests. Robert
and Ormrod (1982) have described

Schematic of NOLA analyzer

(after Berry, 1978).

an on-line gold analyser, the
'Tele-tale' which is based on
solvent extraction and flame
atomization and has a lower limit
of determination of 0.005 mg/lL.
I+t is in use in a number of gold
mines to monitor the gold content
of barren solutions from filters.
Recently, Mintek (1985} has
improved upon this analyzer and
developed a prototype system based
on atomic absorption spectropho-
tometry and electrothermal
atomization. It was designed to
menitor the gold in solutions
from the carbon-in-pulp process.
Although the improved on-line
analyzer is not commercially
avallable as a package, all the
separate components except the
modified furnace autosampler are
availahle, Bateman Process
Instrumentation Ltd. (1985) has
installed on-line gold sensors
based on the principle of atomic
absorption spectrometry.

Nuclear applications, Harwell,
U.K., has recently built an on-line
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monitoring system for a feldspar
nill for Amberger Kaolinweke GmbH
in west Germany (Wheeler, 1985).
Tne details of this installation
may soon be available.

The National Institute of
Mining and Metallurgy, South
Africa, has developed an on-line
instrument in a feasibility study
of the applicability of x-ray
diffraction to the analysis of
fluorspar-containing slurries.
The instrument is shown to have
adequate sensitivity and resoclu-
tion and further test work is
recommended (de Villiers, 1981).
This method has been extended to
on-stream analysis of apatite
slurries as well.

On-stream analysis of coal
slurries or of solid material
flows has not been discussed in
this chapter. A number of tech-
nigues such as prompt gamma
neutron activation, nuclear
magnetic resonance and electron
spin resonance are described by
Cooper (1984).
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Chapter 4

A PROCEDURE FOR EVALUATING EXISTING HEAVY-MEDIA COAL PREPARATION
CIRCUITS TO ENHANCE SULFUR REMOVAL: A CASE STUDY

S. K. Kawatra!, T. C. Eisele!, and H. L. Dilley?

1Dos:pa.rtrnf:nt of Metallurgical and Materials Engineering
Michigan Technological University
Houghton, MI 49931

2 American Electric Power Service Co.
AEP Central Coal Laboratory
Albany, OH 45710

ABSTRACT

To improve the sulfur-rejection capability of a coal-cleaning plant, it is first necessary to evaluate the
performance of the existing circuit. This information can then be used to decide whether there would be
significant benefits from improving the operation and control of the existing circuit, or whether further
improvements would require more radical process changes. This paper describes a simple mode! for
evaluating heavy-media separation circuits, and presents a case-study of such an analysis of an operating
heavy-media coal cleaning plant. Efficiency curves were calculated and modelled using Lynch’s mcthod,

and a simplified expression was derived for calculating the Ecart Probability value from the modcl
parameters.

INTRODUCTION

Since new environmental regulations are greatly restricting the emissions of sulfur oxides by coal-
fired power plants, there is considerable interest in removing sulfur from coal before it is burned. The
sulfur removal by coal-cleaning plants can be improved either by improving the effectiveness of existing
equipment through better operation and control, or by the introduction of advanced processcs and radical
process changes. To select between these two choices, it is necessary to decide whether an existing
circuit can be improved significantly, or whether it is already near its theoretical limit. In this paper, a
method is illustrated for determining how closely a heavy-media circuit is approaching the theoretical
optimum performance. This is useful for determining whether there is much further improvement that
can be made in a particular heavy-media circuit without changing to a completely differcnt process.

The theoretical limit of sulfur removal by heavy-media separation is mainly determined by the nature
0: the feed. Much of the sulfur in coal occurs as particles of pyrite (FeS,) which typically accounts for .
between 15 and 80% of the total suifur in the coal (Hower and Parekh, 1991). Since pyrite (specific a
gravity of about 5) is considerably denser than coal (specific gravity of approximately 1.2-1.6 for most
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components of bituminous coal) (Dyrcacz et al., 1984), a density-based separation is ideal for separating
pyrite from coal.

Two factors prevent heavy-media separation from removing all of the sulfur from coal:

1. Heavy-media separation is not very effective at particle sizes smalier than 200 micrometers (Wills,
1992). Since pyrite particles that are only a few micrometers in diameter are poorly liberated at this size,
they are difficult to remove.

2. The second major form of sulfur in coal, the organic sulfur, consists of carbon-sulfur compounds
that are an intimate part of the coal structure, and so cannot be removed by a purely physical separation.

Allowing for their basic particle size limitations, heavy-media separations can nevertheless remove a
large fraction of the pyritic sulfur that is partially liberated from the coal at a fairly coarse size. In this
paper, the performance of a commercial plant which uses heavy-media separation to clean coal was
examined to determine its sulfur-removal capacity, and the observed performance was compared with the
theoretical maximum performance.

THEORETICAL DISCUSSION

A very useful tool for evaluating the performance of a heavy-media separator is the partition curve, or
Tromp curve (Wills, 1992). This curve is constructed by first carrying out sink-float analyses of *
separator products. This data is then used to calculate the fraction of the total material ineachd.
fraction that reports to the sinks product. This fraction is the partition coefficient for the given density,
and when the partition coefficients are plotted versus density, they fall along the partition curve. The
simplest method for creating these curves would be to plot the individual points and then to draw a
smooth curve through them by hand. However, for many data sets the resulting curve is subjective, and
will vary depending on the judgement of the person drawing it (Wizzard et al., 1983). In these cases, itis
helpful to use a standard formula for the curve, using a curve-fitting computer program to calculate the
adjustable parameters, so that the curve-fitting can be standardized and made reproducible. A number of
such formulas have been developed over the years, which are each suited for particular types of separator
(Peng and Luckie, 1991). It is generally best to use an equation with a small number of adjustable
parameters when possible, since this makes the curve-fitting operation simpler, and the values for the
adjustable parameters are tightly constrained, and therefore more likely to be physically meaningful.

The following equation, which was originally used for hydrocyclone efficiency curves (Lynch, 1977),
can be curve-fitted to heavy-media partition curves, using a standard non-linear fitting algorithm:

em—l
S Y= "« . (1)
e +e =2

where x = p/p50

y = percent of material of the given density that reports to the sink product
p = particle density

P50 = density at which 50% of the particles report to the sink product

¢ = sharpness parameter
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The values of o and ps for each circuit provides a quantitative measure of the performance, where
increasing values of o indicate an increasingly precise separation, and psg is a measure of the density at
which the separation is actually being made.

The standard measure of separation accuracy, which is widely used in the coal industry, is the Ecart
Probability, or Ep (Wilis, 1992). This is defined as:

_ Pas—Pys
E,= — (2)

where p75 and p,s are the densities on the partition curve where 75% and 25% of the particles,
respectively, would report to the floats product. This is a measure of the slope of the efficiency curve in
its middle region, where it is approximately linear, with the quality of the separation improving as the E,
value decreases. For a perfect separation, the value of E; would be zero. The value of E; can be
calculated from Lynch’s model, using a formula that was derived as follows. First, equation 1 was solved

for x, to give:
o
X = (é)ln[ﬂ_zll‘_l] 3)

y—-1

By substituting y=0.75 and y=0.25 into equaiion 3, we obtained:

X5 = (é)ln(3eu—2) (4)
Xy = (é)ln[zg“a] (5)

Since x=p/psq, and therefore p=pspx:

XocPen ~XqcP P
E = 75 502 25F50 _ %)(x_}s_xﬁ) (6)

By substituting equations 4 and 5 into equation 6 and simplifying, we obtained the exact solution for

the Ecart Probability:
_ _ pso) 9¢” -6 :
- Ep = (E In (7)

o
2+e¢

If the separation is efficient, the value of 0. from Lynch’s equation will be large. For large o, the value
of e* becomes so large that the effects of subtracting 6 and adding 2 are negligible, and so equation 7 can
greatly simplified to:

p p
E, = (2—5(2)1;1(9) = (1.0986)7.5?0 (8)
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Whenever o is greater than 5, the difference between equations 7 and 8 is less than 1%, and when
a>27, the difference between the two equations is less than the normal round-off error of most
calculators. For comparison, the circuits described in this paper all had values of o greater than 40, as
shown in Table 5, and so for these cases equation 8 is just as accurate as equation 7.

Using equations 1 and &, it is straightforward to characterize the performance of a heavy-media
separator. Given the sink-float analysis of a particular feed coal, they can be used to calculate the
expected recovery and product quality. They can also be used to determine whether the separator would
be more effective on a given feed if the separating density or separation sharpness were changed.

Using this method, the performance of an operating heavy-media circuit was examined to determine
how closely the plant was approaching the maximum theoretical performance for the feed being
processed.

PLANT DESCRIPTION

A simplified flowsheet of the plant is given in Figure 1. The plant used heavy-media separation to
clean al] of the coal coarser than 0.6 mm (28 mesh). The heavy-media was a slurry of finely ground
magnetite in water. After being reduced to pass 152 mm (6") by a rotary breaker, the feed was screened to
remove a 152 x 16 mm (6" x 5/8") coarse fraction. The material finer than 16 mumn (5/8") was then further
screened at 0.6 mm (28 mesh) using a sieve bend and vibrating screen, to produce a 16 x 0.6 mm (5/
8"x28 mesh) intermediate product. The 0.6 mm (-28 mesh) material was then separated by a clas T
cyclone into 600 x 150 pm (28 mesh x 100 mesh) and 150 x 0 wm (-100 mesh) size fractions that ...
treated in two separate froth-flotation circuits, which are not discussed here.

The 152 x 16 mm (6"x5/8") material was cleaned using two Peters washers, which are heavy-media
baths. The rated capacity of these units was 454 metric tons/hr (500 tph each), or 907 mt/hr (1000 tph)
for the two units. The feedrate to the entire plant was 1868 mt/hr (2059 tph), of which approximately
40%, or 748 mt/hr (824 tph), reported to the Peters washers.

The 16 x 0.6 mm (5/8" x 28 mesh) coal accounted for approximately 45% of the plant feed, and was
treated by heavy-media cyclones. Normally three of the four available cyclone circuits were operating at
any given time. Each circuit consisted of two 61 cm (24") diameter heavy-media cyclones, rated at 136
mt/hr (150 tph) each. The six operating cyclones received 841 mt/hr (927 tph), or 141 mt/hr (155 tph)
each. The specifications of the cyclones were as shown in Table 1:

Table 1:  Specifications of Krebs 24" Heavy-Media Cyclone, Model 24b-20FA

Inlet arca: 290 cm? (45 in?)
Overflow diameter: 28 cm (11”)
Underflow diameter: 15.9 cm (6.25")
Cone Angle: 0.174 radians (10°)
Flow Rating: 7570 liters/min @ 103 kilopascals (2000 gpm @ 15 psi)

The correct media specific gravity targets were 1.70 in the heavy-media baths, and 1.75 in the
cyclones. Actual separating gravities were 1.75 in the baths, and 1.82-1.88 in the cyclones.
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Figure 1. Simplified flow diagram of the Meigs coal cleaning plant, not including the
reclamation circuits for heavy-media and water.

Feed Characteristics

The coal was mined from the Clarion 4A seam, and was a high-volatile bituminous coal containing
approximately 1.05% organic sulfur and 0. 06% sulfate sulfur, with 3.5-4.6% pyritic sulfur. The
composition of the feeds to the heavy-media bath and to the three cyclone circuits described is given in
Table 2, with the feed size distributions given in Table 3. The washability of cach of the feed-coal
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streams was determined by heavy-liquid sink-float analysis, and the weight and sulfur content in each
density fraction is given in Table 4. From this data, it is seen that it is possible to reject a greater
proportion of the sulfur from the cyclone feeds than from the bath feed, because the cyclone feeds contain
a greater amount of low-density, low-sulfur material. This is a result of the finer size distribution of the
cyclone feeds, which allows better liberation of the pyrite from the coal.

Table 2: Heavy-media bath and heavy-media cyclone feed coal

composition
Feed Size Range 90 Ash YoSulfur BTU/Ib
Heavy-media bath 152 x 16 mm 46.27 5.63 6950
Cyclone Circuit B 16 x 0.6 mm 40.97 4.68 7801
Cyclone Circuit C 16 x 0.6 mm 45.56 4.54 7149
Cyclone Circuit D 16 x 0.6 mun 4441 4.74 7271

Table 3: Heavy-media bath and heavy-media cyclone feed coal size distributions
(curnulative percent passing each size). Since the cyclone feeds have a finer
size distribution, the liberation of coal and pyrite is higher than for the bath feed,
and so there is a larger quantity of low-sulfur, low-density coal that can be

recovered.
Size Heavy-Media Cyclone chlqne C_yclqne
Bath Circuit B Circuit C Circuit D
6" (152 mm) 100 100 100 100
5/8" (16 mm) 15.00 93.76 97.17 80.12
3/8" (9.5 mm) 69.56 75.07 64.38
1/4" (6.3 mm) 4.23 50.98 54.59 47.71
8 mesh (2.36 mm) 24.39 27.15 26.17
28 mesh (0.6 mm) 2.21 3.74 5.31
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Table 4: Sink/Float washability results for the feeds to the heavy-media bath and
cyclones.

Heavy-Media Bath | Cyclone Circuit B | Cyclone Circuit C | Cyclone Circuit D

Rsa.r?g'e Towt %S Towt %S Jowt %S Gowt %S
-1.3 15.81 2.70 33.19 2.55 29.86 2.58 28.34 2.65
+1.3/-14 1 17.65 3.99 13.73 352 12.04 3.56 14.34 3.37
+1.4/-1.5 4.89 5.60 4.79 5.48 4.62 4.74 4.39 495

+1.5/-1.6 2.35 6.72 2.12 6.08 2.45 5.83 2.34 5.91
+1.6/-1.65] 0.78 5.65 0.57 5.88 0.73 6.12 0.54 5.66
+1.65/-1.7 1.08 6.02 0.71 5.31 0.79 5.56 0.91 5.14
+1.7/-1.75}  2.00 8.82 0.92 6.71 1.02 7.93 1.12 7.53
+1.75/-1.8] 5.79 9.13 2.51 8.31 2.43 8.96 242 891
+1.8/-1.85| 3.03 8.83 2,12 9.84 1.51 8.66 2.00 0.42
+1.85/-1.9 1.45 9.09 1.78 8.07 1.31 8.25 1.20 8.41

+1.9 45.16 6.33 37.56 6.02 43.24 5.44 42.00 5.85

Total 99.99 5.63 100.00 4.68 100.00 4.54 100.00 4.74

RESULTS AND DISCUSSION

A summary of the separation results for the four circuits studied is given in Table 5. As would be
expected from the sink/float results in Table 4, the cyclone products (Table 5) are all lower in sulfur than
the product from the heavy-media bath, and the % weight yields and BTU recoveries are higher, due to
better liberation at the finer particle sizes where the cyclones operate.

Table 5: Plant performance summary, clean coal products. The pyritic sulfur contents were estimated
from the total sulfur contents, assuming that all products contained 1.05% organic sulfur.

% Weight % BTU % % Pyritic
Recovery Recove %Ash | %S | Pyritic | Sulfur BTU/b
(Yield) v Sulfur | Rejection

Heavy Media Bath 45.18 71.48 1499 | 428 | 3.23 68.1 12090 (28102 J/gm)

Cyclone Circuit B 60.00 86.40 1247 | 380 | 275 54.5 12429 (28890 J/gm)

Cyclone Circuit C 56.32 86.64 1209 | 3.80 | 2.75 55.6 12533 (29132 J/gm)

Cyclone Circuit D 56.67 85.81 1292 1393 2388 55.8 12361 (28732 J/gm)

Y
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While the data in Table 5 is useful for determining whether the product being produced is meeting
specifications, it does not give any indication of whether the performance of the circuit can be improved
significantly. To determine this, it 1s necessary to calculate the sharpness of the separation being made by
the separator. This is most easily done by using the procedure outlined in the theoretical section.

Separation Efficiency

Partition curves for the plant being studied were calculated based on sink/float analyses of the
separator products. The partition data calculated for these tests is plotted in Figure 2, along with the best-
fit curves for each circuit, as determined by non-linear regression, using Equation 1. The values and the
uncertainties of the calculated parameters are given in Table 6. Two general-purpose curve-fitting
programs were used (Sherrod, 1992; Temple University, 1993), which gave identical results even though
they used different curve-fitting algorithms (Dennis et al., 1981; Press et al., 1988). Lynch’s model fits
the central portion of the partition curve very well, and deviates only a small amount near the ends. If the
deviations at the ends were large, this would be an indication that there were mechanical problems with
the separator which were allowing either high-density or low-density particles to be misplaced into the
wrong product.

P
100 T T T / T W
— - [l Heavy-Media Bath
% 80 L & Cyclone Circuit B -
‘S A Cyclone Circuit C ]
= @Cyclone Circuit D
O 60 | .
]
O . L
c | : -
S 40
S ol " |
20 | 7]

ol A/

0 1 1 1

1.20 1.40 1.60 1.80 2.00 2.20 2.40

Specific Gravity

Figure 2. Partition curves for the heavy-media bath and the three hydrocyclone
circuits studied. The partition coefficient is the percent of the feed
material at a particular specific gravity that reports to the sink product.
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Table 6: Results of fitting Lynch’s equation to the plant partition data, and using the
parameters o and s to calculate the Ecart Probability number, Ej, using
Equation 8. Increasing values of o indicate an increasingly sharp separation,
the psg value increases as the separating density of the separator increases, and
the value of E, approaches zero as the separation becomes sharper. .

a Pso E;
Heavy-Media Bath 54 87+/-5.93 -1.752+4/-.004 ) 0.0351
Cyclone circuit B 41.28+/-1.66 1.807+/-.002 0.0480
Cyclone Circuit C 64.07+/-1.64 1.8633+/-.0007 0.0319
Cyclone Circuit D 46.25+/-5.12 1.824+/-.005 0.0433

To show the effect of changes in the density of separation (psq) and the separation sharpness
parameter (&), Equation I was used to calculate the % clean coal yield and the % pyritic sulfur that
would be expected from the Peters Washer and Cyclone Circuit B feeds as psg and o were varied. The

sults of these calculations are given in Table 7. The pyritic sulfur contents of the products were
estimated from the total sulfur contents, assuming that all products contained 1.05% organic sulfur. The
percent pyrite rejection was calculated from the expression:

(%Wt. in Feed x Feed Wt.) — (%Wt in Floats x Floats Wt) %1

%Rejection =
okejection (%Wt. in Feed x Feed Wt.)

00 9)

Comparing the actual plant results from Table 5 and Table 6 with the predicted results in Table 7, it is
seen that the predicted results show lower sulfur contents and higher sulfur rejections than was actually
seen in the plant. This difference is due to the small deviations of Lynch’s model from the actual data
near the ends of the partition curve. Since the ends of the curve represent either very low-ash coal or very
high-ash reject, a very small deviation in the curve fit will result in a disproportionately large error in the
predicted values. The predicted results are mainly suitable for determining whether a given change in
separation sharpness or scparating density will improve the plant performance. The difference between
the predicted and the actual values are also useful for determining whether a significant amount of
material is bypassing the separation because of mechanical problems.

From Table 7, it can be seen that increasing the psq increases both the clean coal yield and the %
sulfur in the clean coal, as would be expected, since a higher separating density will carry more locked
coal/pyrite particles into the float product. There are aiso changes in yield and product quality when o is
varied, but the changes are very small because these feeds do not contain a great deal of near-gravity
material. This shows that in this plant, the separation performance is good enough that the product

wlity is determined more by the characteristics of the feed than by the performance of the plant, and

4t increasing the sharpness of the separation will have only a small effect on the plant performance for
this feed.
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Table 7: Calculation of the predicted performance of the Peters Washer (heavy-media
bath) and Cyclone Circuit B, as the specific gravity of separation (psg) and
sharpness parameter (ct) are varied. These values are calculated from the sink/
float analyses in Table 3, using Equations 1 and 8.

Peters Washer Cyclone Circuit B
Po | o | B % Yield | % Pyritic S ;f;;zg; %Yield | % Pyritic S li;i::;
1.70 | 60 { 0.031 | 42.31 289 | 7330 5482 | 220 73.67
551 0.034 | 42.37 2.91 73.08 54.84 2.20 73.66
450042 | 4254 2.94 72.69 54.87 2.20 73.64
35| 0.053 | 42.77 2.98 72.17 54.90 2.22 73.39
20 | 0.093 | 42.77 3.11 70.96 54.33 2.26 73.19
175 | 60 | 0.032 | 44.34 3.09 70.09 55.89 2.27 72.30
55| 0.035 | 44.45 3.11 69.82 55.94 2.27 72.27
4510043 | 4471 3.14 69.35 | 56.05 2.29 7198
351 0.055 | 45.00 3.19 68.66 56.17 2.31 71.67
20 | 0.096 | 44.99 3,28 67.78 55.84 2.36 71.23
1.80 | 60 | 0.033 | 47.62 3.42 64.44 57.50 2.40 69.87
55| 0.036 | 47.64 3.42 64.43 57.53 241 69.73
45 0.044 | 47.67 3.43 64.30 57.60 2.42 69.57
35| 0.056 | 47.67 3.44 6420 | 57.65 2.43 69.41
20 { 0.099 | 47.13 3.45 64.50 57.24 2.45 69.38
1.85 | 60 [ 0.034 | 51.06 3.72 58.53 59.44 2.57 66.65
55| 0.037 | 50.95 3.71 58.73 59.41 2.57 66.66
451 0.045 | 50.67 3.69 59.18 59.33 2.57 66.71
351 0.058 | 50.28 3.66 59.82 59.19 2.56 66.92
201 0.102 | 49.07 3.60 61.43 58.50 2.54 67.56

Particle Size Effects

The variation in separation performance as a function of size was determined for all three of the
cyclone circuits by screening and analyzing the feeds, clean coal products, and tailings. The BTU

recoveries, pyritic sulfur rejections, and total sulfur rejections were determined for cach circuit as the
particle size was decreased.
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Figure 3. Variation in separation efficiency as a function of size for Cyclone
Circuit B.

 The results are shown in Figure 3 for Cyclone Circuit B, which was representative of all three units.
For this circuit, we see that the BTU recovery slowly increases as the particle size decreases, due to
improved liberation at finer sizes. However, the pyrite and sulfur rejections decrease at the finest particle
sizes, particularly at sizes smaller than 6 millimeters. This is due to the decreased separation performance
of heavy-media separators that results from the increased influence of hydrodynamic forces as particles
become smaller. Therefore, grinding to a finer size to improve liberation of ash and pyrite would not be
of particular benefit for this circuit.

CONCLUSIONS

Lynch’s model expresses the sharpness of a separation in terms of the parameter o, which is not an
intuitively obvious measure of the separation sharpness. The Ecart Probability value (E;) 1s much more
widely used in the coal industry, and its relevance is well understood, but no relationship was available in
the literature for converting atto Ej. Therefore, a conversion formula was derived. For high-efficiency
separators such as heavy-media baths and cyclones, the Ep can be closely approximated using the
formula Ej = (1.0986)ps¢/at, where psq is the specific gravity of separation.

Once a model of the partition curve has been determined, it is relatively straightforward to use it to
predict the performance of the separator with various feeds. This helps to assess whether the product
quality from the separator can be significantly improved by adjusting the separating density or improving
the sharpness of the separation, or whether further improvements can only be made by radical changes in
the process.

Using this method, an operating heavy-media plant was analyzed. It was found that the plant was
producing a very sharp separation, and that for the coal being processed, increasing the sharpness of
separation further would have a minimal effect on the product quality. To significantly increasc the
pyritic sulfur removal from this coal, it would be necessary to grind the coal to a finer size to improve
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liberation. However, heavy-media separations become less effective at finer sizes, and so it would be
necessary to switch to an advanced coal-cleaning process that couid deal with finer coal.
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Chapter 20

ON-LINE TESTING OF A HORIZONTALLY-BAFFLED FLOTATION COLUMN IN AN
OPERATING COAL-CLEANING PLANT

T. C. Eisele and S. K. Kawatra

Department of Metallurgical and Materials Engineering
Michigan Technological University
Houghton, Michigan 49931

ABSTRACT

A horizontal-baffle arrangement has been developed to prevent excessive axial mixing in flotation
amns. These baffles have been shown in previous work to improve the grade/recovery performance of
both a laboratory-scale column and a pilot-scale column (Kawatra and Eisele, 1993). In this paper,
results are given for continuous on-line operation of the pilot-scale baffled column in a commercial coal-
cleaning plant. These results show its ability to operate for extended periods without plugging, to
produce a consistent-quality product even while the feed quality was fluctuating, and to remove much of
the pyritic suifur from the coal.

INTRODUCTION

Flotation columns have been widely adopted in many applications in recent years, because they are
more efficient separators than conventional flotation machines. Columns are more effective because they
establish a long concentration gradient between the froth product and the sinks product, so that several
meters are available over which the separation can take place, This is in contrast to conventional flotation
machines, where the separation mainly occurs at the pulp/froth interface. Froth washing in the columns,
which reduces entrainment of gangue into the froth, further improves the separation. However, in order
for the concentration gradient to be established properly and for froth washing to work well, the column
should approach plug-flow, where the vertical velocity of the pulp is approximately constant across the
entire cross-section of the column (Finch and Dobby, 1990).

In flotation columns, vertical mixing along the axis of the column (axial mixing) causes the slurry
flow in the column to deviate from plug-flow. This is generally harmful, as it tends to reduce the product
-=covery and to make the separation less selective (Finch and Dobby, 1990). As columns are increased in

: from laboratory or pilot scale to full scale, the amount of axial mixing tends to increase, as larger
uiameter columns generally have a smaller height/diameter ratio than smaller columns. This axial mixing
not only harms the performance of larger-diameter columns, but also makes scale-up calculations more
difficult. A related problem is the formation of large bubbles, which cause the froth to “churn” when they
go through the froth layer. If it is severe, the churning caused by large bubbles can disrupt the froth layer,
causing a loss of selectivity. These large bubbles will form when the bubble generators are not working
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properly, when air is entrained into the feed stream, or when bubbles coalesce as they rise through the
column.

Work has been done in the past using vertical baffles to subdivide the column and reduce the apparent
diameter, with the goal of reducing axial mixing, but this has been found to introduce bubble-distribution
problems (Finch and Dobby, 1990) and has been found to have only a small effect on performance in any
case (Alford, 1992). In previous work by the authors (Eisele and Kawatra, 1994a,b), the use of horizontal
baffles to reduce axial mixing was described. It was found that the best results were obtained in the
laboratory when the baffles had between 29 and 38% open area and when they were present both above
and below the feed inlet. A pilot-scale column of the same design as was developed in the laboratory was
then built and tested off-line, to determine whether there were any serious scale-up problems (Eisele and
Kawatra, 1994b). In this paper, the results of continuous on-line tests with the pilot-scale column in an
operating coal-cleaning plant are discussed. These results demonstrate the ability of the column to
operate stably and produce a consistent-quality froth with normal feed-quality variations (31-39% ash,
3.8-4.8% total sulfur, 2.2-3.6% pyritic sulfur).

THEORETICAL DISCUSSION

In the most common type of flotation colurnn, there is no restriction to flow along the axis of the
column. Rising air bubbles therefore are free to carry slurry up along the axis, which then returns to the
bottom along the sides of the column, producing strong axial mixing. This can be controlled by using
microbubble generators, by carefully aligning the column, and by closely controlling the column
operation. However, if a disturbance forms for any reason, then there is nothing to prevent the
disturbance from rapidly growing into a major disruption of the column operation. For example, if a
malfunction of the bubble generators occurs that allows some large bubbles to form, these bubbles will
tend to coalesce with other bubbles to grow still larger, and will expand further as they rise in the column
due to the decreased water pressure. Because they rise very rapidly, such bubbles will contribute
significantly to axial mixing, and if they are large enough they will disrupt the froth layer and degrade the
column performance stiil further.

Horizontal baffles, such as those described in this paper, provide a simple method for suppressing
such disturbances and preventing axial mixing, as shown in Figure 1. The horizontal baffles have
openings large enough to keep them from being plugged by solid particles, but small enough to break up
vertical mixing currents, so that slurry cannot be rapidly swept along the axis of the column. This
provides a much closer approximation to plug flow, and therefore improves the separation. Horizontal
baffies are suitable for retrofitting existing columns, as they are simple to make and install. They can also
be made of wear-resistant and corrosion-resistant materials, so that they will be low-maintenance.

There are two important effects of horizontal baffling, as follows (Kawatra and Eisele, 1993): 1.
Baffles that are installed below the feed entry point increase the minimum residence time of particles in
the column. This ensures that all floatable particles will have a better chance of attaching to air bubbles,
and so recovery will be improved. 2. Baffles instailed above the feed iniet point keep the bubbles from
becoming too large. This prevents churning and mixing of the froth layer by coarse bubbles, which is a
common problem in unzaffled columns. Froth washing is more effective when the froth layer is not
being chumed, and so the product quality will be improved by baffles above the feed inlet.
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Unbaffled Baffled Packed

9009

Figure 1. Comparison of flow patterns in regular and horizontally baffled columns. In the regular,
unbaffled column, slurry can be carried up by the air bubbles in the center, which produces
axial mixing along the entire height of the column. Hortzontal baffles can break up the
currents, so that axial mixing is limited to shorter distances. Packed columns can also prevent
axial mixing (Yang, 1988), but in these columns the flow restriction is much greater than in
the baffled column, and so they can be prone to plugging.

CONDITIONS AND PROCEDURES

Plant Characteristics

A pilot-scale Deister Flotaire column was modified and installed in the Empire Coal processing plant,
Gnadenhutten, Ohio. The flowsheet of the Empire fine coal cleaning circuit is given in Figure 2, showing
the location of the flotation colurnn.,

Feed Characteristics

This plant processed a mixture of bituminous coals from the Lower and Middle Kittanning seams,
with the main gangue mineral in the -0.6 mm particles being fine clay. The feed used for the tests
described in this paper was taken from the waste fines produced by the clean coal dewatering screens.

Pilot-Scale Column Design

The column was derived from a Deister Flotaire unit, 20.3 cm in diameter and 9.1 meters tall. A
schematic of the column is given in Figure 3. "Air bubbles were injected at 4.5 meters and 9.1 meters
elow the froth overflow lip. The column contained 9 upper baffles, and 17 lower baffies, as shown in
Figure 3, each with 34% open area. The bubble generators were a design manufactured by the Deister
Concentrator Co., which injected an air-water mixture at a volume ratio of 7.5/1. The units used each had
maximum flowrates of 28.3 standard liters/min of air, and 3.78 liters/min of water.

u.
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Figure 2. Flowsheet for the fine-coal processing circuit at Empire coal. Column feed was taken fro
the dewatering screen waste fines, which had a nominal top size of 0.6 mm (28 mesh).

The column was operated with a froth depth of 61 cm. Measuring from the froth overflow lip,
of the feed inlet tube was at a depth of 122 cm. This long feed tube was needed so that there would be
enough room between the froth base and the feed inlet to install baffles. The upper baffles extended fro
adepth of 71 cmto 117 cm, and the lower baffles extended from 147 cm to 234 cm. The washwater spr:
ring was immersed 5 cm below the froth surface, and the washwater flowrate was 7.57 liters/min. Froth
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Figure 3. Schematic of the pilot-scale baffled flotation column. The column was 8" (20.3 cm) in
diameter and 30’ (9.1 meters) tall, with the upper bubble generator 15’ (4.5 meters)
down from the top. The ratio of air to water in the bubble gcncrators was 7.5:1 by
volume.

was added to the froth washwater at the same rate as it was added to the feed and to the bubble generator
water, to ensure a stable froth.

; The baffles caused the froth to be much more quiescent, because they broke up large bubbles into
smaller bubbles, and made them rise more slowly. This was mostly beneficial, as it prevented the froth
from churning., However, it also allowed parts of the top of the froth to dry slightly into a semisolid,
sticky mass that adhered to the feed tube. Over time, this would form a cap and eventually plug the top of
the column. This was corrected by installing spray nozzles above the froth, spraying a mist of water at |
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liter/min to keep the top of the froth moist and fluid. With the water sprays running, the froth overflowen
cleanly without adhering to the feed tube.

Reagents and Analytical Methods

The frother used for these tests was Dow DF 1012, a strong polyglyco!l frother. This was selected to
ensure a stable, consistent froth. The collector was composed of #2 fuel oil and Dow M210 froth
conditioner. The froth conditioner was added because, in earlier laboratory tests, the coal was found to be
poorly floatable with fuel oil alone.

The reagents were mixed in the following proportions before adding them to the column feed strecam:
Frother, 50%:; Fuel oil, 40%; Froth conditioner, 10%. The reagents were combined both to emulsify the
collector so that it would disperse more readily into the feed, and to simplify the reagent addition. The
dosage rate for the complete reagent mixture was 0.5-0.75 ml/min (0.9-1.0 kilograms/metric ton total;
0.45-0.5 kg/mt frother; 0.36-0.4 kg/mt fuel oil; 0.09-0.1 kg/mt froth conditioner).

Analyses were carried out using ASTM standard methods (ASTM, 1989). Ash was measured using
Method D3174, and pyritic sulfur was determined using Method D2492. Total sulfur was measured
using a LECO SC-132 sulfur determinator, and calorific value was measured using a LECO AC-300
automnatic calorimeter.

Ash and pyritic sulfur rejections were calculated using the following formula:
(%W?t. in Tails x Tails Wt.) % 100
(% Wt. in Feed x Feed Wt.)

%Rejection =

RESULTS AND DISCUSSION

Continuous on-line experiments were conducted using the clean coal dewatering screen underflow,
with the feed’s particle size and compositon varying as shown in Table 1.

TABLE 1: Average characteristics of the dewatering screen
underflow during the final series of on-line experiments.
This table is a composite of the assays of each feed
sample for the on-line tests summarized in Table 2,

Mean Standard Deviation
80% passing size ([m) 306.7 3.8
20% passing size (um) 42.0 ) 0.6
% Ash 34.8 2.66
% Sulfur 441 0.34
% Pyritic Sulfur 3.1 0.50

BTU/Ib 9275 365
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TABLE 2: Summary of the froth product results for on-line tests, using the dewatering screen

underflow product. Samples for cach test were collected for a minimum of 45 seconds,
sampling the entire stream. The feed quality was 31-39% ash, 3.8-4.8% total sulfur, and
2.2-3.6% pyritic sulfur.

R i %0 Ash
Tt TUQNC mAw BTUB pllll Rlcion  Refeton
1 2.1 7.49 13236 83.9 61.8 87.6
2 2.4 8.18 13315 77.6 53.7 88.6
3 2.4 7.49 13308 86.6 56.2 89.0
4 22 7.22 13411 90.1 48.6 80.3
5 2.6 6.78 13460 87.9 51.1 87.8
6 2.6 6.96 13420 86.9 56.5 87.9
TA 29 . 7.62 13351 86.7 40.3 85.2
7B 2.7 6.70 13575 85.4 52.9 87.2
7C 2.9 7.19 13391 79.4 54.7 88.2
7D 2.8 7.84 13368 91.2 49.2 84.8
7E 2.4 6.71 13514 88.8 56.1 87.6
7F 27 6.90 13506 91.2 49.9 87.2
100_..,.,.|.. T T
3 & T 3

NIre o §<<‘> & .

51 :

g 60 - - -

o % Ash in Feed *

E @ % Ash in Froth Product 4

= o0 | @ 9% Pyritic Sulfur in Froth Product y

&O 1

20 + ~

P PO IS NI TP IR B DU B

0 4 8 12 16 20 24 28 32 36 40
% Ash and Pyritic Sulfur in Froth Products and Feeds
rigure 4. Grade-recovery results for the on-line continuous flotation tests, all baffles installed, with

water sprays on the froth top. The ash content of the feed for each test is also given. In
spite of the wide variation in feed ash contents, the ash content of the froth product is quite

constant.
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Figure 5. Pyritic sulfur and ash rejections as a function of BTU recovery in the on-line continuous
tests with all baffies installed. This shows that between 40 and 65% of the pyritic sulfy,
being rejected by the column, even at high BTU recoveries, and that over 80% of the «~
is consistently being rejected.

Slurry was pumped directly from the dewatering screen underflow at 10% solids and 0.5-0.8 kg of
solids per minute. Samples of the froth, tails, and feed were collected after allowing a full hour for the
column to stabilize. The samples were taken by collecting the entire froth, tailings, and feed streams for
a minimum of 45 seconds. A summary of the results is given in Table 2.

Figure 4 shows the grade/recovery performance of the column on-line for removing both ash and
pyritic sulfur. The % ash of the feed for each test ts also plotted. From this graph, it can be seen that in
spite of large variations in the feed quality, the grade of the froth product was very uniform regardless of
recovery variations. The BTU recovery was consistently greater than 75% and all but two tests were
above 80% BTU recovery, with a high of 91.2%. The ability of the column to remove pyritic sulfur is
clearly shown by Figure 5, which plots pyrite and ash rejections against BTU recovery. The rejection
values are the percentages of the weights of pyrite and ash originally in the feed which is rejected to the
tailings. This figure shows that the column is rejecting between 40% and 62% of the pyritic sulfur from
the coal, while simultaneously rejecting from 80% to 93% of the ash. '

CONCLUSIONS

From the work with the baffied column, the following conclusions were reached:

1. In conventional, open-pipe flotation columns, there is little to prevent initially small disturbances
from growing into major disruptions of the column performance. As a result, even slight problems with
the column operation can be rapidly amplified to the point where they degrade the column performance.
Fully packed columns can prevent this from occurring, but these are prone to plugging and excessive
wear. Horizontal baffling has been found to be sufficient to prevent excessive axial mixing and to prevent
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the formation of unusually large bubbles, and such baffles are sufficiently open and durable that plugging
and rapid wear are not problems.

2. The capacity of a coal flotation column is limited by the rate at which the clean coal can be
withdrawn from the froth. The horizontal baffles increase the residence time of the tailings, but they do
not directly affect the froth layer, and so their effect on the capacity of coal flotation columns is minimal.

2. The column equipped with horizontal baffies could operate stably and produce a consistently high-
quality product while encountering normal variations in plant feed characteristics.

3. The horizontally-baffled column produced a high-quality product in a single stage from a high-clay
feed coal, rejecting up to 87% of the ash and 50% of the pyrite while recovering 91% of the heating
value.

4. The baffles were designed for use with particles as coarse as 2 millimeters. As a result, they never
plugged in operation, and upon disassembly after several months of testwork, no evidence of plugging or
rapid baffle wear was found.
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ABSTRACT

Kawatra, S.K., 1976, The influence of length of flow cell and strength of source on the
performance of a gamma density gauge. Int. J. Miner. Process., 3: 167—174.

A mathematical equation has been derived from which the optimum length of flow
cell of a gamma density gauge can be calculated. The equation has been experimentally
verified by conducting experiments on two flow cells of different lengths.

The effect of strength of the source on the performance of a gamma density gauge is
also discussed.

INTRODUCTION

Recently, there has been an increasing interest in the development of
instruments for on-line analysis of mineral slurries (Lynch and Stanley, 1971,
Carr-Brion and Williams, 1972; Kawatra, 1974). These instruments incorpo-
rate a gamma density gauge for the correction of percent solids in slurry. The
aim of the present work has been confined to the optimisation of the charac-
teristics of a gamma density gauge.

When gamma rays pass through matter, they lose in intensity. In a density
gauge, the loss in intensity is related to the density of the material. Mathema-
tically:

Nj=Nge rm! (1)
where N; = countrate with flow cell full of slurry;

Np = count rate with empty flow cell;

m = mass absorption coefficient of the slurry;

! = length of flow cell;

P = slurry density.

* National Research Mineral Program, Mineral Science Laboratories, Report MRP/MSL
75—205(J) — Crown copyrights reserved. -
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From the above equation, it may be inferred that the important variables
for the suitable design of a density gauge are:

(1) length of the flow cell, {, and (2) count rate, N,, which is dependent upon
the strength of the source.

Stacey and Bolt (1971) maintain that for optimum sensitivity, length of
the flow cell should be 15 cm, Wilkinson (1969) has also observed that a
15-cm long flow cell gives better sensitivity than a 23-cm long flow cell.

Platzek and Meyer (1965) have developed an optimising procedure for
obtaining maximum sensitivity. This follows from the assumption that the
ratio of relative signal variation over the noise level AN, A/N, to the relative
variation of surface density (product of density p and length {) Ax/x, should
be a maximum. .

That is:
AN, ﬁ should be maximised, where:
VN, | x
Nx = Noe—mx' (2)
ANy = Nx—Nx+Ax (3)
x = pl (4)

Using the above expressions Platzek and Meyer (1965) have shown that:
m X g = 2 (5)

Thus, for the 137Cs source, if water is used as an absorber, m = 0.086 cm?/g,
hence x,; = 23.3 g/em®. Since p = 1, /4 = 23.3 cm

where x . and [, are the optimum values of x and / respectively. AN | Ax

Fig.1 illustrates the variation of maximum sensitivity function VN, | %

(in arbitrary units), versus surface density, x, in g/cm?®. From the figure it is
apparent that a 23-cm-long flow cell would give better sensitivity than a
15-cm-long flow cell. The above statement contradicts Wilkinson’s (1969)
observation.

From the foregoing discussion, it may be commented that diverse opinions
exist regarding the effect of length of flow cell on the performance character-
istics of density gauges.

MATHEMATICAL DEVELOPMENT

The output of a source (that is the count rate) is, in general, a random
variable and in practice can be approximated by a Poisson distribution. Thus
it is characterised by a mean value N, and a standard deviation o = v/ N

For a given dimension of the flow cell (equivalent to the thickness of the

absorber or length of the flow cell), the count rate N can also be a random
variable with the mean given by:

a9
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Fig.1. Relationship between maximum sensitivity function and surface density.

N;=Np e pmi

where it is assumed that p, | and m are fixed. The observed count rate N can

be assumed to lie between Nj + «/N] with a probability of 68.3%. It may be
noted that this involves a further approximation that N; is approximately
normal in distribution and the above statement corresponds to 1—¢ confidence
interval. The value of N can take the extremes N; + /N, and N, — +/N,. Thus
the estimates of p obtained will have the following upper and lower bounds:

+ : Nj—+/Nj= N, e me+l (6)
and:
p—:Nj++/Nj=Nge—mp_1 (7)

(Note: m and ! are fixed and p is estimated through observation of count
rate.)

A good criteria to choose the length of the flow cell [ is to minimise the
difference between the upper and lower bound of p.

The necessary condition for this is given by:

d(p+—p_) _

al 0 (8)



since
1+ 9

PPl m(l—i) ®
where: _
a=14/Nj (10)
It follows that:

+
pm iy = a Nj (1—a?) ln(i__ %) (11)
For large N, eq. 7 reduces to;
pm lgn =2 (12)

This is Platzek and Meyer’s (1965) equation which is a particular case of
eq. 11.

A programme was written to calculate the errors for different lengths of
the flow cell. The calculations were made using 137Cs as a source of radiation
and water flowing through the flow cell. The results are presented in Fig. 2.
It may be noted that the nature of the curve is parabolic. An intuitive ex-
planation of this is as follows:

When the length of the.flow cell is small, the error is large because the
change in count rate on introduction of the slurry in the flow cell is small.

a8
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Fig.2. Relationship between error and length of flow cell.
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On the other hand, when the length of flow cell is large, the error is large
because very few photons come out of the flow cell to be detected.

Variation of error with the strength of the source

Having chosen the optimum length of the flow cell, the next question
arises as to what should be the strength of the source.
For a given slurry flowing through the flow cell:

Np=No (13)

«S ' (14)

where S is the source strength.
Hence eq. 9 can be modified to:

1 1+ 1/K/8S
opt i (F/RGE) (15)

p+-_p_ =rnl

From eq. 15, it may be concluded that, as the strength of the source in-
creases, the error in the measurement of slurry density reduces. The relation-
ship between the error and strength of the source is shown in Fig.3.

However, in practice, error cannot be indefinitely reduced. The lower limit
of the error will be determined by the drift errors in the counting equipment.

5_
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3 ! 4 | I 1 i ]
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SOURCE STRENGTH {(ARBITRARY UNITS)'
Fig.3. Relationship between error and source strength.
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EXPERIMENTAL
Selection of the length of the flow cell

It was decided to verify the mathematical model on zinc sulphate slurries
(ZnSo0,.7H,0). For lead and zinc slurries, ®®Co has been recommended as a
suitable source (Churchill et al., 1975). For the determination of the optimum
length of flow cell, knowledge of the mass absorption coefficient of slurry
and its specific gravity is required.

The mass absorption coefficient of the slurry was calculated, using the
relationship: :

Mg = WsMs + Wy My (16)

where: m, = mass absorption coefficient of slurry;
m,, = mass absorption coefficient of water;
m, = mass absorption coefficient of solids.

The value of the mass absorption coefficient of slurry with 15% solids was
calculated to be 0.0595 cm?/g and its specific gravity to be 1.079 g/cm®.
From equation 12, the optimum length of flow cell was calculated to be
29.2 cm. Two values of length of flow cell, 20 cm and 11 cm, both being

less than the optimum length, were selected.

Test circuit

A schematic diagram of the test circuit is shown in Fig.4. It consisted
essentially of a variable speed peristaltic pump, head and receiving tanks and
a flow cell for the density gauge. A 2’ X 2’ Nal (T) detector was used as a
detector of the radiation.

Experimental procedure

The experimental procedure was to add 3 1 of water to the receiving tank,
start the peristaltic pump, and then add known quantities of ZnS0,.7H,0 in
the receiving tank. For each increment, five 100-sec counts were taken on the
Baird-Atomic Spectrometer.

RESULTS AND DISCUSSION

The relationship between slurry counts to the water counts and percent
solids in the slurry is shown in Fig. 5. A regression analysis, carried out on the
data, gave the following results:

For 20-cm-long flow cell;

% solids = —164.41 (slurry counts/water counts) +163.87 (17)

with a standard error of 0.416 and a correlation coefficient of —0.999.
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Fig.4. Schematic diagram of the test slurry circuit.

For 11-cm-long flow cell:
% solids = —255.08 (slurry counts/water counts) +255.18 (18)

with a standard error of 1.14 and a correlation coefficient of —0.992.

Thus the standard error for the percent solids determination with a flow
cell 20 cm long is less than with a flow cell 11 cm long. Moreover, the slope
of the curve, in Fig.5, is higher for a flow cell 20 ¢cm long than for 11 cm

long, giving higher sensitivity or higher resolution for percent solids determi-
nation.

CONCLUSIONS

It has been shown that there is an optimum length of flow cell at which
the error in the determination of percent solids in slurry is a minimum. How-
ever this error can further be reduced by increasing the strength of the
source. The lower limit of the error will be determined by the drift errors in
the counting equipment.
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Chapter 25

On-Line Sensors and Process Control for Coal Preparation Plants

S. K. Kawatra and K. A. Dela'o

Department of Metallurgical Engineering
Michigan Technological University

Houghton, MI

ABSTRACT

On-line sensors and process controls are
important for efficient operation of coal
preparation plants, The objective of this paper
is to describe the current practice in on~line
measurement of compesiticn, density, moisture,
level, flow and weight. This paper also discusses
how on-line senscors can be implemented in process
control, and how sensors which are currently being
developed can be utilized.

INTRODUCTION

Careful process control is becoming
increasingly necessary for the efficient operation
of a ceal preparaticon plant. The conventicnal
analysis practice of ceollecting a sample in a
preparation plant and analyzing it in a laboratory
is expensive and does not provide information fast
encugh for quality contrel purpeses. To implement
an effective process contrel logp, it is necessary
to use on-line senscrs which can measure products
accurately and rapidly. With the advent of
accurate and rugged on-line instrumentation, it
has become economically advantageous to install
control systems to optimize performance. The
following sections describe various on-line
instruments which are being used or are currently
being developed. Their use in process control
logps is also discussed.

ON-LINE ELEMENTAL COMPOSITION SENSORS
Neutron Activation Analysis

On-line analysis of sulphur and other elements
found in coal can be carried out by prompt-gamma-
neutron activation analysis (PGNAA). This
technique was developed by Stewart et al (1974},
at the Morgantown Energy Technelogy Center, WV.
FGNAAR is based on the capture of fast neutrons by
the nuclei of the various elements comprising a
coal sample. A source of fast neutrons is placed
on one side of a gravity chute or beneath a
conveycr belt, with a detector on the other. As
the coal sample is bombarded with fast neutrons,
elastic and inelastic collisions occur between the
neutrons and the medium nuc¢lei.
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These collisions cause the neutrons to lose much
of their kinetic energy. Ultimately, their
average kinetic energy will equal that of the
atoms and molecules comprising the coal sample.
As this equilibrium kinetic energy is temperature
dependent, the slowed neutrcns are called
"thermal® neutrons. Thermal neutrons have a
vastly greater probability of being captured by a
nucleus than do fast neutrons, The probability
of neutron capture by a specific nucleus depends
on its capture cross-section and weight percent.
The majority of the captures (85 to 95%) occur by
the hydrogen nuclei, with only 0.1 to 3% of the
captures by the sulphur nuclei.

Once a capture has occurred, the next higher
isotope (atomic weight + 1) of the target nucleus
is formed. Relaxation from this excited state
causes the target nucleus to emit gamma rays
whose energy and intensities are unique to the
element. The gamma ray spectrum is then measured
by a gamma ray detector (usually Nal(Tl)) to
provide an elemental analysis of the cecal sample.
Analysis of the resulting spectrum is extremely
complicated due mainly to some elements, such as
chlorine, which is capable of capturing large
quantities of neutrons in relation to its
relative wt.%, and calcium, which produces gamma
radiation with several different energies.
Analysis is further complicated by the fact that
the radicactive scurce {Cf 252 is the standard
choice) emits gamma radiation as well as
neutrons. Figure 1 shows how MDH-Motherwell,
Inc. {(Zumberge, 1987) alleviated this problem.
The Cf 252 source is encased in a Pb-Bi alloy,
which effectively attentuates the emitted gamma
rays while remaining virtually transparent to
emitted fast neutrons. The other source of
"noise" is the Na and I nuclei contained in the
scintillation crystal of the detector, which may
capture neutrons and emit characteristic gamma
radiation. To prevent this from occurring, a
patented LiH window is placed in front of the
detector. Li is very effective for capturing
neutrons, while it lets gamma rays pass
unattenuated, thus cutting down on eXcess
detector "noise”.

The complicated spectrum data is interpreted
by one of two methods in commercially available

2



258 INDUSTRIAL PRACTICE OF FINE COAL PROCESSING

2520y SQUE\CE LiH WINDOW
N Ny Nal | SCINTILLATION
Pb-Bi ALLOY \\\i ~ DETECTOR
ENCASEMENT\‘ \ =
N T
COAL  NemrreD
NEUTRON ' GAMMA -RAYS
PATHS

Figure 1. Principle of elemental analyzer
{Zumberge, 1987),

analyzers, The first method involves empirical
correlation of ASTM standard chemical analyses and
PGNAA measurements of a large number of actual
field samples tc calculate the composition which
produces the measured spectrum. This method is
time consuming and extremely sensitive to
variations in coal composition, due to the small
sample size required for the ASTM analyses. The
other method, utilized in the Elemental Analyzer
{ELAN} , manufactured by MDH-Motherwell, Inc.
{Marshall and Zumberge, 1987), uses the measured
spectrum areas of artificially produced coal
samples of known composition being stored in the
instruments memory. The unknown amount of a given
element is determined by comparing the shapes and
spectrums stored in memory with the spectrum
measured.

All of the commercially available instruments
which utilize the PGNAA method have a common
problem. None of these instruments are capable of
distinguishing chemical forms from one another,
They are also incapable of determining quantities
of oxygen or maghesium because these elements have
a low cross sectional area available for neutron
capture. This lack of discrimination results in
the hydrogen content of the dry coal being
overestimated when water is present. This problem
can be alleviated for coal analysis by
incorporating a moisture meter with the PGNAA
instrument.

Meoisture measurements are utilized in three
ways in coal elemental analyzer measurements. The
first, and most obvious, is the actual moisture
measurement itself, which is necessary for sales
and water balances. Secondly, the measurement can
determine the water component of oxygen. This
value and the amounts of other elements present
can be used to infer the quantity of oxygen in the
dry coal. Lastly, the hydregen in water is
accounted for, thus allowing organic hydrogen to
be determined. This value is necessary for
calculation of the estimated calorific value of
the coal sample.

MEASUREMENT OF ASH CONTENT OF SLURRIES f

Coal ash is the oxidized residue remaining
after coal has been burnt and consists primarily
of alumina, silica, iron compounds, and small
quantities of the oxides of potassium, calcium,
titanium, and sc on. Typically, coal has an
effective atomic number of approximately 6, while
that of the various ash-forming minerals is
approximately 10. The effective atomic number is
therefore a good indicator of the ash content.
Several methods which utilize the differences in
these effective atomic numbers have been proposed.
These methods are based on the interaction of
x-rays and low energy Y-rays with coal (Watt and
Sowerby, 1983; Kawatra, 1976b, 1980; Clayton and
Wormald, 1983; Fauth, 1980, 1984; Cutmore et al
1986). Also, gauges based on pair production
Y-~ray interactions have been develcped (Cutmore et
al 1986; Millen et al, 1984).

Ash Analvzers Based Upon the Backscattering of
X~rays and y-rays

Two measurements are necessary for the
determination of ash content in coal slurries,
one to obtain the ash content of the slurry and
the other to obtain the solids content of the
slurry. The solids content can be cbtained by
the use of a gamma density gauge (Kawatra,
1976a,b), to be discussed later, while the
determination of coal ash content is based on the
scattering of radiation energy that is less than
100 KeV. The intensity of this scattered
radiation is proportional to the ratio of
probability of a scattering incident occurring to
the probability of an absorption interaction.

Two types of radiation scattering may occur:
Compton {incoherent) scattering and Rayleigh
{coherent) scattering. Compton scattering
involves an x-ray photon colliding with a loosely
bound electron. During this elastic collision,
the photon loses some of its energy to the
electron and is deflected from its original path
of travel. The energy loss suffered increases as
the angle of scatter increases. In Rayleigh
scattering, the photon collides with a tightly
bound electron, which is neither excited nor
ionized. Thus, the scattered photon has the same
energy as the primary photon.

Compton scattering relationships are given by
the Klein-Nishina formula (Hubbel, 1977; Hubbel
and Overbo, 1979},

26 ce/E)2(E/E' + E'/E - sin®)

g = 3.92 x 10"
<
where g is the Compton differential cross
section per sq. cm. per electron per steradian, E
is the energy of the primary photons, E' is the
energy of the scattered photons and B is the
scattering angle. The relationship between E'
and E is given by (Evans, 1955, 1958)

E' = E/(1 + (E/mc”) (1-cos®))

where m is the electron rest mass, and ¢ is the
speed of light, For a mixture of elements, the
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probability of Compton seattering per unit path
length traversed ir the medium into the elemental
solid angle dfi in the direction & is given by
(Evans, 1955, 1958)

P(B,E)c = Npcc(B,E)dQEai(Z/A)i
where N is Avogadro's number, p is the density of
the material, o. is the fraction of the total
weight compriseé by the ith type atoms, and Z and
A are respectively the atomic number and atomic
weight of the ith type atoms.

The Rayleigh scattering can be approximated by
the relationship {Evans, 1955, 195B)

og = Kn/a(e/nc®)? £(6) 2°/8°

where o_ is the Rayleigh cross section per sgq. cm.
per electron per steradian, e is the electronic
charge, K a constant and £{8) is a function of
scattering angle. For a mixture, the probability
of Rayleigh scattering per unit path length
traversed in the medium into the elemental solid
angle d2 in the direction B is given by (Evans,
1958)

2
P(G,E:)R = Kdiﬂi((uiZi )/(Ai))

where p is the density, N is Avecgadro's number and
o, is the fraction of the total weight comprised
by the ith type atoms.

The above theory states that the cross secticn
of Compton scattering is proporticnal to the
atomic number (Z) of the scattering atoms, while
Rayleigh scatterigg crass section is closely
proportional to Z2°. Therefore, as the higher
atomi¢ number material varies within a lower
atomic number matrix, the Compton and Rayleigh
scattering will vary accordingly. Since the
effective atomic number of coal increases with ash
content, the ash content can theoretically be
determined by measuring the intensity of the
scattered low energy photons.

Large changes in scattered intensity are
produced by relatively small variations in the
amount of iron-sulphur minerals, such as pyrite
and pyrrhotite, in the ccal. This is due to the
fact that iron sulphur minerals, which may account
for as much as 5-10 wt.% of the material, have an
effective atomic number of about 20, while alumina
and silica minerals have an effective atomic
number of about 10, Therefore, iron content must
be compensated for if accurate ash measurements
are to be made when ircon minerals are present. If
a radioisotope is selected so that FeKa x-rays
(6.4 KeV) are excited and measured, a quantitative
measurement of the iron=-sulphur mineral content in
the slurry can be made. This measurement provides
a correction for the additional scattering due to
the iron-sulphur minerals. Use of this procedure
allows an accurate determination of ash content
to be made.

A schematic of a test rig developed at Michigan
Technological University is shown in Figure 2.

It consisted of a variable speed centrifugal
pump, head and collecting tanks, a flow cell for
the x-ray fluorescence and backscatter measure-
ments and a lucite assembly with a 20 cm.
radiation path for a density gauge., A gamma
density gauge employing a GA4-153 scurce was used.
This isotope was selected over Co-57 because of
its sensitivity, and over Ir-192 and Ce-139
because of sensitivity and half-life considera-
tiong., Commercially available gauges generally
use a Cs-137 or a Co-60 source. The
characteristics of common sources for the
measurement of percent solids of coal slurries
are discussed in the literature (Kawatra, 1980).

A CA-109 source was selected for the
determination of ash content in coal slurries.
This source decays by emitting AgK x-rays with
energies of 24.9 and 22.1 KeV. A correction for
pyrite was provided by measuring the FeK x-rays
with a gas filled proportional counter. Plant
results for the ash analyzer can be found in
Figure 3, an extensive discussion of these
results are available in the literature (Laurila
and Kawatra, 1984). In the plant, it was
necessary for a deaerating device, manufactured by
Armco Autometrics, to be used in conjunction with
the ash analyzer to remove air bubbkles from.
concentrate slurries. Vibrational problems .-
encountered were sclved by using flexible -.
connections between the pump and the sensor;.and
by mounting the sensor separate from the pump
support frame.

The on~line measurement of ash by scattered
radiation has many advantages; the method is.
simple, the sensor is rugged and the system .
provides corrections for the varying guantities
of iron-sulphur minerals. Similar systems have
been designed by others, for example, the OSCAA
system by Flintoff et al (1984), and the MRDE by
Boyce (1983). The results from these instruments
and others are found in Table I from the work of
Cooper (1984).

Watt (1983) has used the same backscattering
technique for measuring coal ash. However, in
place of a mechanical deaerating device, he
proposed a method which depends on the
measurement of neutron moderation and gamma-ray
transmission to determine the hydrogen (wt/wt) in
the slurry, and combines these with ash sensitive
measurements. As neutron sources are a much
greater radiation hazard than x or gamma-ray
sources, it is safer and less expensive to employ
mechanical deaerating devices. Mechanical
deaerating devices have been used all around the
world and have proven to be successful. The
results of Watt's (1983) work at CSIRC is
presented in Table I {(Cooper, 1984).

Ash Analyzers Based Upon the Absorption of Gamma
Rays

The basis of the measurement is similar to that
of the backscattering method except that the
effective atomic number of coal is determined by
the absorption of gamma rays rather than a ratio
of absorption to scattering (Kawatra, 1976b). Ash

4
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Figure 2., Ash analyzer test rig. Figure 3. Relationship between ash observed
and calculated ash,
Table I. Accuracy of Coal~Slurry Measurements
% Ash % Solids
Name and Standard Range/ Rel. Standard Range/ Rel.
Type Exrror Average Error Error Average Error
ASHSCAN Feed 2,5 12-30/21 11.9 0.6 5~20/12.5 4.8
Absorption Conc 0.3 5-11/8 3.8 0.7 15-35/25 2.8
Tails 4.4 40-80/60 7.3 0.6 3-10/6.5 9.2
Bergbau Tails 1.6 5-65/35 4.6 0.4 5-18/11.5 3.5
Absorption
CSIRC Tails 0.8 2p-30/25 3,2 0.5 5-22/13.5 3.7
Backscattered Feed 0.9 10-24/17 5.3 1.0 5-19/12 8.3
MTU Tails 0.7 56-78/67 1.1 - 15-40/27.5 2,7
Backscattered Feed 0.32 12-26/19 1.7 - 13-17/15 -
MRDE Tails . 2.0 50-80/65 3.1 0.3 2-17/9.5 3.1
Backscattered
OSCAA Conc. 0.4 6-13/10 4.0 0.7 . 15-35/25 2.8
Backscattered Tails 4.4 40-80/60 40.5 0.6 3-10/6.5 9.2



ON-LINE SENSORS AND PROCESS CONTROL 261

content is determined by absorption of low energy
gamma rays, which are sensitive to the elemental
composition and, therefore, ash content as well as
to the density of the slurry. This method was
developed by Fauth et al (1984} at
Bergbau-Forschung, Germany. Variation of percent
solids is corrected with a gamma density gauge.
Fauth et al (1984) used a Am-241 source for the
Berghau gauge and a Cs=-137 source for the gamma
density gauge. Results for this ash analyzer and
similar types (ASHSCAN developed by Lyman et al
{198G)) are summarized in Tabkle I by Cooper
(1984). For slurries containing entrained air,
this type of senscr requires deaeration. Fauth
(1984) achieved this by subjecting the slurry to
high pressures before presentation to the sensor.
Clarkson et al {(1983) have described a similar
arrangement. All of the above methods require
correction for slurry pyrite content. If pyrite
content does not vary considerably, these methods
will provide excellent results, but errors will be
introduced if the pyrite content varies.

MEASUREMENT OF ASH CONTENT OF BULK SOLIDS

Backscattered low energy photons or gamma ray
intensities can also be utilized to measure the
ash content of bulk solids, as it overcomes the
need to measure the thickness and density of the
material. Figure 4 shows a typical system
manufactured by Tema Systems Inc., a Siebtechnik
Co. (Berthold, 1987). In this system the
radiation source (Am-241) is mounted a fixed
distance from the detector and the leveled
material surface. The detector, a NaI(Tl)}
crystal, is protected against direct radiation and
only measures backscattered intensity. The
scattering factor is essentially independent of
atomic number, though an increase in ash will
increase the radiation absorption as it traverses
the stream (Berthold, 1987).

This ash monitor requires an elaborate sample
preparation scheme to ensure a uniform material
size and packing (shown in Figure 4). A
correction for pyrite is not provided for,
rendering this gauge unsuitable for ccals with
widely varying amounts of pyrite.

A gauge manufactured by Gunson's Sortex Ltd.
{Cammack, 1973; Cammack and Balint, 1976} is
capable of measuring and compensating for the
amount. of pyrite present in the ccal. This gauge
consists of a low energy source (Pu-238) and 2 gas
filled proportional counter equipped with an
aluminum filter (Figure 5}. The low energy
photons (15 to 17 KeV) emitted from the source
cause the iron in the sample to become excited and
produce fluorescent x-rays which can be filtered
and measured. The proportional detector
simultaneously detects the backscattered and
fluorescent x-rays, after they have passed thrcugh
an aluminum filter. This filter absorbs the
fluorescent x-rays preferentially, its thickness
being preselected to suit the iron content and its
variations. These two detected gquantities are
then used to determine the ash content, with the
iron content being compensated for by the amount
of x-ray fluorescence measured.

The accuracy of ash measurement at the 95%
confidence level was in the range of 0.3 to 2.2%.

Determination of Ash Content of Coal on Conveyor
Belts

Two types of gauges for on-line determination
of ash content of coal on ccnveyor belts are
avajilable. The first are gauges based on the
absorption of gamma rays, the second type are
gauges based on pair production gamma ray
interactions.

Garma Ray Absorption. Watt and Sowerby ({1983)
have developed a gauge which measures ash on
conveyor belts. It is called a Low Energy
Transmission (LET} gauge. It operates by
measuring the intensities of a narrow beam
transmission of low and high energy gamma rays
through coal on a conveyor (Figure 6). Both
intensities depend on the weight/unit area of
coal in the gamma ray beam. The low energy beam
also depends on the effective atomic number of
cecal. As this gauge does not provide a
correction for the variation of iron sulphur
minerals, its accuracy is dependent on the type
of coal.

Pair Production. This method measures the
intensities of backscattered gamma rays, due to
pair production and Compton interacticons (Watt and
Sowerby, 1983). Both interactions depend on the
bulk density of coal, although pair production
alone depends on the effective atomic number of
coal. This gauge is suitable for low ash and
high ash coals, but is nearly twice as expensive
as the Low Energy Transmission gauge.

SLURRY DENSITY MEASUREMENT

On-line slurry density measurements can be
carried out by differential pressure (DP) cells
or by nuclear density gauges. With the advent of
nuclear density gauges, DP cells have lost their
exclusive status, as the nuclear gauges are
external to the process stream, produce an
electronic signal that is more useful for
computerized controllers, and are generally more
accurate than DP cells.

Nuclear density gauges are based on the prin-
ciple of radiation absorption. As radiation is
passed through a slurry, the loss of radiation
intensity can be related to the density or percent
s01ids of that slurry. Gamma ray attenuation is
dependent on beth atomic number and photon energy,
care must be taken to match the source to the
application. Customarily, gamma ray energies of
0.7 MeVv are used for material free of high atomic
number elements, such as lead, while energies of
1.2 MeV are used if high atomic number elements
are present (Kawatra, 1976¢; Evans, 1955, 1958).
For solids content measurements of low atomic
number aquecus slurries of coal, energies of 0.6
- 1.2 MeV are not sufficiently sensitive over the
radiation path lengths typically encountered (V25
cm). Larger path lengths or lower energy isctopes
are required for a measurable amount of attenua-
tion to be detected. '

6
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Characteristics of some useful low energy isotopes
are found in Table II. The use of nuclear density
gauges in the coal industry is extensively
discussed by Sigal (1981).

MOISTURE CONTENT

In the combustien of fine coal, a high coal
moisture content has the effect of reducing the
calorific value of the coal, This is due to the
substantial quantity of heat required to vaporize
water. Also, moisture increases the weight of the
coal, which increases transport costs and causes
the fine coal to freeze in the winter, For these
reasons, it is necessary to continuously monitor
and control the moisture content of the final fine
coal product.

A large number of commercially available
moisture meters have been developed for the
chemical industry {Liptak, 1969; Considine, 1974).
Unfortunately, these instruments cannot readily be
applied in the coal industry, as all applied
measurements are affected by such variables as
coal rank, particle size distribution, bulk
density and chemical and petrographic composition.
Accordingly, a moisture meter that can be used at
every location in every coal plant deoes not exist.
A moisture meter cannct be selected in isolation
from its process, rather, each situaticon must be
studied to determine the senscr that will meet the
processes particular needs. A summary of some of
the techniques used for on-line determination of
moisture content are presented in Table III. As
capacitance and microwave methods are the most
widely used, they will be discussed in detail.

Capacitance Method

This method is based on the fact that the
dielectric constant of water is much greater than
that of coal and its constituents. For example,
the dielectric constant of water is 80, while that
of gquartz is 4, and the average dielectric
constant of ¢cal ranges from 3 te 5. Therefore,
there will be a noticeable rise in capacitance as
the meisture of the coal between the plates of the
capacitor increases.

Under laboratory conditions, this technigue has
worked well. At Ewald Mine, Germany, accuracies
of *0.8% with one standard deviation have been
reported {Fauth, 1984}. Relatively homogeneous
metallurgical coal was being produced, an ideal
condition for capacitance sensors. The sensors
are prone to errors if dissolved salts are present,
if the particle size varies greatly, if a
nonuniform layer is presented to the meter and
if the dielectric constant of the material varies.

Microwave Methods

When a coal sample is exposed to a microwave
field, some of the microwave energy is transferred
toc the cocal. If the sample is moist, water, which
is a polar molecule, absorbs more energy from the
microwaves than does the coal, due to dipole
relaxation. In addition to the attenuation,

microwaves undergo a phase shift when traveling
through coal. Almost all commercially available
transmission microwave moisture meters are based
only on the measurement of attenuation cf the
microwaves ({(Fauth, 1984). A common microwave
moisture meter assembly is shown in Figure 7.
Currently, a moisture meter based on phase shift
and attenuation is being put to plant trials
{Klein, 1987).

Error Inducing Factors in Microwave Methods

Particle Size. Work by Hall (1970) at the
National Coal Board has indicated that the
changes in coal particle size influence the
moisture measurements made by attenuation methods.
Klein (1987) has also found particle size to be
an influential factor in attenuation/phase shift
methods.

Temperature and Bulk Density of Coal. The
influence of these parameters were studied by Hall
et al (1970, 1972). They observed that a 15°C
change in temperature or a 12% change in mass/unit
area on the belt caused moisture measurement error
of 1%,

Coal Rank, There are conflicting opinions that
are yet to be resolved concerning this factor.

The work of Hall (1970} reported no effect of ceal
rank upon moisture measurements. Fauth (1980)
contradicts this, he indicates that rank is
influential in ccal moisture measurements.

Microwave Frequency. Water is a more efficient
absorber of high fregquency microwaves than it is
of low frequency microwaves., Therefore, it is
common practice to use freguencies of 1 to 10 GHz.
At 1 GHz the attenuation by 150 e¢m of coal is
equivalent to the attenuation by 13 cm of coal at
10 GHz (Brown et al 1980).

The microwave system manufactured by Kay-Ray
monitors the bulk density and temperature of the
coal stream and continucusly compensates for the
variations encountered {Brown et al, 1980).

The method of utilizing the ratio of microwave
attenuation to phase shift was suggested by Klein
(1987} as a better method of measuring coal
moisture then attenuation of microwave energy
alene. At Ewald Mine, W. Germany, meisture
measurements by use of attenuation/phase shift
demonstrated a standard deviation of 0.27 wt.%.
By attenuation alone, the standard deviation was
0.44 wt.%, and phase shift alone had a standard
deviation of 0.30 wt.% (Klein, 1987). These
results were obtained on metallurgical coal.

LEVEL MEASUREMENT

Instrumentation for on-line measurement of
level is well developed and readily implemented
into a coal processing plant. Typical
applications would include; solids level in surge
bins, slurry level in sumps and flotation cells,
and froth depth measurement in flotation cells.
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Table II.

IsotoEe

Cs 137
Co 60

Half-Life

30 years
5.2 years

Isotopes suited for coal slurries:

Gd 153
Co 57

Ce 139
Ir 192

Table III.

Type

Neutron Thermalization

Capacitance

Electrical

Nuclear Magnetic Resonance

Microwave

Infrared

239 days
270 days

140 days
74 days

Moisture Measurement-Techniques Applied

Principle

Moderation of fast
neutrons by hydrogen
atoms

Dielectric measurement

Measures DC resistance
and correlates to moisture
content

Measures nuclear magnetic
resonance of the hydrogen
nuclel in water

Power loss and phase shift
due to meisture in ceal

Absorption of infrared
by water

Isotopes Commonly Used in Density Gauges

Radiation Used
for Gauging (MeV)

0.662
1.173
1.332

0.099
0.122
0.136
0.165
0.062
0.066
0.296
0.308
0.317

to Coal
Source of Error

Coal contaihs organic
hydrogen in varying amounts

Salt content, particle
size distribution, changes
in electrolytic constant
and layer thickness

Dissolved salts, packing
density, variaticns in
electrolytic constant, layer
thickness variations and
particle size changes

Small sample size,
ferromagnetic impurities
in the coal

Particle size distribution,
change in bulk density and
temperature; methods are
available to diminish these
effects

Small sample size, very
susceptible to changes
in particle size, layer
thickness sensitive
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Slurry Level Measurement
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gauges, the bubble gauge is not as applicable as

it once was.
Three types of slurry level gauges are commonly
used; capacitance gauges, differential pressure
(DP) gauges and ultrasonic gauges. All three are
robust and fairly accurate. Their selection
depends more on the application at hand than the
accuracies they can attain,

Ultrasonic_Level Gauges. These gauges function
by producing ultrasonic pulses, which are
reflected from the material surface. The echoes
are detected by the instrument, and the distance
from the transducer to the surface is calculated
from the pulse travel time. This allows a level
measurement to be made without contacting the
slurry, which prevents wear and corrosion of the
instrument. The ultrasound fregquency used varies
depending on the distance from the transducer to
the slurry surface. Frequencies of about 20
kilohertz can be used at distances of up to 30
meters without difficulty. However, for a
distance of a few meters, higher freguencies
produce more accurate results due to the faster
transducer response times and shorter pulse
durations possible.

Capacitance Level Gauges. These gauges generally
consist of two vertical, insulated electrodes
inserted within a tank. If the tank wall is
conductive, the second electrode can be dispensed
with, as the tank wall will serve in its place,
The capacitance 1s continually measured with an
A.C. bridge circuit.

When the tank is empty, the electrodes are
separated by air, which has a dielectric constant
nearly egqual to unity. As the tank fills with
slurry, which typically has a dielectric censtant
greater than 80, the electrodes are exposed to a
higher dielectric constant. This increase in
dielectric constant with level of slurry will
cause a corresponding increase in capacitance.
Provided that the distance between the electrodes
is a constant, the capacitance will increase
essentially linearly with increasing slurry level,

Froth Level Measurement

Measurement of freoth level is always a
difficult problem due to the high variability of
the froth level and physical characteristics.
Currently, there are only two types of gauges
which will perform adequately, a series of
conductivity probes and a neutron level system.

The major errcr in this assembly arises from
the assumption that the dielectric constant of a '
slurry is a constant value. While this assumption
is generally true, drastic changes in soliéds
content, solids particle size, solids electrical
characteristics or the amount of entrained air in
the slurry will cause substantial changes in the
dielectric constant. If the slurry
characteristics are known to fluctuate wildly,
capacitance level gauges should not be used.

The gseries of conductivity probes (Figure B)
monitors the resistance of each probe, with the
lower resistance probes being considered submerged. , ..
in the froth. As the froth layer coalesces and
bursts, each probe spends a varying amount of
time submerged. The resistances of the probes
are c¢onstantly interfaced to a small computer
which can calculate the average time each probe
is submerged, and thus the mean froth level.

Differential Pressure Gauges. These gauges
monitor the slurry level simply by measuring the
pressure at two different depths. The type of DP
gauge most widely used in coal preparation plants
iz the bubble tube, althcugh other types are

extensively discussed in textbooks (Liptak, 1969).

Neutron source systems are generally only used
when all other methods have failed. This is not
due to a lack of reliability, but rather to their
high costs and the regulations and dangers
involved with a neutron source.

Solids Level Measurement
Bubble tubes consist of a vertically submerged
tube connected to a source of pressurized air and
a flow meter. The air pressure is adjusted until
the flowmeter indicates that air is just bubbling
from the bottom of the tube. At this point, the
pressure in the tube is equal to the hydrostatic
head of the slurry. To convert hydrostatic head
to depth, the slurry density must be known. This
can be determined after measuring the difference
in pressure between two points at different depths
in a tank. Such an arrangement allows for the
determination of both slurry level and density.

Cf the level gauges aforementioned, only the
ultrasonic gauge will provide adequate measurement
of bulk solids in bins or siles. For the best
results from a fairly rough surface, low-fregquency
ultrasonic pulses would be used. If the surface
is too rough and the container cannot be supported
on load cells to determine the weight of the
contained solids, a variety of on-off level
switches are available for level measurement
(Liptak, 1969).

FLOWMETERS

Several drawbacks are encountered with bubble
tubes, the first being that their pneumatic
signal must be converted before it can be
implemented into an electronic control scheme,
ancther is that it is more suited for manual
operation than for automated control. Third, it
is subject to errors if the slurry is overly
turbulent or 1f its density varies with depth.
Since the advent of capacitance and ultrasonic

_ Many flowmeters which utilize flow restrictions
for the flow measurement of clean liquids are
available, and are extensively discussed in
instrumentation handbooks. (Liptak, 1969).
Unfortunately, fine coal processing plants are
mainly concerned with monitoring coal slurries,
which would rapidly plug or erode restricted flow
flowmeters. More suited for such hostile

20
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SENSOR

ELECTRODES

FROTH
COLUMN

Figure 8, Conductivity Probe

environments are noh-restricting volume flowmeters
and non-restricting mass flowmeters.,

Non=restricting Mass Flowmeters

This type of flowmeter measures mass directly
by using only Corieclis force for mass determina-
tions. In one instrument, manufactured by Micro
Motion (1985), the fluid flow is directed through
a vibrating U-shaped tube, The vibrational force
on the tube causes the fluid to accelerate on the
inlet side of the U and decelerate on the outlet
side. The resultant twist force at the tube's
axis of rotation is caused by the two opposing
forces of the fluid flow. The amount of twist is
proportional to mass flow rate, which is propor-
tional only to the time interval ané geometric
constants. Mass is independent of temperature
and pressure, therefore, variations in these fluid
variables will not affect mass flow rate.

Non-Restricting Volume Flowmeters

Magnetic flowmeters are based upon a prainciple
of Faraday's Law, which states that a conductor
passed at right angles through a magnetic field
will generate a voltage. Coils produce a magnetic
field throughout a region of a pipe with a known
length and diameter which is positioned
perpendicular to slurry flow. As a minimum
conductivity slurry flows through the pipe,
electrodes on the pipe monitor the potential
difference across the moving slurry. Since the
magnetic field is uniform, this potential is
proportional to the average slurry velocity.

Caution must be exercised in the application of
magnetic, flowmeters, as some physical conditions
can lead to reduction of accuracy. ©One such
condition is the presence of ferrcomagnetic
particles, which will alter the magnetic flux in
the pipe, thus causing substantial error. Aancther
is temperature changes, because magnetic flux
density, produced by the field cecils, will vary

with changing temperature. Severe environmental
vibrations must alsc be avoided unless the meter
is specially designed to meet this applicatien.

High frequency sound waves (typically 107 Hz)
are used by ultraschic flowmeters for determining
fluid velocity. There are three general methods
for wave transmission and detection;

The frequency method of wave transmission and
detection measures the djifference between
upstream and downstream frequencies with
diagonally directed waves. The measurements are
independent of the velocity of sound, thus
eliminating errors intreduced by fluid
temperature, composition and density.

The beam deflection method involves an

" acoustic beam being transmitted perpendicular to

fluid flow. The deflection distance is
monitored and used to compute flow. Since the
measurements are dependent on the speed of sound,
accurate measurements require fluid temperature,
compesition and density to be compensated for.

The doppler shift method transmits ultrasonic
pulses into the slurry pipeline. The frequency
at which they are reflected back from air bubbles
and particulates is a function of the slurry
flowrate.

In general, the doppler shift method is
preferred for coal slurries because its accuracy
is not affected by variation in the amount of
entrained air in the slurry.

A series of tests were executed at Michigan
Technologlcal University to compare the
performance of a magnetic flowmeter and a
"Doppler Shift" type of ultrasconic flowmeter
(Xawatra et al, 1980). Densities of the various
coal slurries ranged from 5-50% solids and
flowrates ranged from 5-30 gpm. Such ranges on
any given stream would rarely be encountered in
operating plants, but the high accuracy shown by
the meters even when subjected to such conditions
illustrates the versatility and dependability of
the instruments.

PRESSURE MEASUREMENTS

A wide range of pressure measuring devices are
used in the coal industry. All types fall into
the category of devices which are designed to
respond to a change in pressure by deforming or
moeving an external device in a manner
proportional to the change in pressure. The most
commonly used pressure monitors are Bourdon tubes,
pressure bellows and strain gauges. All of these
transducers are discussed in detail in standard
instrumentation handbooks, and are not discussed
here.

WEIGHT MEASUREMENTS

A wide range of static load cells are
available to the mineral industry, and are most
often used when accuracy is an absolute
necessity, such as for sales. Implementation of
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contrcl schemes has caused an increase in
continuous weight monitors, e.g. belt scales,

Belt weigh feeders are simple devices that
present a fixed volume of coal to a moving
conveyor belt. This fixed volume is accomplished
by feeding coal from a hopper to a conveyor belt,
and shearing the c¢oal to a fixed height and width
on the belt with a gate. If coal had a fixed
density, the speed of the belt would be the only
other information to be measured. Since coal
density varies, a better method is to weigh the
material on the moving belt with a belt scale,
Belt scales consist of one or more conveyor idlers
mounted on a weigh bridge, which can be
hydraulically, mechanically, pneumatically or
electrically activated. Weight per unit belt
length measurements are combined with speed to
provide a continucus weight/unit time readout,
The more idlers mounted to the weigh bridge, the
greater the length of belt involved and thus, the
greater the accuracy of measurement.

One significant problem with belt scales is
their physical attachment to the conveyor. Any
detrimental factors acting on the conveyor will
affect the accuracy of the weight measurements.
Placement of the belt scale is also crucial, with
the best results being cbtained on horizental helt
sectionsg provided with a smooth, continucus flow
of material.

CONTROI, IN FINE COAL PROCESSING

There are two basic objectives for any control
scheme for ccal processing. The first is to
minimize the effects of feed disturbances on the
grade-recovery performance, and the other is to
operate at the optimum on the grade-recovery curve
for a particular coal. Coal processing methods do
nct give a perfect separation and recovery is
always less than is thecoretically possible. The
implementation of process control is one method of
reducing the difference between theoretical and
actual by reducing much of the wild fluctuations
that occur. In spite of the proven gains of
process control, most coal processing plants in
the United States have only the most rudimentary
instrumentation for process control. This is
mainly due to the historically low value of coal,
which has made it more economical in the past to
construct a simple tipple and discard the coal
which did not meet standards.

Basic Characteristics of Automatic Control

Initial attempts towards auntomatic controls
used proportional, integral and derivative
controllers. These contreollers were used to
automate simple contrel locops, such as sump level,
mill feed rate and flowrate of water. Once these
control schemes were successfully implemented, the
next logical step was to develop model-based
control systems (Burdett et al, 1986). There are
three types of model-based systems available;
Empirical Systems (Lynch et al, 1981},
Phenomenolegical-based systems {Nieme and
Maijanen, 1973; Klimpel, 1984; Mika and
Fuerstenau, 1969; Herbst and Bascur, 1983), and

Artificial Intelligence/Expert systems (Moore et
al, 1984). A schematic diagram of the general
elements of control systems is shown in Figure 9,

Empirical Models. This methed involves a large
amount of experimental data from an operating
plant of interest being collected. The empirical
relationships between various variables are
typically developed using techniques which define
the regressiocn relationships between the measured
and controlled parameters. Care should be
exercised while using these models, as they are
only good for the range and conditions under which
the original data was collectead.

Phenomenological Models. These models are based
on first principles and involve the use of
physical laws to develop relationships between the
measured and contrelled variables. These models
are difficult to develop but have a much wider
applicatien than empirical models.

Artificial Intelligence/Expert Systems. The
development of computers that are capable of
carrying out commands in parallel rather than
saquentially has created interest in the
possibilities of expert systems. This
development has allowed computers to mimic,, at a
much slower rate, the human thought process to
some extent. This technigue holds great promise
for certain areas of process control, areas which
do not lend themselves to mathematical modelling
and invelve too many variables for
rhenomenological modelling. Presently, these
processes are controlled by humans with expertise
in their operation; they can combine judgmental
capabilities with knowledge gained from previous
experience (Sutton, 1984}. Commercially viable
expert systems would incorporate human expertise
into a set of rules which would form the basis of
a knowledge-based automatic system of control.
The economic viability of expert systems in
automatic process control will be governed by
both the time and cost involveé in their
generation and the necessary interpreting
software for compatibility with existing
contrellers,

Blending Control

A typical system for the blernding of coal
involves raw coal and clean coal being fed
simultanecusly to meet some specified blend. The
raw coal feed is maintained at a constant rate,
while the clean coal feed rate is varied such that
the final product meets the buyers specifications.
This system must be conservatively lower than the
specifications to allow for the fluctuations in
combustible coal composition, thus essentially
giving away a fair proportion of coal. Zumberge
(1987) has shown that this scenario can be
improved by using a ash or elemental analyzer to
monitor the hlended preduct in real time and
control the rate at which clean coal is fed. This
method allows for a product that is nearer to the
specifications because the results are immediately
available, thus keeping the saleable product much
closer to specifications. A third approach may

Y
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Table IV, Variables and Sensors for Flotation Control

Measurable Variables

composition

water flow rate

pulp density

pH

reagent addition rates
froth depth/level

slurry flow rate

power draw

—» SAMPLING
PROCESS

CONTROL
ELEMENT SENSOR

L—L CONTROLLER '

PROCESS INPUT/QUTPUT

COMPUTER MEMORY

OPERATOR

Pigure 9. General elements of a control
system (arrows indicate
direction of information flow).
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Sensing Device

urry ash analyzer
ifice plate

gamma density gauge

pH
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bu
de
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do,
wa

probe

owmeter

bbler tubes, sonic
tectors, nuclear gauge,
nductivity probes
gnetic flow meter,
prler flow meter

tt meter
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DENSITY FLOW

COND. | FLOTATION CELLS

Figure 10.
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pH control in flotation
circuit.
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alsc be taken, it involves feeding forward
analyses to both the raw and clean coal feed
contrecllers (Zumberge, 1987). With this system
an ash or elemental analyzer is placed on both the
raw coal and clean coal streams. Their real time
measurements are processed by a computer and used
to blend the coals closely to buyer
specifications. This system, though more
expensive than the feed back type, has distinct
advantages when the combustible coal varies
greatly in a short period of time.

Flotation Control

Cecal flotation differs drastically from
metallic mineral flotation in operation, design
and ceontrol. The main differences are that the
coal is not ground to liberation size, and only a
small fraction of the plant feed is processed by
flotation., These factors and upstream
disturbances lead to rather large fluctuations in
the characteristics of the flotation feed. An
additional difference is that coal is light,
readily flotable and the majority of the feed is
recovered in the concentrate, as opposed to
metallic flotation where the bulk of the weight
reports to the tailings. Thus coal flotation
circuits are usually run in an overloaded froth
condition.

Control is desirable for coal flotation
circuits because it serves to calm the short term
fluctuations caused by feed variability and pricr
upstream disturbances. The coal concentrate
variaticns can be controlled by centrelling
reagent addition, froth depth, aeration rate and
water additions. The more stable these variables
remain for a given type of coal, the fewer fine
coal losses to the tailings c¢circuit. Additionally
the flowrates and compositions of concentrates and
tailings streams can have significant effects on
dewatering processes (Kawatra and Seitz, 1984},

The cbjective of any control strategy in fine
coal processing is to minimize the effects of feed
disturbances on circuit grade-recovery
performance, and to operate on the ¢ptimal
grade~recovery curve for a particular coal.
Unfortunately, a universal control scheme cannot
lre developed because of the wide variability of
coal characteristics and their individual
responses to processing circuits.

Twe levels of contrel must be considered when
developing fine coal processing control
strategies. The first level, stabilizing control,
is intended to minimize the effect of feed and
prior processing disturbances, and the secongd,
optimizing control, is_to_operate on the optimal
grade-recovery curve for the circuit. Obviously,
the stabilizing of a circuit is necessary before
the optimization can be effective. The effects of
circuit design and operating practice are very
important factors in maintaining stable and
optimal circuit operation. The use of circuit
design and coperating practice to obtain scme
stability and optimization can drastically reduce
the burden of any control strategy {Seitz and
Kawatra, 1985; Kawatra et al, 1984).

For effective process control of a flotation
circuit it is necessary to measure several
variables, which are listed in Table IV. Using
the sensors listed in Table IV several control
loops can be developed, Figure 10 shows a pH
control loop, as pH control is often necessary to
maintain optimum recovery. A variation of two pH
units will cause an increase in ash to 10% and a
4% reduction of recovery in a flotation circuit
{Lynch et al, 1978, Wells 1981). The intentiocn
of the contreol loop is to ensure that the ratio
of pH reagents varies according to the flowrate
of solids to the fleoat cells. Similarly, pulp
level is used to control grade. Higher grade is
accomplished by increasing the froth depth, thus
increasing the particle residence time in the
froth and allowing greater ash drainage. After
sampling three plants in Pennsylvania and one in
West Virginia, a control scheme for reagent
additions was developed at Michigan Technological
University (Seitz and Kawatra, 1987; Xawatra and
Waters, 1982; Kawatra and Seitz, 1984). 1In this
strategy, a coal flotation circuit could be
monitored to ensure that the MIBC addition was
maintained at starvation level (i.e. adequate
additions to prevent froth overloading) and then
the collector additicn rate could be monitored to
obtain the optimal grade and recovery. ‘This
strategy is particularly useful in plants
treating coal with large amounts of clay and
slimes. The results obtained in the circuit when
MIBC additions were below starvation levels are
presented in Figure 11, The nearly instantaneous
results obtained when the MIBC addition to the
circuit was cut off (point 3), then restored
(point 11) to its original level prove the-
inherently short retenticn times encountered in
coal flotation circuits. As expected, when the
MIBC addition is reduced, the % ash in the
tailings is decreased and the % solids increased,
as the circuit was operating below optimum MIBC
additions. The process was quick to stabilize
and established a new equilibrium until an
increase in feed rate again disrupted the system
(point 8}, sending the % ash in the tailings even
lower. Shortly after MIBC addition was restored,
the plant prepared for shutdown and the feed was
slowed quickly and sporadically.

Thickeners

A conventional thickener generally involves a
hydraulic retention time of one-half to four
hours, whereas a high capacity thickener involves
a hydraulic retention time of 1% minutes to 1
hour. High capacity thickening is accomplished
by introducing the feed slurry under the slime
layer, hence effecting a more rapid settling rate
which reduces the required thickening area.
Because of the shorter retention time and greater
operational instability, these thickeners require
close control of sclids inventory to ensure that
the slime layer does not drop below the slurry
inlet (Yingst, 1986; Wells, 1981).

Of the independent variables of thickening,
only polymer addition rate and underflow pumping
rate are considered useful for control. Feed
rate aqﬂ composition are not useful as they are

X
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Table V.

Measurable Variables

solids level

feed flow rate

feed percent solids
reagent flow rate

pH

underflow rate
underflow percent solids
overflow turbidity

75

* %/ ASH
4% SOLIDS

50
0 8 16

POINT NUMBER
(time)

Flotation respone to MIBC.

Dgg SIZE (microns)

Variable and Sensors for Thickener Control

Sensing Pevice

ultrasonic level gauge
ultrasonic flow meter

gamma density gauge
metering pump

pH electrodes

ultrasonic flowmeter

gamma density gauge
¢larometer turbidity sensor

#d40%. sohids 1n feed
& 35, solids i teed
® 26°%. solids in feed
* 19%, sohds in feed

Figure 12.

1 2 3 4
VISCOSITY {(centipoise)

Viscosity effect on cyclone d size.
Test work carried out with a §Q Krebs
cyclone and pure silica (B0% - 62
microns). Viscosity determined

with a Nametre vibrating sphere
viscometer in a sampling system
developed at MTU (Kawatra and Eisele,
1988} .
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dependent on prior processing. Cantrollable
dependent variables are overflow turbidity, sludge
bed level and underflow density, though underflow
density 1s somewhat dependent on sludge bed level
{Yingst, 1986). Appropriate sensors for measuring
these variables are listed in Table V.

Several different strategies for controlling
thickeners have been proposed and tried.
Generally, flecculant addition is controlled to
reduce the costs involved. This can be
accomplished@ by utilizing both underflow density
and solids feed rate to determine floceculant
addition, A level measurement of the slime blanket
is used to control the rate at which variable
speed pumps remove the underflow. The sludge bed
level must be maintained between specific set
points to ensure both efficient clarification of
the overflow and adequate thickening of the
underflow. Conventionally, flocculant addition
rates are balanced with overflow turbidity.
However, there are problems associated with this
method., Turkidity sensors are known for their
tendency to foul guickly and being difficult to
clean. Also, nearing optimal flocculant dosage
causes the overflow turbidity tc change rapidly,
as do the large cyclic "dead times" inherent to
thickener operation. The resulting non-linear
response tends to be difficult to implement into
control.

A new technique for flocculant dosage control
has been attained by Ramsey Engineering in St.
Paul, Minnesota {Maehling, 1985). It involves
periodic sampling of a thickener feedwell to
determine the flocculated material's settling
rate. It is well known that the rate of settling
of a solid liquid interface is a function of the
flocculant dosage. In the Ramsey Clarometer, a
desired settling time is used as a set point, and
the flocculant dosage is controlled to maintain
that set point. This scheme has been tested at
several U.S. c¢oal plants with an average
flocculant saving of 16% being the result
(Maehling, 1986).

In most coal applications underflow density is
not critical. Thus, sludge bed level is
controlled preferentially for operaticnal
stability, with underflow rate being used to
maintain a given sludge bed level. The biggest
prcblem with level contrecl is achieving an
accurate level measurement. The interface in a
refuse thickener is not a well defined line, but a
gradient. The most successful instruments are
sonic devices and ball floats. A new device by
Krohne involves a moveable sonic sensor which
seeks a certain sludge consistency, then transmits
that level information to a controller (Yingst,
1986) .

Filtration Devices. The most commonly used
filtration devices in fine coal processing are
belt presses, vacuum drum filters and vacuum disk
filters. Generally, little control of these
devices has been attempted, due to their relative
stability and lack of suitable instrumentation.

As the feed to the filters is uncontrelled,
the only reasonable place for control is
flocculant dosage and, in the case of the vacuum
filters, rotaticnal speed. Polymer costs can he
minimized as well as energy requirements for
dewatering if dosage is carefully matched to mass
flow rate. Operaticn of a belt press generally
invelves flocculation of a thickened sludge,
gravity dewatering or drainage of that
flocculated sludge, and subsequent final
dewatering via roll compressicn. Contreol is
accomplished by measuring the flow rate and
solids content (using a nuclear density gauge) of
the feed to the belt press, calculating the total
dry solids throughput, and controlling the
polymer feed rate at a constant dosage. This
does not work well when the characteristics of
the solid material change with time {Yingst,
1986), For vacuum filters, a level of control
can be gbtained by using a level gauge to control
the speed of rotation. When the rate of feed
increases, the drive speed can increase in
proportion with rising level, thereby increasing
solids removal.

HEAVY MEDIA CYCLONES

The obhjective of heavy media cycloning is to
maximize clean coal yield for a given specific
ash content and to reduce ash variability in the
final product. & typical control scheme would
involve accurate contrcl of the cyclone feed
gravity and cyclone velocity (Wells, 198l). To
accomplish these objectives, feed velocity and
feed density control will be required. The level
in the heavy media sumps can be measured by
ultrasonic, capacitance cr bubble tubes, thus
controlling velecity fluctuations. Density.
measurement can be made with a nuclear density
gauge to maintain the density of the heavy media
cyclone feed stream. :

Presently, viscosity in a heavy media plant is
not controlled. The importance of this control
loop was first suggested by Valentyik (1971}
after extensive experimental work at Michigan
Technological University. Kawatra and Eisele
(1988) have found that viscosity has a decided
effect on cyclone d size as shown in Figure 12.
The problem in implementing such a control loop
has been the lack of on-line instrumentation
which could deliver reliable results. Recent
work at Michigan Technological University
suggests that some of the recently available
on-line instruments are suitable for this
application.

CONCLUSION

The technology for on-line elemental and ash
measurements is well established. Sensors for the
on-line measurement of density, flow, level and
weight are well developed and are being
extensively used in industry. The technology for
on-line measurement of pyrite and macerals should
be developed, though very little work has been
done in these areas.
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ABSTRACT

Production of highly~cleaned coal for
advanced utilization schemes requires close
control of the coal ash content at very low
levels. For this purpose, a sensitive, low-cost,
robust on-~stream ash analyzer is needed. The
develcopment of such an instrument based on x-ray
backscatter and fluorescence is described,
including features to improve its sensitivity at
low ash levels. The performance of the resulting
device in testing a real coal sample is discussed.

INTRODUCTION

Coal cleaning plants have traditionally been
operated to achieve high coal recovery with little
concern being given to quality contrel. This is
because the price of coal had been low compared to
the cost of upgrading it. Developments in world
energy-supplies have directed the coal cleaning
industry towards a more sophisticated approach.
Increased demand, coupled with environmental
concerns, dictate that more productive and
efficient coal cleaning processes be used to meet
industrial requirements.

Present day coal preparation operations give
less than the theoretical maximum recovery for a
given ash content. Instrumentation and control is
essential to all coal preparation processes to
obtain maximum recovery at a consistent quality.

The conventional analysis procedure of
collecting a sample in a preparation plant and
analyzing it in a laboratory is expensive and does
not provide information fast enough for quality
control. To implement an effective process
control loop, it is necessary to use on-line
sensors which can measure product quality
effectively and rapidly. Also, the instruments
must be rugged enough to withstand the plant
environment, straightforward to use, and
inexpensive enough tco be applied wherever they are
needed.

Coal ash is the oxidized residue remaining

after coal has been burnt and consists essentially
of alumina, silica, iron compounds, and small
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quantities of the oxides of potassium, calcium,
titanium, etc. S$Since coal has a lowex effective
atomic number than do the various ash-forming
minerals, the effective atomic number is a good
indicator of the ash content. Several ash
measurement methods which utilize the differences
in these effective atomic numbers have been
proposed. These methods are based on the inter-
action of x-rays and low energy y-rays with coal
(Watt and Sowerby, 1983; Kawatra, 1976b; 80;
Clayton and Wormald, 1983; Fauth, 1980, 84;
Cutmore, et al 1986}, In addition gauges based
on pair production y-ray interactions have been
developed (Cutmore et al, 1986; Millen et al,
1984).

Ash Analyzers Based Upon the Backscattering of
X-rays and y-rays

The determination of ash content in coal
slurries requires at least two measurements, onhe
to obtain the solids content of the slurry and
the other to obtain the ash content of the
solids. The solids content of the slurry can be
determined by a gamma density gauge (Kawatra,
1976a,b,c,d). The gauge is based on the
principle of radiation absorption. As the
radiation passes through matter, the loss in
intensity of gamma rays is related to the density
of the material. Because gamma ray mass attenua-
tion coefficients are both atomic number and
energy dependent (Kawatra, 1976c,'Evans, 1955,
1958) it is customary to use a gamma ray energy
of about 0.7 MeV for applications free of high
atomic number elements, and a gamma ray energy of
about 1.2 MeV when high atomic-number elements
are present. For solids content measurement of
low density slurries, such as an aquecus coal
slurry, gamma-ray energies in the range 0.6 MeV
to 1.3 MeV are not sufficiently sensitive for
practical path lengths (25 cm) and it is necessary
to use an isotope which has a lower energy gamma
ray. The characteristics of isotopes commonly
used in density gauges are shown in Tahle 1 as
well as the characteristics of isotopes that
could be used to measure solids content of coal
slurries. Gd-153 is selected for this application
over Co-57 because of sensitivity, and over
Ir-192 and Ce-139 because of both half-life
considerations and sensitivity.

2
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Table 12
Isotopes Commonly Used in Density Gauges

Radiation Used for

Isotope Half-Life gauging (MeV)
Cs 137 30.0 years 0.662
Co 60 5.2 years 1.173
1.332
Table 1B

Useful Isotopes for Gauging Low Density Material

Radiation Used for

Isotope Half-Life gauging (MeV)

Gd 153 239 days 0.099

Co 57 270 days 0.122
0.136

ce 139 140 days 0.165

Ir 192 74 days 0.062
0.066
0.296
0.308
0.317

The coal ash content determination is based
on the scattering of radiation energy less than
100 KeV, the intensity of scattered radiation
being propertional to the ratic of the probability
of a scattering interaction occurring opposed to
an absorption interaction. Two types of radiation
scattering may occur: inccherent or Compton
scattering and coherent or Rayleigh scattering.
In Compton scattering, a photon collides with an
electron, loses scme of its energy and is
deflected from its original direction of travel.
In Rayleigh scattering, photons are scattered by
bound atomic electrons under conditions such that
the atom is neither ionized nor excited. The
scattering from different parts of the atomic
charge distribution is then "coherent"”. Compton
scattered low energy gamma rays suffer an energy
loss which grows larger as the angle of scatter
increases. Rayleigh scattered photons have the
same energy as the primary photons regardless of
scattering angle. In addition, the cross section
of Compton scattering is proportional to the
Atomic Number (Z) of the scattering atoms while
the Rayleigh scatgering cross section is closely
proportional to Z2°. Compton scattering relation-
ships are given by the Klein-Nishina formula
{Hubbel, 1977; Hubbel and Overbo, 1979)

=26 E' 2 E E’ .2
o, = 3.92 x 10 (E—) (E' + g " sin 8} (1)

where o is the Compton differential cross section
per sq. cm. per electron per steradian, E is the
energy of the primary photons, E' is the energy of
the scattered photons and 6 is the scattering
angle. The relationship between E' and E is
given by (Evans, 1955, 1958)

E' = E (2)

1+ _EE {(1-cos8)
mc

where m is the electron rest mass, and ¢ is the
speed of light. For a mixture of elements, the
probability of Compton scattering per unit path
length traversed in the medium into the elemental
solid angle 4 in the direction 8 is given by
(Evans, 1955, 1958)

Z
P(B,E)C = Npcc(e,E)dﬂiai(i)i (3)

where N is Avogadre's number, p is the density of
the material, a. is the fraction of the total
weight compriseé by the ith type atoms, and Z

and A are respectively the atomic number and
atomic weight of the i'th type atoms.

The Rayleigh scattering can be approximated
by the relationship (Evans, 1955, 1958)
3
o =¥ ? fee) Z (4)
4 2 3
mc E
where g_ is the Rayleigh cross section per sg.
cm. per electron per steradian, e is the elec-
tronic charge, K a constant and £{8} is a
function of scattering angle. Feor a mixture, the
probability of Rayleigh scattering per unit path
length traversed in the medium into the elemental
seolid angle 4 in the direction & is given by
(Evans, 1958)
uizi3
P(B,E)R = KNpdQl ; o
i i
where p is the density, N is Avogadro's number,
and o is the fraction of the total weight
comprised by the i'th type atoms.

(5)

The theory ocutlined suggests the application
of Rayleigh and Compton scattering to the chemical
analysis. If the amount of high atomic number
material varies in a low atomic number matrix, the
Compton and Rayleigh scattered intensities would
also vary accordingly.

Coal ash is the oxidized residue remaining
after cocal has been burnt and consists essentially
of alumina, silica, iron minerals and compounds
and small gquantities of the oxides of potassium,
calcium, titanium, etc. In coal, the effective
atomic number of ash is about 10, while that of
combustible carbonaceous material is about 6.
Thus, since the effective atomic number of coal
increases with increasing ash content, the ash
content can be theoretically determined by
measuring the intensity of scattered low energy
photons, The effect of photon energy on the
sensitivity of ash measurement is shown in Fig. 1
(Boyce, et al 1977},

The presence of iron-sulphur minerals in
coals, such as pyrite and pyrrhotite, which may
be present in concentrations as high as 5-10
weight percent and which have an effective atomic
number of about 20, will cause greater changes in
scattering intensity than alumina and silica with
their effective atomic number of about 10.
Therefore, compensation should be made for the

3
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iron content in order to accurately determine the
ash content. If a radioisotope is selected so
that Fe K fluorescent x-rays (6.4 KeV) are
excited and measured a gquantitative measurement of
the iron-sulphur mineral content in the slurry can
be made. This measurement provides a correction
for the additional scattering due to the
iron=-sulphur minerals. With this procedure an
accurate determination of ash content can be made.
A schematic of an early test rig developed at
Michigan Tech is shown in Fig. 2, which
illustrates the basic principles of this
technique. This device used a single flow cell
for backscatter and XRF measurements and a lucite
assembly with a 20 ¢m radiation path for a
density gauge. A gamma density gauge employing a
Gd-153 scurce was used. Generally, commercially
available gauges use a Cs-137 or a Co-60 source.
The characteristics of these sources for the
measurement of percent solids of coal slurries are
discussed in the literature (Kawatra, 1980),

For the determination of ash in coal slurries
a Cd-109 scurce was selected. This source emits
AgK x-rays of 24.9 and 22.1 KeV. The Rayleigh
scattered radiations and FeK =x-rays were measured
by a gas-filled proportionalucounter. The FekK
x-rays provided a correction for the variation of
pyrite in coal. The ash analyzer was installed in
an operating plant and the results are extensively
discussed in the literature (Laurila and Kawatra,
1984; Kawatra, 1984; Kawatra et al, 1980; Kawatra
and Waters, 1984). 1In the plant operation a
deaerating device manufactured by Armco
Autometrics was used along with the ash analyzer
to analyze concentrate slurries.

The on-line measurement of ash by scattered
radiation has several advantages. The methed is
simple, provides corrections for the variation of
pyrite, and is rugged. Systems of this general
type have been reported by several investigators,
for instance, the OSCAA system by Flintoff, et al
(1984), and the MRDE method by Boyce (1983). The
results of these systems and others are presented
in Table 2 from the work of Cooper (1984).

Watt (1983) has also used the technique of
backscattered y-rays for the measurement of ash in
coal slurries. However, instead of using
mechanical deaerating devices, he proposed a
technique which depends on the measurements of
neutron moderation and gamma-ray transmissien to
determine hydrogen (wt/wt)} in the slurry, and
combining these with ash-sensitive measurements
e.g. x-ray backscatter and iron K x-ray excita-
tion. It is much better to use a mechanical
deaerating device than to use neutrons to provide
a correction for air, as neutron sources are a
greater radiation hazard than x or gamma-ray
sources. Mechanical deaerating devices have been
used all around the world and have proven to be
successful. The results of Watt's (1983) work at
CSIRO are presented in Table 2 {Cooper, 1984).

The primary use of these instruments has
been to measure the ash content of slurry streams
which are fairly high in ash, such as the feed
and tailings streams. In normal coal cleaning

Table 2. Accuracy of Coal-Slurry Measurements

Ash % Sclids
St. Range/  Rel. sSt. Range/ Rel.

Error  Avg. Error Error Avg. Error
ASHSCAN
Feed 2.5 12-30/21 11.9 0.6 5-20/12.5 4.5
Conc 0.3 5-11/8 3.8 0.7 15-35/25 2.8
Tails 4.4 40-80/60 7.3 0.6 3-10/65 8.6
Michigan Tech
Tails 0.7 56-78/67 1.2 - 15-40 2.7

Bergbau
Tails 1.6 5-65/35 4.4 0.4 5-18/12.5 2.8

MRDE
Tails 2.0 50-B0/65 3.1 0.3 2-17/9.5 3.1

CSIRO
Tails ©.8 20-30/25 3.2 0.5 5-22/13.5% 3.7
Feed 0.9 10-24/17 5.3 1.0 5-19/12 8.7
QOSCAA

.7 15-35/25 2.7

Conc 0.4 6-13/10 1.6
4.4 .6 3-10/6.5 16.4

4]
Tails 40-80/60 40.5 0
circuits, this is sufficient for maintaining coal
quality. However, greater sensitivity is needed
if the ash content of the clean cecal is to be
measured and tightly controlled, as would be
necessary in a plant for producing highly-cleaned
coal at less than 2% ash. With this goal in
mind, a new x-ray backscatter ash sensor was
designed, built, and tested at Michigan
Technological University.

DESIGN CONSIDERATIONS
Ash Sensor

The original Michigan Tech ash analyzer
used, in the ash sensor, a point source mounted
in a lead cup emitting a collimated x-ray beam.
This narrow beam was directed at the center of
the flowcell window providing a narrow range of
scattering angles centered about 135°, with
radiation outside this range being absorbed in
the aluminum housing or in the flowcell material.

Specifically designed for use in coal
preparation plants where product ash content is
at least six percent, the point source configura-
tion is of inadequate sensitivity for monitoring
coal-water fuel slurries, which can be less than
1% ash.

The sensitivity of the backscatter sensor
could be improved by increasing the size of the
flowcell window, and redesigning the source
configquration to provide more even illumination
of the flowcell, thus exposing a greater quantity
of slurry to the radiatioen.

An annular source. situated squarely facing
the flowcell window is a configuration which
readily provides a high irradiation area and
uniform flow cell irradiation, while still
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permitting the transmission of backscattered
radiation to the detector. Such an arrangement,
shown in Fig. 3, was selected for this project.
A xenon~filled gas proportional counter was used
to detect backscattered radiation and Fe K
x-rays. This type of detector was used bePause
it is cheaper and easier to maintain than
solid~state detectors, and its energy resolutien
is sufficient for the purpose.

The flowcell designed for the ash sensor
uses a 0.5 mil mylar window to separate the
slurry from the source and the detector. A
sensor which uses backscattered radiation is most
sensitive to material which is very near to the
window. It was therefore necessary to design the
flowcell to ensure that the slurry contacting the
window was representative of the entire slurry.
This was achieved by arranging the inlet to force
incoming material to impinge directly on the
window, and by situating the outlet to ensure
that coarse material did not accumulate anywhere
in the cell. The resulting flowcell design is
shown in Fig. 4. Initially, it was considered
possible that this arrangement might cause rapid
wear of the window, but this proved not to be a
problem.

When the backscatter sensor was first used,
a large x-ray peak was noted at 8.4 KeV, as shown
in Fig. 5A. This was found to be due to fluores-
cent x-rays excited by the (Cm-244 from the
tungsten shielding in the socurce housing. The
presence of this peak could not be tolerated, as
it largely obscured the iron fluorescence peak,
and therefore made accurate pyrite compensation
impossible.

An aluminum collimator was first used to
screen out the W-1 x-rays, as shown in Fig. 5B.
Aluminum was used So that any fluocrescent x-rays
from the collimator would differ greatly in
energy from the Fe K peak. However, the aluminum
was unable to completely absorb the tungsten
x-rays, even when made thick enough to seriocusly
constrict the opening of the source annulus. For
this reason, a lead collimator was substituted,
as shown in Fig. 5C. Although a small quantity
of lead fluorescent x-rays were excited by the
source, the intensity of these x-rays was only
one-half that of the radiation which leaked
through the aluminum, and of sufficiently high
energy not to interfere with the iren fluores-
cence measurement.

Test Rig

In order to produce the best results, the
test rig was designed to meet the following
conditions: T

1. The ash sensor and density gauge are
monitoring identical streams.

2, The slurry is provided at a low, constant
pressure to prevent shape changes of the
ash sensor window.

3. Air is removed from the slurry before it
reaches the density gauge, which is
sensitive to air bubbles.

4. The slurry is kept theroughly mixed to
prevent errors due to settling in the
system,

5. The ash sensor and density gauge are
isolated from the vibration of the
centrifugal pump.

To accomplish this, the rig was designed as
shown in Fig, 6. Slurry is added to the sump,
and is pumped to a constant-head tank, which is
designed to remove air as well as maintain a
constant pressure. The head tank overflow is
recirculated to the sump. The head tank supplies
slurry to both the ash sensor and density gauge
via a 1" diameter line, and the slurry is then
returned to the sump. A sampling port is provided
immediately following the density gauge.

The constant head tank contains an arrange-
ment of baffles which allow a high throughput of
slurry without splashing or level fluctuations.
This arrangement is shown in Fig. 7. The anti-
splash plate shown also serves as a surface which
encourages the coalescence of air bubbles, and
hence deaerates the slurry. The high throughput
rate prevents particle settling in the tank, and
ensures that the composition of the underflow
stream is representative of the entire sample.

slurry is supplied to the head tank by a
flexible line, and the head tank, ash sensor, and
density gauge are mounted on a support structure
which is not attached to the centrifugal pump. %
This effectively isclates the sensors from the g .
pump vibration, thus eliminating the possibility
of error from this source.

The main slurry stream, which flows through
the sensors, is returned to the sump through
flexible piping. A vertical plate installed in
the sump prevents the formation eof a vortex,
which would cause classification of the slurry
solids. Since the head tank overflow is quite
turbulent and entrains a large amount of air, it
is returned to the head tank via a side-mounted
feed box. This provides an opportunity for the
bulk of the air to be removed, and causes the
material to enter the sump with a minimum of
turbulence. The slurry from the density gauge is
caused to flow down the sump wall, thus minimiz-
ing air entrainment.

EXPERIMENTAL PROCEDURE
Sample Preparation

Coal samples were obtained from the Kitt
Energy Co. coal washery, in West Virginia. All
samples were dried, and if necessary crushed to
100%-20 mesh by stage crushing to allow suspension
in a slurry.

Each sample was split into increments of
approximately 200 grams with a riffle splitter. A
total of BO incrementsiof coal were prepared in
this manner. 1In addition, a single 2270 gram
increment was prepared for use as the first coal
to be added to the test rig.

b
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Test Rig Stability Determination

The analyzer electronics were turned on, and
allowed to stabilize for several hours. Following
this, the test rig was filled with 15 liters of
tap water, and the pump was started. The water
was then circulated through the rig continuously
for 18 hours. Radiation readings were taken with
a counting time of 800 seconds, and were recorded
continuously by the computer.

This counting time is a function of the
source intensity, and can be easily decreased
merely by using a higher activity curium=-244
source.

At the end of 18 hours, the results were
examined for signs of electronic drift.

After stability with water was confirmed, the
2270 gram ccal increment was added, to produce a
slurry containing 13% solids by weight. The
stability was then monitored for an additicnal 24
hours, tc determine whether the presence of solid
particles produced any increase in the variation
in the readings.

Ash Content Variation

After stability testing, the ash content of
the coal in the rig was varied in order to provide
data for calibration, according to the fellowing
procedure:

1. A reading was taken using the ash sensor,
with a counting time of 800 seconds.

2, A one-liter slurry sample was removed from
the test loop, using the sampling valve
immediately following the density gauge. The
entire stream was diverted to the sampling
container during sample removal.

3. One of the 200 gram increments of Kitt Energy
Co. Coal was selected at random, slurried
with one liter of water, and added to the ash
analyzer sump.

4. The slurry sample was weighed, filtered, and
dried at 75°C.

5. The test rig was allowed tc stabilize for a
period of time, and the cycle was repeated.

Using this procedure, a series of four
sampling campaigns were carried out at 48 hour
intervals. Each campaign consisted of 20 data
points, taken at half-hour intervals, for a total
of 80 points collected over a period of seven
days. Between sampiing campaigns, the test rig
was left operating continuously while the computer
monitored the system for stability.

After the samples had been dried the coal was
ground to -65 mesh, and ash content was determined
in duplicate according to the method set forth in
ASTM Standard D 3174.

Calibration
Due to the fairly short half 1life of the

Gadolinjum=-153 gamma-ray source used in the
density gauge {242 days), a decay correction was

applied to the density gauge readings. This
correction was applied according to the formula

1.=1- exp{t+k)
where I = uncorrected density gauge reading
I corrected density gauge reading
x° = Gd-153 decay constant, .000119 hr
t = time since the reference reading was
taken, hours

1

The result of this correction is to predict
the reading which the density gauge would have
provided if the source had possessed the same
strength as it did when the reference reading was
taken. The time spans over which each campaign
was carried out are as follows: Campaign #l: t =
0 to 10 hours; Campaign #2: t = 51.5 to 61.5
hours; Campaign #3: t = 96 to 106 hours; Campaign
#4: t = 144.5 to 154.5 hours. No correction for
decay of the curium-244 Ssource was necessary, as
its half-life of 17.8 years makes the loss of
strength over a period of seven days negligible.

Calibration equations were determined using
standard multiple linear regression. Due to the
difficulty of theoretically deriving a relation-
ship between ash content and backscatter, Fe K ,
and transmitted gamma ray intensities, a simplg
empirical equation was used, as follows:

A= Kl(B.S.) + KZ(FEKG) + K3(DG) +C

where A = weight % ash
BS = backscattered x-ray intensity
FeK = iron K_ fluorescence intensity
DG = gamma-ray transmission intensity

KI'K2'K3'C = arbitrary constants
Equations of this form have been found to
give good results in this application, provided
that the ash content does not vary over a range
much wider than 20 weight % Ash. If the ash range
is greater than this wvalue, errors will begin to
mount noticeably.

Experimental Results

The calibration data collected in the four
sampling campaigns is presented in tables 3
through 6, along with the regression equation
constants for each campaign, the ash values
calculated from the regression equatien, and the
expected uncertainty in the calculated ash valued
due to statistical variations in the radiation
counts.

In Figs 8-11, the ash values calculated using
the reqgression equations are plotted against the
corresponding measured ash values for each samp-
ling campaign. These figures show that the
variation between the actual and predicted ash
values is greatest in campaigns #1 and #4. 1In the
case of campaign 1, this variation is due to
errors made in removing slurry samples, and
apparently not to any machine flaws, as no other
possible evidence of equipment failure or elec-
tronic drift was found in the course of experi-
mentation, This is borne out by the consistentl,

9
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Table 3. Ash analyzer test results for sampling Table 5. Ash analyzer test results for sampling
campaign 1. Density counts are correc- campaign 3.
ted for source decay. The regression Calculated
equation is of the form: Wt.% Ash = K1 Wt.% Backscatter Fek Density We. .
(Backscatter)}+K2 (FeK)+K3 (Density) +C Ash Counts Counts Counts Ash
Calculated 15.8 1171341 102341 229302 15.30
WE.% Backscatter FeK Dengity Wt.% 20.4 1125739 102594 226616 20,92
Ash Counts Counts Counts Ash 21.2 1117790 102365 226648 21.90
25.9 1085772 103494 223066 25.85
8.4 1255619 93637 241096 7.43 26.4 1084200 102976 222553 26,04
9.1 1241459 93433 240134 9.01 25.8 1086533 103654 223747 25.76
8.8 1243141 93359 239461 8.83 24.3 1099081 103662 225363 24.21
14.4 1197747 95986 233303 14.12 23.2 1106376 103175 225653 23.31
13.9 1202118 97944 234213 13.71 22.3 1113133 1062990 226307 22.47
15. 1193432 104022 232563 15.00 22,0 1116860 102010 227272 22.00
14.3 1200171 94953 233107 13.81 21.0 1123772 101846 228537 21.15
13.8 1203340 94308 235236 13.38 20.5 1130509 102487 228643 20.33
13.2 1205730 94996 234901 13.16 19.4 1139841 101401 229261 19,17
18.7 1160342 96245 2316407 18.32 18.7 1146051 100283 228819 18.40
19.8 1154906 96204 231634 18.93 17.7 1152223 100823 230852 17.64
20.2 1151305 96884 230830 18.37 17.5 1154879 101004 230948 17.31
19.7 1151878 96363 231414 19.27 16.6 1162790 100137 232045 16.33
18.5 1160795 96126 231359 18.27 15.7 1167354 100602 233435 15.76
17.8 1164370 96092 232061 17.86 15.1 1171428 99973 232131 15.26
16.9 1168427 96012 231903 17.41 14.7 1172822 100058 232150 15.09
16.0 1170176 96586 231553 17.25
15.5 1178425 96727 232797 16.32 Regression Equation Constants:
15.2 1176816 96279 233382 16.46 X1 = -.0001229317 K2 = .0000077743
14.6 1182496 96329 233425 15.83 K3 = -.0000034722 C = 159.2980-
Regression Equation Constants: Mean Ash Value = 20.21000 Standard Error’= ,29739
K1 = -.0001110850 K2 = .0000477558 Expected uncertainty of calculated ash values =
K3 = -~,0000196438 C = 147,1744 + 0.14% ash.

Mean Ash Value = 15.19000 Standard Error = .68420
Expected uncertainty calculated ash values =

+ (.15% ash.
Table 6. Ash analyzer test results for sampling
Table 4. Ash analyzer test results for sampling campaign 4. :
campaign 2. Calculated
Calculated Wt.% Backscatter Fek Density Wt.%
Wt.% Backscatter Fek Density Wt.% Ash Counts Counts Counts Ash
Ash Counts Counts Counts Ash
14.5 1165451 101962 232181 14.36
13.6 1178552 100353 231389 14.01 14.0 1173111 101488 232388 13.38
13.5 1181270 100336 232668 13.64 19.0 1132347 102039 227756 19.57
12.8 1186190 99445 232568 12,97 23.2 1098564 103245 226140 24,24
13.3 1183854 100355 232465 13.29 21.8 1114097 102972 226947 22,00
12.8 1187354 99636 233738 12.81 26.0 1083462 103235 224569 26,58
14,0 1179417 99598 231273 13.89 32.1 1054396 103374 220258 31.18
13.86 1183792 98890 232875 13.30 29.0 1066797 103322 222147 29,21
18.6 1141562 101098 229010 19.03 34.8 1032075 103818 218076 34,49
17.8 1151269 100723 230365 17.71 31.9 1044695 103158 220035 32.67
16.6 1159951 100072 231188 16.54 32.7 1051769 103223 220691 31.56
16.3 1165239 99677 232474 15.82 30.4 1063334 103152 224093 29,56
15.7 1168228 99710 232221 15.41 33.8 1030011 103683 221570 34.46
17.1 1155780 99773 231852 17.10 38.6 1002700 105036 217660 38.40
21.8 1123949 99809 228654 21.42 43.7 983886 106902 193341 43.13
20,6 1128042 100449 229591 20.87 39.7 1002624 105608 196762 40,46
19.4 1141108 99845 229184 19.09 42.9 982953 105842 192378 43,69
18.2 1144284 99228 230326 18.66 40.9 1004468 105288 193717 40,62
18.1 1149691 100532 231002 17.93 39.2 1014459 105607 195530 38.89
16.5 1159452 98948 231971 16.60 37.4 1024715 105843 197454 37.14
15.6 1165453 98620 231792 i5.79 ’
Regression Eguation Constants: Regression Equaticn Constants:
K1l = -.0001357976 K2 = .0000004379 Kl = -.0001439180 . K2 = -,0003038374
K3 = -.0000001902 C = 174.0541 K3 = ~.0001066754 C = 237.8353
Mean Ash Value = 16.29500 Standard Error = ,27457 Mean Ash Value = 31.2B000 Standard Error = ,64974
Expected uncertainty of calculated ash values = Expected uncertainty of calculated ash values =
* 0.15% ash. + 0.30% ash.

it
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low variations seen subsequently for campaigns 2
and 3. The increase in variation for campaign #4
is to be expected, due to the extremely wide range
of ash values {14% to 43.7%, difference of 29.7).

Combining all of the data and finding a
single overall regression equation results in the
plot shown in Fig. 12. This illustrates that the
results are quite stable over time and over a wide
ash range, If campaigns 1 and 4 are ignored, the
plet of Fig. 13 is produced, which is more repre-
sentative of conditions which are likely to occur
in practice, and shows very good agreement between
the measured and the calculated ash contents.

The ability of the ash analyzer to operate
continucusly for nine days without breaking down
or showing signs of electronic drift indicates
that the design is sufficiently robust to be used
in an operating plant without difficulty. The
accuracy of the system, and its stability with
time, is indicated by the combined results of
sampling campaigns 2 and 3, which show a standard
error of the predicted ash content of 10,32% ash
at 15 wt% solids and 12% to 26% ash.

For ash measurement of coals cleaned to less
than 3% ash, it is only hecessary to jincrease the
solids content of the slurry in order to achieve
higher accuracy. Increasing the percentage solids
will increase the fraction of the slurry which is
mineral matter, and will therefore increase the
change in the slurry atomic number corresponding
to changing ash content of the coal. If the
standard error at 15% solids is * Q.32% ash, it
would then be expected to have roughly one quarter
the value, or * 0.08% ash, at 60% seolids.

CONCLUSIONS

The ash analyzer described has been shown to
be capable of measuring the ash content of coal
in slurries to within t 0.32% ash at 15 wt.%
solids. This is primarily due to the annular
CM-244 x-ray source used for backscatter measure-
ments, and to the high flowrate configuration
which provides for good sampling and a uniferm
slurry. The resulting instrument performance is
superior tc that obtained by other on-stream ash
analyzers.

Extended operation has shown that the
instrument is not prone to frequent electronic or
mechanical failure, and produces stable results
over period of at least one week., It is there-
fore suitable for plant use without further
medification.
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Chapter 22

Studies Relating to Removal of Pyritic Sulfur from Coal by Column Flotaticn

S. K. Xawatra and T. C. Eisele

Department of Metallurgical Engineering
Michigan Technological University

Houghton, MI

ABSTRACT

Although column flotation is known to be
more effective than conventional flotation for
cleaning fine cocal, little attention has been paid
to the considerable sulfur removal potential of
this process. Whereas conventional flotation can
only with difficulty remove pyritic sulfur from
coal, flotation columns can make this separation
readily due to their greater selectivity. This
project has used a modified flotation column to
remove pyrite from fine coal. This column has
been shown to be capable of removing 70 to 85
percent of the pyritic sulfur from coal while
recovering B0 to 85 percent of the total calorific
value. However, the remaining pyrite is too
finely disseminated to be readily removed by
physical means. Currently, experimentation is in
progress using bacterially-catalyzed dissolution
of pyrite in acid solution to remove ultrafine
pyrite and aid in the removal of coarser pyrite
inclusions.

INTRODUCTION

Due to the severe environmental effects
resulting from release of sulfur oxides into the
atmosphere, it is necessary to limit the emissions
of sulfur resulting from coal combustion. Since
the majority of eastern and midwestern coals
exceed the federal emission standards, these coals
cannot be utilized without some form of sulfur
removal before, during, or after combustion. A
cost-effective method for removing sulfur prior to
combustion would therefore have considerable
utility.

The bulk of the sulfur present in coal is 1in
the form of either inclusions of pyrite, or is
covalently bonded into the coal structure as
organic compounds such as thiophenes and
mercaptans. The sulfur is typically distributed
between the pyritic and organic forms in roughly
equal amounts. Since the organic sulfur is an
intimate part of the coal molecular structure, it
cannot be effectively removed without extensive
chemical processing, which is presently
prohibitively expensive. However, since the
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pyrite is present as discrete inclusions it is
amenable to removal by a physical separation of
the pyrite particles from the ccal, Since
physical separations are less expensive than
chemical techniques in most cases, and many coals
can be made to meet emission standards by complete
removal of the pyritic sulfur, a physical pyrite
removal process is the preferred technique,

A major difficulty in the removal of pyrite
by physical means is the size of the pyrite
particles, a substantial quantity of which are
finer than 25 micrometers, Liberation of the
pyrite inclusions from the coal matrix therefore
requires that the coal be ground to a fine
particle size. The most effective processes for
separation of very fine particles are those based
on differences in surface chemistry.

Froth flotation 1s normally the most
effective and efficient of the surface chemistry
based separation technologies, It is particularly
applicable to coal, as coal particles are
naturally hydrophobic and therefore attach to air
bubbles readily after addition of small amounts of
a neutral coil. However, pyrite is alsc slightly
hydrophobic, and conventional flotation is
insufficiently selective to prevent flotation of
much cof the fine pyrite along with the coal. The
use of various agents to depress pyrite flotation
has generally not produced satisfactory results,
and so column flotation has been adopted in order
to improve flotation selectivity.

COLUMN FLOTATION PRINCIPLES

The bkasic principle ¢f column flotation is
the use of countercurrent flow ¢f air bubbles and
solid particles., This is achieved by injecting
air at the base of the column, and allowing the
bubbles to rise through a downward-flewing slurry.
Countercurrent flow is accentuated in most columns
by the addition of washwater at the top of the
column, which forces all of the water which
entered with the feed downward, This flow pattern
is in direct contrast to that found in
conventional cells, where air, water, and solids
are all driven in the same directions. The result
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is that columns exhibit improved hydrodynamic
conditions for flotation, and thus produce a
cleaner product at higher recoveries and lower
power consumption. The performance differences
between columns and conventional cells may best be
described in terms of the collection zone size,
particle-bubble ceontact efficiency, and fines
entrainment.

Collection Zone Size

A major difference between conventional and
column flotation is the size of the collectien
zone. Whereas in a conventional c¢ell the
particle-bubble contact cccurs primarily 1h the
high-shear region arcund the impeller, i1n a column
contact cccurs throughout the entire volume. A
flotation column therefore provides a greater
nunber of opportunities for particle collection,
and thus provides an increased flotation rate.

Particle-Bubble Contact Efficiency

The efficiency of particle-bubble contact in
a column is greater than that in a ceonventional
machine due to the difference in the type of
collisions. 1In column flotation, particles and
bubbles travel 1in opposite directions, and so
while the absolute velocities are low, the
relative velocities are quite high, In contrast,
conventional cells drive particles and bubbles in
approximately the same direction, providing for
high absolute velocities but with collision
velocities on the same order as those found in
columns., Since less energy is wasted in the
celumn, these machines are less turbulent than
conventional cells and are therefore less
energy—-intensive to operate.

Several flotation columns presently in use
are capable of preducing finer air bubbles than is
possible with conventional mechanical air
dispersers. This reduction in bubble size allows
for improved flotation rate and selectivity,
particularly for very coarse or very fine
particles (Yoon and Luttrell, 1986). 1In the case
of coarse particles, this is due to the fact that
a greater number of bubbles attach to the surface,
rather than only one or two (Fig. la). This
prevents turbulence from tearing loose all of the
air bubbles, and hence increases the flotation
rate. For fine particles, the flctation rate
increase is due to an i1mproved contact
prcebability, If an air bubble is very much larger
than a particle, then the liguid flow around the
bubble is likely to sweep the particle arcund,
without contact every occurring. The use of
smaller bubbles decreases the probability of this,
and also increases the bubble surface area
available for contact (Flg ib}.

Fines Entrainment

In conventional flotation cells, a
substantial amount of waste is carried into the
froth by the water contained in the froth layer,
thus degrading the separation. Most column
flotation machines prevent this through the use of

A. Large Particles

B. Small Particles
ubbles

fr\@,

t '\ f&partucles

Effect of air bubble size on collection
of A) large particles, and B) small
particles.

Figure 1:

a deep froth layer which 1s washed by clean water.
The washwater forces all of the water entering
with the feed down to the tailings outlet, largel
eliminating entrainment, as shown in Figure 2. In
addition to preventing feed water from entering
the froth, the wash water reduces the quantity of
waste material in the upper region of the column,
thus establishing a concentration gradient and
reducing the probability of waste material
entering the froth layer. The net effect of this
is that the column froth 1s as clean as the
product obtained by several stages of conventional
flotation, while the operation costs are similar
to those of a single conventicnal stage.

The improvement in selectivity cbtained with
column flotation is of particular impeortance for
the removal of pyritic sulfur from coal. This is
due to the slight hydrophobicity of pyrite
particles, which causes fine pyrite to tend to
float with the clean ceoal. Addition of fuel oil
aggravates this effect, as it increases the
floatability of the pyrite in the same fashion as
it improves the flotation of coal. The higher
selectivity and lower reagent requirements of
ceolumn flotation were therefore expected to allow
removal of pyrite with higher efficiency than 1is
pessible with conventional flotatien processes.

EXPERIMENTAL PRCCEDURE
Materials

Coal samples for this project were collected
from the three seams comprising the greatest

3
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A, CONVENTIONAL CELL Feed

WATER IN l Wash Water

CONCENTRATE
FEED SLURRY £

WATER IN
WATER -> TAILINGS

8. COUNTERCURRENT COLUMN Concentrate

WATER IN
CONCENTRATE

WASHWATER

FEED SLURRY J

WATER
WATER IN . A:_rIWater
TAILINGS Tailings Mixture
Figure 2: Distribution of water flow in a Figure 3: Schematic Diagram of a laboratory
countercurrent flotation column, column.

reserves in Chic (Wizzard et al, 1983): The

Pittsburgh, or No. 8 seam; the Middle Kittaning,

or Ho. 6 seam; and the Meigs Creek, or No. 9 seam. e
0Of these coals, the Meigs Creek is generally

considered to be the lowest quality, and the

Mid@le Kittaning is considered to be the highest RAW COAL .
gquality. The coal samples used were collected

from the raw coal storage piles of mines operating
on these geams, and stored at -20°C until needed. -65 MESH
CONDITIONER

Washability data for the coals used is presented
in Table 1.

Analyses were carried out using the methods
of ASTM standards [3174-B2 and D2492-8 for
determination of ash content and pyritic sulfur
content, respectively, a LECO SC-132 sulfur
analyzer for determination of total sulfur, and a
LECO Automati¢ calorimeter for determination of
calorific value.

SIZE REDUCTION

-270 MESH

The column used for this work was a 3"

diameter laboratory column, as shown in Figure 3. TAILINGS Eg;ﬁf
The height of this column was increased from two
feet to seven feet in order to increase the
residence time sufficiently for high-efficiency
flotation of fines.

Initial experiments showed that, at the size TAILINGS
required for liberaticn of fine pyrite, excessive
quantities of ash minerals caused BTU recovery to
be low, To reduce this problem a two-stage
process was used, consisting of coarse flotation Figure 4: Flow diagram for experimental pyrite
to remove the bulk of the ash followed by fine removal process, First stage feed was
flotation to remove the remaining ash and the fine 90% passing 100 mesh (65 mesh top
pyrite. A flow diagram for the process 1s given size), and second stage feed was 390%
in Figure 4. passing 400 mesh (270 mesh top size).
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TABLE 1. Washability data for coals used in this project. All coals were stage crushed to pass 20
mesh for the washability determination.

A) Meigs Creek Seam

% % Pyr:tic To:al BTU/ Lb.SO

Wt ash s s 1b. MM BT
Float - 1.30 21.1 3.9 0.5 4.1 13838 5.9
Float ~ 1.40 61.7 7.7 0.9 4.2 13236 6.3
Float - 1.60C 81.0 10.8 1.3 4.3 12786 6.7
Total 100.0 18.0 2,0 4.8 11406 8.4

B) Pittsburgh Seam

% % pyri:ic Tot:l BTU/ Lb.SO,

wh. Ash 5 5 _1b. MM BTO

Fleat - 1.30 14.6 5.8 0.5 2.4 14957 3.2
Float - 1.40 43.3 8.3 0.9 2.6 14775 3.5
Float - 1.60 58.7 12.4 1.5 3.0 14086 4.3
Total 100.0 29.1 2.8 4.3 10059 8.5

C) Middle Kittaning Seam

3 % Pyri:ic Tot:l BTU/  Lb.SO

wt. Ash 5 5 1b. MM B8

Float - 1.30 71.2 3.0 0.2 1.9 13253 2.9
Float - 1.40 92.4 3.9 0.3 2.0 13120 3.0
Float - 1.60 95.8 4.4 0.4 2.1 13040 3.2
Total 100.0 7.9 1.1 2.2 12734 3.5
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1. Raw coal was reduced to 100% -20 mesh by
stage crushing with a roll crusher, mixed,
split into uniform portiens, and frozen.

2. Coal was ground 2.5 minutes at 40% solids in
a yod mill to reduce the particle size to 90%
passing 100 mesh.

3. Reagents were added as necessary, and the
pulp was agitated for 1 minute at 25% solids
by weight.

4. The flotation column was started and operated
until the water level was uniform.

5. Coal was added to the column at the rate of
200 grams/minute, at 25% solids by weight,
for a pericd of 20 minutes. Froth, tailings,
and holdup material were collected and
filtered.

6. The froth product was ground in the rod milil
at 40% solids for an additional 15 minutes to
achieve a particle size of 90% passing 400
mesh.

7. When necessary, additional reagent was added
to the reground coal, which was then floated
in the column in the manner previously
stated.

8, Froth, tailings, and hcldup material from
each stage were dried, weighed, and analyzed
te determine ash content, total sulfur,
pyritic sulfur, and calorific value. Mass
balances were carried out from this
information to determine the precise
performance characteristics.

EXPERIMENTAIL, RESULTS

Results for the flotation of each type of
coal are presented in Table 2Z. Recoveries and
sulfur rejections are expressed in terms of the
1nitial feed of the first stage.

From the Stage 1 results, it is readily seen
that the flotation column is extremely effective
for removing ash minerals from all three coals at
a fairly coarse size with excellent BTU recovery
rates. In addition, 45 to 65 percent of the total
pyrite is also rejected under these flotatiecn
conditicns. The Stage 2 results show that
grinding the coarse flotation froth and refleating
allows a substantial increase in pyritic'sulfur
rejection, while, for the cases of the Pittsburgh
and Middle Kittaning coals, maintaining a good BTU
recovery rate.

0f the three coals, the Pittsburgh and Midgdle
Kittaning seams show the greatest benefits from
column flotation, with substantial ash and sulfur
reductions in both stages of flotation and overall
BTU recover:es for the entire process of 85-87%.
The Meigs Creek sample shows a lesser change in
its overall sulfur content due to its large

fraction of organic sulfur and low native
floatability, which also results in a lower BTU
recovery in fine-particle flotation.
Nevertheless, it shows acceptable results in
coarse-particle fletation from the standpoint of
ash removal, with a rejection of 56% of the ash
while recovering 96% of the calorific value,

Although the bulk of the pyrite can be
removed from the coal by the preceeding method, a
fairly substantial amount remains in the clean
coal. This remaining pyrite is very finely
disseminated, and would reguire grinding to
unreasonable particle sizes before liberation
could be achieved. Physical separation processes
are therefore not suitable for removing this
ultrafine pyrite, and some sort of chemical
processing is required.

While most chemical techniques are
prohibitively expensive for use in coal
depyritization, bacterially-catalyzed dissolution
of pyrite is promising Que to its low reagent
costs and ability to proceed under ambient
temperature and pressure conditions. However, the
process is fairly slow, regquiring a period of some
weeks for pyrite dissolution, as is illustrated by
the preliminary results shown in Figure 5. Since
the dissolution rate increases as the particle
size decreases, a promising approach 1s to use
column flotation to remove the coarser pyrite
particles, and bacterial leaching tc remove the
ultrafine, unliberated pyrite., This would result
in more complete pyrite removal in a shorter time
than is presently possible with either process
alone. Investigaticn of this technique is
presently in progress.

g
2

PYRITIC SULFUR, PERCENT
tn
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Figure 5: Removal of pyrite from Meigs Creek coal
by bacterially-catalyzed pyrite
dissclution.
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TABLE 2. Two-5tage Column Desulfurization Results
Recoveries and sulfur rejections are expressed in terms cof initial feed to first stage.
&, Pittsburgh Seam

Stage 1: 1.0 lb PPG/Ton
1.0

Stage 2: lb PPG/Ton
% %
Pyritic Organic Lb. SO2
% Wt. % Ash %S BTU/1b Sulfur Sylfur MM BTU
Feed 100 29.1 4.3 10059 2.8 1.5 8.5
Stage 1 Froth 71.0 6.6 3.4 13730 1.4 2.0 4.9
Stage 1 Tails 29.0 84.7 6.5 1009 6.3 0.2 -
Stage 2 Froth 59.8 3.6 2.7 14246 0.6 2,1 3.8
Stage 2 Tails 11.2 22.3 7.2 11180 5.5 1.7 -
Stage 1l: BTU recovery = 97%, % Pyritic Sulfur rejection = 65%
Weight recovery = 71%
Stage 2: BTU recovery = B85%, % Pyritic Sulfur rejection = 87%
Weight recovery = 59.8%
Sulfur emission reduction = 55%
B. Middle Kittaning Seam
Stage 1: 1.0 1lb PPG/Ten, 0.4 lb #2 Fuel 0ii/Ton
Stage 2: 1.0 1b PPG/Ton, 0.1 lb #2 Fuel 0il/Ton
% %
Pyritic ©Organic Lb. SO2
% WEt. % Ash %5 BTU/1b Sulfur Sulfur MM BTU
Feed 100 7.9 2,2 12734 1.1 1.1 3.5
Stage 1 Froth 92.1 4.7 1.8 13309 0.6 1.2 2.7
Stage 1 Tails 7.9 49.7 6.9 5982 6.3 0.6 -
Stage 2 Froth 81.0 2.7 1.5 13717 0.3 1.2 2.2
Stage 2 Tails 11.1 23.5 4.0 10355 3.1 0.9 -

Stage 1: BTU recovery = 96%, % Pyritic Sulfur rejection = 45%
Weight recovery = 92.1%

Stage 2: BTU recovery = 87%, % Pyritic Sulfur rejection = 76%
Weight reccvery = 81.0%

Sulfur emission reduction = 37%

C. Meigs Creek Seam

Stage 1: 1.0 lb PPG/Ton, 0.4 lb #2 Fuel 0il/Ton
Stage 2: 1.0 b PPG/Ton, 0.1 lb #2 Fuel 0il/Ton

% %

Pyritic Organic Lb. 802

% W, % Ash %S BTY/ b sulfur Sulfur MM BTU
Feed 100.0 18.0 4.8 11406 2.0 2.8 8.4
Stage 1 Froth 85.0 9.6 4.4 12896 1.2 3.2 6.8
Stage 1 Tails 15.0 67.4 7.1 3287 6.4 0.7 -
Stage 2 Froth 56.0 4.9 3.7 1367¢ 0.4 3.3 5.4
Stage 2 Tails 29,0 18.9 5.7 11434 2.9 2.8 -

Stage 1: BTU recovery = 96%, % Pyritic Sulfur rejection = 48%
Weight recovery = 85%

Stage 2: BTU recovery = 67%, % Pyritic Sulfur rejection
Weight recovery = 56%

Sulfur emission reduction = 36%

B9%

=)
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SUMMARY

Removal of pyritic sulfur from coal by froth
flotation 1s in general not satisfactory. This is
due to the low capability of conventicnal
flotation to distinguish between coal and pyrite
particles at the fine sizes commonly necessary for
pyrite liberation.

Column flotation exhibits considerably
greater selectivity for fine particles than
conventional cells, particularly when fine bubbles
are used, and therefore has much greater
capability for removing pyritic sulfur from cecal.

A flotation column was constructed to
maximize its abhility to reject pyrite particles
from coal. The column uses fine air bubbles to
produce a deep washed froth while minimizing
channeling and turbulence, resulting in high
selectivity and the ability to operate on a wide
particle size range.

The highest BTU recoveries and pyrite
rejections were obtained using a two-stage
process. The first stage, carried out at a top
size of 90% passing 100 mesh, removed the bulk of
the ash minerals, which had been found to
interfere with combustibles recovery while
attempting to maximize pyrite removal. The second
stage was carried out at 90% passing 40C mesh and
removed the bulk of the very fine pyrite
particles.

Of the three coals tested, the Pittsburgh and
Middle. Kittaning coals derived the-greatest
benefits from column flotation, with pyrite
rejections of 76-78% and BTU recoveries of B5-87%,
Further reduction of the pyrite content by the
column is limited by the liberation
characteristics of the coal. For complete pyrite
removal column flotation must be assisted by a
chemical process, such as bacterially catalyzed
pyrite dissolution,
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Influence of temperature on the energy efficiency
of an industrial circuit processing iron ore

§.K. Kawatra and T.C. Eisele

Abstract—In many mining operations, particularly north-
ernopen-pit mines, large seasonal variations in grinding slurry
temperatitre can occur. It is shown in this paper that this
temperature shift can cause a winter-time loss in autogenous
grinding efficiency of as much as 20% if it is not controlled.
Laboratory experimentation indicates that much of this effect is
due to increases in slurry viscosity as the temperature is de-
creased. An additional effect may result from changes in rock
strength upon freezing, for which possible mechanisms are
discussed. However, no effect clearly resulting from rock
strength changes has been definitely confirmed.

Introduction

A great many excellent studies of the autogenous grind-
ing process have been conducted since its development
(Digre, 1979a and 1979b; Forssberg and Ekblom, 1979;
Manlapig, Seitz and Spottiswood, 1979; Turner, 1979;
Mokken, 1978; Stanley, 1974; Moys and Loveday, 1979;
Rowland, 1981, Tangsathitkulchai and Austin, 1983; Aus-
tin, Klimpel and Luckie, 1984), allowing substantial im-
provements in autogenous milling performance. Neverthe-
‘ess, the influence of temperature, viscosity and rheology on
2rinding circuit performance has largely been ignored, due
both to the belief that it is of no consequence and to the
expense of controlling the temperature of the mill feed.
However, when the temperature approaches the freezing
point of water, substantial changes in slurry rheology occur,
and these changes would be expected to alter mill and
hydrocyclone performance. This has been confirmed in the
case of hydrocyciones (Kawatra et al., 1988 and 1989) and
would be expected to be true for rod and ball mills as well
(Austin, Klimpel and Luckie, 1984; Kawatra and Eisele,
1988). However, the rheology of mineral suspensions is
difficult to measure (Cheng, 1984; Jinescu, 1974; Klimpel,
1982a and 1982b), particularly in real time and is therefore
not used as a grinding circuit contro] parameter.

In addition to the rheological effects, any changes in the
mechanical properties of the rock being ground, such as the
hardness and fracture toughness, would also have an effect
(Vitton, 1978). Mechanical changes in the rock would have the
greatest effect on autogenous mill performance, as the grinding
competency of the media-sized rock particles could be aliered
(Rowland, 1988). Inextremely cold conditions, ice forms on the
surface of the rock as it enters the mill, substantially changing the
performance of the mill.

To understand the relative importance of each of these
factors, and thus allow improved operating efficiency for grind-
ing circuits, a study is being conducted at MTU of the effects of
temperature on autogenous grinding. This study includes analy-

S.K. Kawatra and T.C. Eisele, members SME, are professor and
graduate student, respectively, with Michigan Technical University,
Metallurgy Dept., Houghton, Ml. SME preprint 90-8, SME Annual
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606. Manuscript July 24, 1989. M&MP paper 90-606. Discussion of
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RN LA PN A

2

sis of operating plant data, laboratory-scale expenments and
pilot-scale grinding tests.

Theory

The effects of temperature on autogenous grinding can be
immediately divided into rheological effects and mechanical
effects. The rheological effects are a result of the substantial
increase in the viscosity of water as the freezing point is
approached, The change in apparent slurry viscosity that results
from changing temperature is shown in Fig. |, As can be secen,
the effect at high percent solids is very pronounced, particularly
when the temperature 1s quite low, This increased viscosity acts
t0 cushion the impact of the media-sized particles, impede
transport of slurry and in extreme cases cause the media to
centrifuge at speeds weli below the critical speed. The net result
is decreased grinding rate and increased specific power con-
sumption.

Effects resulting from changes in the mechanical propertics
of the rock are considerably more complicated, as they depend
strongly on the specific characteristics of the rock. The major
effect is a change in the mechanical strength, which alters the
competency of the ore as grinding media.

" One possible mechanism for strength changes with tempera-
ture is shown in Fig. 2. Here, the change is a result of water
freezing in the pores and cracks of the rock, with the result
depending on the degree of interconnections of the openings
(Vitton, 1978). If the rock is very porous, as is the case with
sandstone, the water can percolale freely through it and upon
freezing form a continuous matrix that holds the rock together.
This increases the fracture toughness of the rock and its compe-
tency as grinding media. ]

However, a hard, dense rock such as chert has relatively few, ’
unconnected pores, which only collect water with difficulty. -
When the water in these pores freezes, frost cracking is likely to

* 40%. sohds 1n feed
+ 35% sohds in feed
® 258, sohds in feed
® 19° solds n feed
o water

VISCOSITY (cenlipoise)
w
T

—_

1 1

20 30
TEMPERATURE (°C)
Fig. 1—Changes in apparent viscosity of fine silica slurres as a
function of temperature. The viscosity was measured usinga Nametre
vibrating-sphere viscometer at an average shear rate of 4700 sec™!, and
the silica was 80% passing 270 mesh, The effect of temperature on
apparent viscosity is most pronounced at high slurry solids contents
and low temperatures.
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Table 7—Eftect of the hypochlorite concentration on
typochlorite consumption and gold extraction.®
leaching NaOClI NaOClI percent
time cone. consumption gold
(days) {g/L) (Ibsfton}) extraction
5 20.0 44.6 35.7
15 10.0 56.2 56.4
24 5.0 50.8 47.6
* pH was increased in all tests.
50
F 4
Q
= 40
Q
o
4
R 30
™
a
o
O 20
Q
b=
&
& 101
-4
w
a
c T L) L) T
[} 20 40
HYPOCHLORITE CONSUMPTION, Ib/ton of ore
o Ca{OCl), + NaOCI

Fig. 7—Percent gold extraction as a function of sodium and calcium
hypochlorite consumption. (pH was increased with 10 Ib/ton of lime).

Ca(0Cl), vs. NaOCl

The effectiveness of Ca(OCl), in comparison to NaOCl
on total gold extraction is demonstrated in Fig. 7. Calcium
and sodium hypochlorite concentrations were 20.0 g/L.. For
the same consumption, pretreatment with calcium hypo-
chlorite resulted in higher gold extraction than with sodium
hypochlorite. The reason for this behavior is not clear.
Sodium and calcium hypochlorite are both ionic salts.
Ca(0OCl), isa2:1 electrolyte, while NaOCl s I:1. Hence, the
ionic strength of the former is greater than the latter for
solutions of a given concentration. However, the calculated
OCI activities for 20.0 g/L of Ca(OCl), and NaOCl, using
the extended Debye-Huckel law, are nearly the same (0.176
and 0.180, respectively). It has been found that the carbon
activity is inhibited by adsorption of inorganic foulant such
as CaCQOj at high pH (Muir, 1987). This behavior might be
partially responsible for effectiveness of Ca(OCl), on
overall gold extraction. However, Ca(OCl), solutions usu-
ally contain an excessive amount of undissolved lime, which
can cause percolation problems during pretreatment. Perco-
lation can be improved by agglomerating the ore.

Conclusions

The foliowing conclusions may be drawn from this inve
gation.

*» Hypochlorite pretreatment is a promising approach tor
processing low grade carbonaceous gold ores.

* Goldrecovery as high as 80% is achieved for 160 1bs./ton
NaQCl consumption with no modifications.

+ Hypochilorite consumption can be decreased by increas-
ing pH.

» Hypochlorite is consumed by gangue materials as it
percolates through the column.

» For crushed ore, calcium hypochlonite yields a 10%
higher gold extraction than sodium hypochlorite for a given
consumption.

» The rate of oxidation is dependent on hypochlorite con-
centration. However, higher concentrations could result in
higher consumption.
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occur around them, resulting in a slight weakening of the rock
and a loss of grinding competency.

The effect of temperature on autogenous grinding is there-
fore highly variable and difficult to predict. No large effect is
seen unless the water in the ore freezes, and this only occurs
when the ore is exposed for some time before processing, as is
the case in open-pit mines. An additional effect that can occur
if the ore is seriously chilled is the formation of ice on the surface
of the rock when it is added to the mill. The ice must then either
melt or be ground away before grinding of the ore particle can
commence, resulting in a reduced grinding rate. However, this
requires both severely chilled ore and a near-freezing mill sturry,
and should therefore not be a frequent problem.

For non-porous ores, each of these factors will result ina loss
of autogenous milling efficiency. However, it has not been

determined which of these phenomena is most important, or to
what extent they reduce efficiency in real situations. In order to
determine this, quantitative data are needed for both overall
plant operation and for laboratory experiments designed to
suppress all but one effect.

Plant studies

An iron ore processing plant that is subjected to large
seasonal temperature variations was studied. This plant uses
a fully autogenous grinding circuit, as shown in Fig. 3.
Initially, plant personnel observed a significant seasonal
variation in feed rate, as is illustrated in Fig. 4. This trend .
was observed for four years and so is unlikely to be entirely
due to normal variations in ore characteristics. When com-

GRINDING CHARACTERISTICS
SUMMER

Sandstone—much pore
space, mechanical
strength low due to
porosity. Pores are
connected and water can
percolate throughout
rock.

Iron Ore—little pore
space, matrix is hard,
strength is high.

WINTER

Sandstone—freezing the .
water in the pores forms
an ice matrix which -
supports and strengthens
the rock. '

&

Iron Ore—water in pores
expands on freezing,
which may cause frost
cracking and a loss of
strength.

Fig. 2—Mechanism for changes in rock strength resulting from freezing of pore water. This effect is more important than changes in the hardness

of the rock proper.
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Fig. 3—Schematic of the grinding circuit discussed in this paper. The circuitis fully autogenous, with critical-size material crushed by a cone crusher

to prevent buildup.

pared with measurements of the feed water temperature,
which are also plotted in Fig. 4, it appears that the tempera-
ture effect is refatively slight until temperatures fail below
10° C. At temperatures below this value, the drop in
throughput becomes quite pronounced.

Subsequently, the specific power consumption was com-
puted for the primary, secondary and overall grinding circuits
and plotted against the feed water temperature. Monthly aver-
ages were used to minimize the effects of variation inore quality.
The results for the primary autogenous mill are given in Fig. 5,
where a pronounced decrease in specific energy consumption
occurred as the temperature increased. A similareffect is shown
in Fig. 6 for the pebble mill, although the trend is less pro-
nounced, This is due to the warming of the pulp in the primary
mill, which reduces the temperature fluctuation seen by the
pebble milt. The overall result for the circuit is as shown in Fig.
7, which shows atotai scasonalefficiency variation of 18% inthe
course of a year.

In addition to the efficiency measurements, plant personnel
observed that the guantity of critical-size material circulated 10
the crusher increased in the winter, as indicated by Fig. 8
(Rowland, 1988; Kampe, 1988). This indicates that coarse rock
may be more readily shattered at lower temperatures. Since
large rocks are needed for effective autogenous grinding, the
increased rate at which they are shattered into relatively ineffec-
tive critical-size material when the temperature is lowered
results in reduced grinding efficiency. However, it is not clear
whether this is due to changes in rock strength or to changes in
the transport characteristics in the mill arising from rheological
effects.

Laboratory studies

Laboratory tests were carried out primarily to determine the
extent to which rheology alone would be expecied to affect
autogenous grinding. These experiments used a 20-cm-diam x
30-cm-long mill, rotating at 64 rpm with four 0.5-cm lifter bars.
The mill and ore charge were heated in a forced-air drying oven
forelevated temperaturc experiments and chilled using a freezer
and an icc-water bath for low-temperature experiments. Poly-
urethane foam insulation was used to help keep the mill at a
uniform lemperature.

The results of initial experiments using Jacobsville sandstone
have been previously reported (Kawartra et al., 1989). Further
experiments were conducted using an iron ore sample from a
local mine. The ore was crushed and mulled to the size
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Table 1—=Size Distribution of Charges for Laboratory
Grinding Experiments

Size, millimeters wt.%%
50.8x38.1 41.5
38.1x25.4 25.2
25.4x19.0 15.1
19.0x12.7 131
12.7x 9.5 5.1
-9.5 0.0
100.0

distribution given in Table |, and each experiment used a 5.0-kg
charge in 2 L of water. Six experiments were conducted
consisting of three sets of duplicate tests at 2°-9° C, 24°-26°C,
and 84°-62° C. For each experiment, the ore, water and mill
were adjusted to temperature, and the ore was ground for 30 min.
The slurry viscosity and quantity of -100 mesh material were
then determined, the -100 mesh material was returned to the
mill, the temperature was readjusted and the cycle was repeated.
Viscosity was measured using a Brookfield viscometer fitted
with a UL adapter for low viscosity measurements. Results of
these experiments are given in Table 2.

Plotting these data as in Fig. 9 again shows a definite
dependence of fines production on temperature. However,
when grinding rate is plotted against viscosity, as in Fig. 10, itis
evident that some factor other than viscosity is responsible for a
portion of the change in grinding rate.

Discussion

In a plant situation, uncontrolled temperature changes
can produce sizable changes in milling efficiency. The plant

VARIATION IN PRIMARY AUTOGENOUS
MILL SPECIFIC ENERGY CONSUMPTION

WITH SEASONAL CHANGES IN PULP
" TEMPERATURE
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Fig. 5—Monthly change in specific energy consumption of the primary
autogenous mill as a function of feed water temperature.
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Table 2—Results for Laberatory Grinding
Experiements of Hematite Ore

Fig. 8—Monthly variation in critical-size production as measured by 7

Grinding Shear -100 mesh
time Temp. Viscosity Rate product
(min.) (°C) (cp) {sec’') (grams)
30 4-9 1.57 73.42 €9
60 2-7 1.74 73.42 126
Test 90 2-9 1.82 73.42 178
1-1 120 2-7 1.93 73.42 206
150 2-7 1.99 73.42 230
180 2-6 2.18 73.42 248
30 24-25 1.05 73.42 76
60 26 1.23 73.42 145
Test a0 25 1.42 73.42 197
1-2 120 25 1.61 73.42 249
150 25 1.78 73.42 289
180 25 1.92 73.42 327
30 83-64 0.83 73.42 85
60 84-64 0.90 73.42 155
Test 90 84-64 0.97 73.42 218
1-3 120 84-64 1.02 73.42 281
150 84-62 1.17 73.42 327
180 84-63 1.28 73.42 366
30 2-7 1.66 73.42 67
60 2-8 1.72 73.42 122
Test 90 2-10 1.78 73.42 176
2-1 120 2-7 1.90 73.42 200
150 2-6 2.02 73.42 227
180 2-7 215 73.42 255
30 24-25 1.06 73.42 79
60 24-25 1.24 73.42 144
Test 90 25 1.43 73.42 195
2-2 120 25 1.62 73.42 248
150 25 1.80 73.42 290
180 25 1.94 73.42 329
30 84-85 0.85 73.42 86
60 84-65 0.90 73.42 157
Test 90 B84-64 0.96 73.42 219
2-3 120 B4-64 1.02 73.42 280
150 84-63 1.156 73.42 325
180 £84-64 1.27 73.42 364
S0r
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the tonnage of material circulated to the crusher.
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data presented here show a scasonal efficiency shift of
approximaitely 18% for the overall circuit and more for the
primary autogenous mill alone. It is difficult to be com-
pletely certain of the precise mechanism, but it is likely that
most of the effect is due to viscosity changes. It is seenth

the temperature effect is much less pronounced in the peb.

mill, but this is almost certainly due to the warming that
occurs in the primary mill and not to inherently lower
temperature sensitivity in the pebble mill. The change in
production of critical-size material in the primary mill may
be a result of changing rock strength, but it is possible that
increasing viscosity forces the media-size particles to mi-
grate to those portions of the charge where the impacts are
most severe,causing them to break upmore rapidly (Rowland,
1988). The seasonal shifts of mill throughput show clearly
that the greatest change occurs at temperatures below about
10° C. It is therefore evident that simply maintaining the
temperature above this point will greatly reduce the seasonal
throughput variation. This may be accomplished by prevent-

400r
® 565-85*C

* 25°C
4 6-9*C

1001

~100 MESH MATERIAL PRODUCED, grams

CO 20 40 60 80 VO 120 140 6O 180
GRINDING TIME, minutes

Fig. 9—Variation in laboratory-scale fines production as a function of

time and temperalure for aniron ore. The behavior of the non-porous

iron ore is very simitar to that of the perous sandsione.

S0

80

70

60

SO

40r

30

-100 MESH MATERIAL PRODUCED, gr/30 min

n

I A

20 2 " n " I i n 1 i L )
o8 10 12 14 16 18 20 22

SLURRY VISCOSITY, centipoise

Fig. 10—Grinding rate vs. viscosity for the six laboratory-scaleiron ore
grinding experiments. While decreasing the viscosity produces an
increase in the grinding rate, this is obviously not the only effect
occurnng in these experiments.
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Fig. 11—Viscosity vs. grinding rate for the six laboratory-scale grinding
experiments, correlating those measurements that contained similar
amounts of -100 mesh fines. The listed percent solids ranges
represent the ratio of - 100 mesh material to water. The resulting lines
are roughly parallel, indicating that buildup of fines is responsible for
the drop in grinding rale with time.

ing the recycle water from being chilled and by thawing the
ore before grinding.

From the laboratory experiments, itis readily seen that the
changes in grinding rate are closely tied to slurry viscosity.
However, in these experiments the viscosity was not the only
factor infiuencing fines production, as shown in Fig. 10. 1If
viscosity were the oniy relevant factor, tests for all three
temperatures should have followed the identical grinding
rate vs. viscosity curve. The second factor appears to be the
quantily of fines in the suspension, as plotting grinding rate
vs. viscosity for only those tests with similar quantities of
fines generates a series of roughly parallel linesas in Fig. 11.
It is likely that as the fines are accumulating, work is being
expended to make the fines finer rather than generating
additional fines. It is also possible that the increasing slurry
density is cushioning the impacts due to increased buoyancy,
thus further retarding the grinding rate.

Conclusions

From thisinvestigation, the following conclusions are drawn:

1. In autogenous milling, temperature can significantly influ-
ence the grinding efficiency, particularly if the temperature falls
below about 10° C. These efficiency changes can be reduced by
preventing recycle water from becoming chilled, and by thaw-
ing frozen rock before grinding. Since the magnitude of the
efficiency change is reduced at higher temperatures, heating the
mill slurry 1o higher temperatures is unlikely to provide signifi-
cant benefits.

2. Laboratory experiments indicate that the effect of slurry
rheology changes with temperature is a significant factor in the

ol

grinding rate for both porous and non-porous rock types, with
higher temperatures resuiting in reduced viscosity and hence
increased grinding rate.
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Investigation to control mine dust
using surfactants and a new approach
for eliminating their negative effect on flotation

M.A. Cristovici

Abstract—The use of surfactants as wetting agents to sup-
press sulfide ore dust has been investigated. Numerous sur-
Jfactantswere examined todetermine their characteristicsand to
investigate their ability to improve the wetting of the sulfide ore
dust. However, the surfactants selected as suitable dust sup-
pressors proved to have a negative effect on the flotation of ore
contaminated with such reagents. A method was developed to
eliminate the detrimental influcnce of dust-suppressing surfac-
tants. It consisted of surfactant adsorption on activated carbon
and separationof loaded carbon prior toflotation. The technique
is simple and requires minimal changes in the plant flowsheet.

Introduction

Dust measurements in mines clearly indicate that the major
mineral dustexposure is due to loading and transport of ore from
mining areas (Knight, 1980; Hamilton and Knight, 1963). One
approach to the solution of this dust problem is the application
of water sprays to reduce dust dispersion. Wetting of broken
rock is very effective in preventing fine dust from becoming
airbomne because the water binds the dust to the larger lumps.
Experiments have shown that most common rocks are readily
wetted by water. However, the dust originating from sulfide
minerals exhibits an inherent hydrophobicity that makes water
spreading on the surface of the particles more difficult, creating
problems in dust suppression.

Surfactants are known tobe abletoreduce the surface tension
of water, facilitating the wetting and suppression of sulfide ore
dust, but, on the other hand, flotation of sulfide ore is susceptible
10 interference by surfactants.

A laboratory study was inittated to examine the effects of
surfactants on the wetting of sulfide ore dust Numerous surfac-
tants were investigated for their properties and their ability to
suppress dust, and some were selected as suitable dust suppressors.

However, further testwork indicated that the presence of the
wetting agents in the ore adversely affected the efficiency of
minerals separation in the flotation process. A research program
was started to investigate the possibility of climinating the
detrimental effect of the surfactants on flotation results.

Several possibilitics were explored, and a technique was
developed by which the surfactants used as dust suppressors
were adsorbed on activated carbon and removed from the slurry
prior to the flotation process. This paper covers the results of the
investigation carried out to select suitable surfactants as poten-
tial dust suppressors and to annthilate their negative effect on
flotation.

M.A Cristovici, member SME, is a research scientist with the Dept. of
Energy, Mines and Resources, CANMET, Ottawa, Ontario, Canada.
SME preprint 90-56, SME Annual Meeting, Salt Lake City, UT, Feb.
26-March 1, 1990. M&MP paper 90-612. Manuscript Nov. 8, 1990.
Discussion of this paper must be submitted, in duplicate, prior to June
1, 1991,
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Experimental materials
Ore sample

A sample of copper sulfide ore from Opemiska Division
of Falconbridge Co. was used for selecting suitable wetting
agents as potential sulfide dust suppressors. The sample also
served to investigate the surfactant’s influence on copper
flotation and to develop the technigue for surfactant removal
prior to the mineral extraction process. Table | gives the
head assay of the sample.

Table 1—Head Assay
Element: Pb Cu Zn S Fe Si0,

Assay %: 0.02 439 008 527 1598 4183

The sample was crushed to minus 12 mm and then split into
two portions. One portion was screened through a 37-um sieve.
The minus 37-pum fraction represented the dust product that was
used to test the surfactants” wetting properties. The other pa
the minus 12-mm sample was further crushed to minus 1.71.
and was employed for flotation experiments.

Wetting agents

A large number of surfactants were examined. Following are
briefly described some that were investigated in more detail:

Coherex, adust control agent, was developed by the Golden
Bear Division of Witco Chemical Corp. Itisastable, nonvolatile, .
emulsion consisting of 60% petroleum resins and 40% wetting
solution.

Tergitol 08, also known as Niaproof anionic surfactant 08, is
available in an aqueous solution containing 40% of sodium 2
ethylhexyl sulfate. It is manufactured by Bate Chemical.

Sterling NP - 10 is a nonyl phenol polygiycol ether
condensate, a surfactant of non-ionic type. Sterling Snow
White 750 is a cationic fabric softener product conlaining
75% active substance. Both surfactants are produced by
Canada Packers.

Aerosol OT surfactants provided by Cyanamid are sodium
dioctyl sulphosuccinamates of anionic type.

The surfactants offered by Armak (presently AKZO) were:
CES 372, a monooleate ester of a polycthylene giycol; CES -

' 265, also called ethofat T/25, a polyethylene glycol ester; and

Ethomeen C/15, a polyoxyethylene cocoamine.,

Silicone glycol copolymers of non-ionic type (ex. E-5753- -.
11-1) the X2-8063, a cationicaminofunctional siliconemulsi
and Q43667, a silicone polycarbinol were provided by D
Corning,.

Antarox BL are non-ionic, modified lincar aliphatic polyethers
manufactured by G.A.F,

Wetting agents supplied by Alchem Inc. included Dust-Ban
8A4, a specially formulated organic activating agent, 8A07, an
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Temperature effect on
grinding circuit performance

S. K. Kawatra, T. C. Eisele, D. X, Zhang, and M. T. Rusesky

Abstract — It iias been observed in some mineral process-
ing plants that grinding circuit efficiency varies seasonally,
such as in some plants which are located in the northern US
and Canada and undergolarge seasonal temperature changes,
with the grinding circuit efficiency different between summer
and winter. This indicates that the temperature of grinding
circuit slurry has a noticeable effect on grinding perform-
ance. The effect has rarely been studied. To this end, an
investigation to examine the effects of changing temperature
on efficiency and determination of the mechanism résponsible
has been carried out. Plant investigations and laboratory
experiments have been conducted in order to study hydrocy-
clones. It was demonstrated that when the pressure drop is
held constant, the d,,  size decreased approximately linearly
with increasing temperature, while the shape of the reduced
efficiency curve remained nearly constant. This effect was
determined to be due to changes in slurry viscosity with
temperature.

Introduction

As is well known, the single most energy intensive unit
operation in mineral processing is comminution, Size reduc-
tion consumes approximately 25% of the total energy used in
mineral concentrators, while typically less than 5% of this
energy is consumed in the production of new mineral surface
(NMAB, 1981). Thus, there is much room for improvement in
grinding operations, and even a slight increase in efficiency
would produce substantial energy savings. Such improve-
ments are most readily obtainable by optimization and control
of mill operating conditions.

A number of investigators (Austin, et al., 1984; El-Shall
and Somasundaran, 1984; Klimpel, 1982, 1982a, 1983, 1984;
Fuerstenau, et al., [985) have determined that rheclogy has a
large effect on the efficiency of grinding mills. Four parame-
ters influence the rheology of slurry in a grinding mill: solids
content, particle size distribution, chemical environment, and
temperature. The effect of temperature is particularly signifi-
cant in areas with large scasonal temperature variations such
as the northern United States and Canada (Kampf, 1985).
However, due to the unavailability of suitable viscometers
and measurement techniques for mineral slurries, the control
of mill rheology, especially the effects of temperature on
efficiency of grinding mill and hydrocyclones, has been
neglected or rarely studied. The investigation described here
was therefore carried out to determine the magnitude and
nature of temperature effects on hydrocyclone operation.

S.K. Kawatra, T.C. Eisele, members SME, D.X. Zhang, and M.T.
Rusesky, member SME, are with Dept. of Metallurgical Engineering,
Michigan Technologicval University, Houghton, MI. SME preprint 88-
1, SME Annual Meeting, Phoenix, AZ, January. M&MP paper 88-639.

Manuscript June 12, 1987. Discussion of this paper must be submit- -2

ted, in duplicate, prior to July 31, 1989.
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Experimental Work

Plant Studies

The plant site that was chosen for obtaining the samples
was an iron ore processing plant, which experiences substan-
tial seasonal temperature variations. The plant has primary
autogenous and secondary pebble mill grinding, The cyclones
are operated in paralie]l banks of nine, with seven of the
classifiers in use at any one time. The cyclones are Krebs
model DI15B-852-M271. This plant processes a very finely
disseminated iron orc which requires grinding to -25 pm f{or
liberation.

Sampling was carried out in the summer and in the winter
in order to achieve the greatest temperature variation. Pulp
temperature ranged from a high of 20°C (68°F) in the summer
toalow of 3.3°C (38°F) in the winter. The resulting corrected
efficiency curves for these conditions are shown in Fig. 1.
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Fig. 1 — Observed seasonal vanations in cyclone performance in an
iron ore processing plant.

Laboratory Studies

Laboratory experiments were carried out using a Krebs
hydrocyclone. The cyclone parameters were as follows: feed
inlet diameter, 1.2 in. (3 cm); vortex finder diameter, 1 1/2in.
(3.8 cmy); apex diameter, 7/8 in. (2.2 cm); cyclone diameter, 4
in. (10.2 cm); and pressure drop, 10 psi (69 kPa).

r .S T, =



The ¢yclone was mounted on a laboratory test rig in closed
circuit with a Warman centrifugal pump and a slurry tank. The
cyclone overflow and underflow streams discharged freely
into separate launders, which were used to either remove
simultaneous samples from two streams or to recombine the
streams before returning them to the slurry tank. The slurry
temperature sensor was mounted in the feed sump, and a
diaphragm-type pressure gage and an ultrasonic doppler flow-
meter were both mounted on the cyclone inlet line. Apparent
slurry viscosity was also measured at the cyclone feed inlet
using a Namotre Model 810 vibrating sphere viscometer.
Flowrate, viscosity, and temperature data were continuously
collected and logged by a HP-85 computer.

The mineral used for these experiments was pure silica
obtained from Ottawa Sand Co., Ottawa, IL. The particle size
distribution was obtained using a Leeds and Northrup Micro-
trac particle size analyzer and is shown in Table 1. The
temperature range was from 50 to 11°C.

Table 1 — Size Distribution of Ground Ottowa Sand
Size, pm Cumulative Wt % P 9
176 100
125 97
88 93.6
62 755
44 4g.8
N 349
22 ' 24.0
16 175
11 127
7.8 81
55 5.1
a9 29
2.8 20

Results and Discussion

A summary of the data collected in the laboratory cyclone
experiments is presented in Table 2, The Rf is the water split,
and « is the shape parameter from Lynch’s equation,

em1
y:m o

e +e -2

d

where X = .
den(c)

Table 2 — Summary of Laboratory Cyclone Test Results

Temperalure Viscosily

Test ° R, % Gypey BT [ Centipose
1 488 220 210 283 B3
2 40.4 233 236 285 104
3 35.2 243 250 254 106
4 30.0 23.2 26.8 274 103
5 25.0 24.7 29.1 244 e
6 20.0 235 00 212 12,0
7 151 239 4 269 142
B 1.1 24 4 324 2.54 138

The values for ot and dg, | were determined by simplex
optimization after the data was corrected for Rf.

Itis clear from both plant and laboratory data thatd, , does
indeed decrease with increasing temperature in Figures 1 and
2. When d,,, is plotted against temperature it is further
observed that the relationship is essentially linear, as is illus-
trated by Fig. 3. From Fig. 2 itis clearly shown that increasing
temperature shifts the efficiency curve towards finer sizes.
However, the sharpness of the reduced efficiency curve forall
of the temperatures is essentially unchanged, as shown by the
curve in Fig. 4. This result is in agreement with the results of
Lynch (1977), who stated that the reduced efficiency curve is
a function only of cyclone geometry and particle characteris-
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Fig. 2 — Effect of temperature on the efficiency curve of a 10.6 cam
{4 in} hydrocyclane processing stlica.
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Fig. 3 — Retationship of hydrocyclone corrected d, size and slurry
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Fig. 4 — Reduced efficiency curve for varying percent solids and
temperature for a 10.16 cm {4 in) hydrocyclone processing silica.

tics in slurry and is largely unchanged by alternations in
operating conditions.

- From Table 2 it is shown that apparent slurry viscosily
varies significantly with temperature.

The behavior of hydrocyclones as classifiers of mlll output
is dependent on slurry rheology (Austin et al, 1984, Agar and
Herbst, 19606).

If the cyclone retumns excessive amounts of fine material to
feed, over-grinding will reduce mill efficiency and may cause
difficulties in later separation processes as well,

Variations in temperature affect slurry viscosity by reduc-
ing the viscosity of the carrier water. A major effect of this is
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on hydrocyclone performance. The observed shift of the
cyclone efficiency curve and reduction in d,,  size arises from
the reduced viscosity.of water at elevated temperatures.
Reduction of viscosity increases the settling velocity of the
particles, which causes them to segregate more rapidly with
fewer misplaced panticles, thus improving efficiency. The
increase in settling velocity also causes the apparent size of
any given particle to increase which reduces the d,, size.
This effect is amplified by an increase in flowrate at constant
pressure as the viscosity is lowered, which increases centrifu-
gal effects and hence raises the settling velocity. Similar
conclusions can be drawn by analyzing the data obtained by
Agarand Herbst (1966) where the water viscosity was altered
with sucrose. It may be noted that viscosity reduction by
increasing temperature, which reduces d, ., size in cyclones,
appears to conflict with Klimpel’s data (1 9%2), which predicts
an increase in Ao size with a decrease in viscosity. This
discrepancy may be explained by the difference in the mecha-
nism of viscosity reduction. However, it shouid be kept in
mind that direct comparisons of hydrocyclone results may be
misleading due to the difficulty of ensuring that the same
variables are held constant. For example, the results reported
here are for constant pressure and varying throughput, while
Klimpel’s results may well have been for constant throughput
and varying pressure.

Temperature changes have little effect on the interaction of
water and solids, but produce a great alteration in the viscosity
of water. It is the viscosity of the carrier liquid which controls
the viscosity of the slurry under high shear conditions such as
those encountered in the cyclone separating zone {Bradley,
1965), while the slurry viscosity at lower shear rates control
the slurry flowrate and hence the magnitude of the centrifugal
forces. Thus, increasing the temperature strongly influences
both the centrifugal forces and the particle settling velocity,
while viscosity reduction by chemical addition, which most
strongly effects particle interactions and therefore the low-
shear-rate apparent viscosity, has its greatest influence on
centrifugal forces,

Conclusion

It has been shown that in both plant and laboratory environ-
ments, the temperature of the grinding circuit slurry has a
noticeable effect on grinding and cyclone efficiency. Thed, | |
size of a hydrocyclone is a function of the viscosity of the
carrier liquid, which in tum is a function of temperature. The
dy,, size therefore decreases nearly linearly with increasing
temperature. The sharpness of the separation is largely unaf-
fected by temperature changes, as illustrated by the constant
nature of the reduced efficiency curve.

Acknowledgments

The authors gratefully acknowledge the financial support

for this project provided by the US Bureau of Mines through

the Generic Center for Comminution at the University of
Utah, and by the Dow Chemical Company. The authors also
thank Krebs Engineers, Inc. for providing the hydrocyclone
used in this project.

References

Agar, G. E. and Herbst, J. A., 1966, "The Eftfect of Fluid Viscosity on Cyclone Classihcation”,

Trans SME-AIME, vol. 235, pp 145-149

Austin, &. G., Klmpal, R. R., and Luckie, P. T., 1984, Process Engineenng of Size Reduchon.
Ball Midling, AIME, New York,

Bradlay, D , 1965, The Hydrocyclane, Pergamon Press Lid , London.
EVShal, H, Somasundaran, P., 1984, "Mechanisms of Grnding Modiication by Chesmacal
Additves: Organic Reagents”, Powder Tachnology, Yol 38, pp 267-273.

Fuerstenau, D. W_, Yenkataraman, K. ., and Velamakaan. B ¥ , 1985, *Effect of Charmical
Additrves an the Dynamics of Grnding Media in Wet Bait Mill Gnnding”, infernational Journal
of Mineral Processing, Vol. 15, no. 4, pp. 251-268

Herbst, J. A., and Rajamani. K, 1979, "Contral of Grinding Circuits™, in Computer Mathods for
the BO's, A, Weiss, ed | AIME, New Yark, pp 770-786.

Kampi, H I, 1985, personai commurucation.

Kimpel, R. R.. 1882, "The Influence of a Chermical Dispersant on the Stzing Performance ol
a 24.nch Hydrocyclone,” Powder Technology, Voi. 31, pp. 255-262

Khmpel, R. R, 984, "Influence of Matenal Breakage Properties and Asscciated Slurry
Rheology on Breakage Rates in Wet Gninding of Coal and Ores in Tumbling Media Mills,” in
Reagents in the Minerals Industry, M J Jones and R. Oblatt, eds , Institution of Miring and
Metallurgy, London, pp 265-270

National Materials Advisory Board (NMAB), 1981. Comminution and Enargy Consumplion.,
NMAB-364

Selective flotation of fossil resin
from Wasatch Plateau high-
volatile bituminous coal

J. D. Miller and Y. Ye

Abstract — Cerrain bituminous coals are known to con-
tain appreciable quantities of natural fossil or subfossit resin.
Such resinous coals are found in the western US, particulariy
the Wasatch Plateau coalfield of UT. Seme of the scams in this
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field contain an average of 5% resin. This fossil resin has been

recovered by gravity andior flotation processes since 1929

Resin concentrates thus produced are of low quality and are
usually refined by solvent extraction. The purified resins are
of commercial importance in the adhesive, coating, rubber,
and ink industries, etc.-An improved flotation technique has
been developed which involves ozone conditioning to selec-
tively float resin from high-volatile bituminous coal. With this
[flotation process, a concentrate product which contains 5%

.



resin at a recovery of 80% can be obtained in single-stage
flotation. By comparison, conventional flotation at 80% re-
covery produces a concentrate having a resin content of 30 to
40%.

Introduction

Many bituminous coals are known to contain small quan-
tities of natural (fossil or subfossil) resin. In the US, highly
resinous coals are found in western coalfields, particularly the
Wasatch Plateau coalfield in UT (Spieker and Baker, 1928;
Tomlinson, 1932; Thiessen and Sprunk, 1937; Crawford and
Buranek, 1952). The geographic location of the Wasatch
Plateau coalfield together with mine locations is presented in
Fig. 1. Some of the seams in this ficld average even more than
5% resin. Such resinous coals are also found in Colorado, New
Mexico, and Wyoming.

WASATCH PLATEAU
COAL FIELD

PRICE RIVER

SALTI.Q»:\SSE uy

UTAH

Fig. 1 — Mine locations in the Wasatch Piateau coalfield. Preparation
plants located at Price River, Beaver Creek, King, and Plateau.

Fossil resin has been recovered from the Wasatch Plateau
coalfield intermittently since 1929 by gravity and/or flotation
processes. Resin production nevertheless has been on a very
small scale, Of the four coal preparation plants in the Wasatch
Plateau coalfield (S Fuel, Plateau, Beaver Creek, and Price
River). only one plant (US Fuel) recovers this valuable re-
source at a rather low level of production.

Resin concentrates thus produced are usually refined by
solvent extraction and precipitation. Such purified resins
typically have a molecular weight of about 730, a melting
point of about 170°C, and an iodine numnber of about 145. The
product, at the present time, has a market value of approxi-
mately $1.00/kg and is used in the adhesive, rubber, varnish,
enamel, paint and coatings, thermoplastics, and ink industries.
Most recently, it has been suggested that these resins could
have a special value as feedstock for high density jet fuels.

In the recovery of resin from coal. most of the resin phase
is liberated at a relatively coarse size, approximately 20 mesh,
and has a variable shade of resinous yellow/brown color, In
addition to its color, the resin is distinguished by a specific

f:1:1 MAY 1989

gravity of about 1.00 to 1.08 g/cm’. From a chemical stand-
point, the resin is characterized as being considerably less
aromatic than other coal macerals with an aromaticity of 0.16
100.23, compared to more than (.60 for other coal macerals as
determined by nuciear magnetic resonance (Wender, ¢
1981). Recent thermogravimetric and spectrometric
NMR)analysis suggests that the fossil resins from the Wasaich
Plateau region consist of macromolecular aggregates com-
posed of polymerized sesquiterpenoids (Crelling, et al., 1987);
see Fig. 2. Further, the structural difference between resin and
other coal macerals manifests itself by a slight difference in
the respective hydrophobicities of the two components as
revealed in Table 1.

i

Q0

SESQUITERPENOIDS [Cysi

DECREASING DENSITY —————p—

Fig. 2— Sesquiterpenoid structures similar to the fossil resin structure
found in Utah coals.

Table 1 — Bubble Attachment-Time Measurements for Resin and
Coal Particles from the Hiawatha Seam, Utah (Particle Size
212x300um, pH 6.5) and Contact-Angle Measurements for

Polished Samples (Miller and Ye, 1988).

Bubble Attachment Contact Angie,

Component Time, ms dogroes
Resin 5.0 58.59
Coal 150 48-51

From this small difference in the respective hydrophobici-
ties, it might be expected that a flotation separation would be
possible as has been reported (Green, 1930; Klepetko, et al.,
1947, 1950, 1952). However, because the difference in the
respective hydrophobicities of coal and resin is not great, the
flotation separation of resin from coal is poor, and amultistage
flotation circuit is needed even to produce a resin concentrate
of modest quality. In this regard, efforts have been made to”
improve resin flotation from coal by controlled reagent addi-
tion {Laros and Pick, 1983) and by using coal depressants/
oxidants (Arabidze, et al., 1980}. Only modest success has
been realized.

Also, it has been found that the high-capacity air-sparged
hydrocyclone is effective for the flotation of fine resin from
coal using a traditional reagent schedulc. Resin concentrates
containing about 50% resin can be produced in a single stage
of flotation at a dry solids specific capacity of about 91 t/d/m*
{100 tpd per cubic ft) of cell volume {Miller, et al., 1986).

Research efforts at the University of UT have been devoted
1o finding a more effective coal depressant in order to increase
the difference in hydrophobicity between resin and coal and
hence make a more selective flotation separation. The results
from this resecarch program are reporied herein, and, most
significantly, it has been found that ozone conditioning for .
coal depression is particularly effective (Millerand Ye, | 985‘;;

Evaluation of flotation reagents
The first effort made in this study was to evaluate flotation

strategies to improve the separation efficiency for resin con-
Sentration. The resinfcoal slurry samples were taken from a
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BIOTECHNOLOGY APPLIED TO RAW MATERIALS PROCESSING

S. K. Kawatra 2rd T. C, Eisele
Department of Metallurgical Enginecering
Michigan Technological University
Houghton, MI 49931

Abstract

Recent advances in microbiology have made the applicatier of biotech-
nology tc metallurgical processes possible. Hydrometallurgy stands to gain
the mrost from the use of microorganisms, as they are useful for both
dissclution aids and for removing metals from solution. The development of
genetic engineering techniques promises to greatly increase the importance
of bioprocessing of metals and minerals by the year 2000.

In this paper, the hasic effects of microorganisms on metalluraical
procenses are reviewed, and the applications which are currently either in
use or near being used are presented. Representative data collected at
Michigan Technological University is also given.
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Edited by HY. Sohn and E.S. Geskin
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Introduction

Many hydrometallurgical operations exist which are thermecdyramically
possible, but which are industrially impractical due to slow kinetics, high
reagent ?osts, or the need for a highly corrosive environment. However
r?cent discoveries in microbiology indicate that in many cases these '
d%fficulties can be reduced greatly by the action of bacteria and other
microorganisms (1-8}.

A major advantage of using living organisms in hydremetallurgy is that
once the culture is established the microorganisms produce their awn
reagents either from the material being processed or from low-cost nutrient
supp?ements. They thus allow extremely complex chemical reactions to be -
?arrled out at reasonable cost. The major drawback of using microorganisms
is their inability to tolerate extremely high temperatures, excessive
concen?rafjons of toxic metals, or very highly acidic, alkaline, or
corrosive conditions. However, the complex reactions which hacteria make
Possible frequently eliminate the need for such extreme conditions. Also
in Tecent years a number of organisms have been isnlated from such exntic'
environments as hot springs and deep-ocean vents which can tolerate
temperatures higher than was previously thought possible for any organism
and can catalyze a number of metallurgically important reactions (B). ’

Of the numerous potential applications for microbial processing, only
? few, notably the dump leaching of copper and uranium, are currently used
industrially (8). In their present fairly primitive level of development
many biochydrometallurgical processes are too slow to be econemical. '
However, work is underway at Michigan Technological University and
elsewhere to develop methods for speeding up these processes. This will
result in bichydrometallurgy being well developed and widely used by the
beginning of the next centurv,.

Microgrganism Characteristics

Microorganisms can be conveniently classified accerding to what they
"eat", as given in Tahle 1. The two most familiar types of organisms are
the chemoheterotrophs, which extract energy from chemical reactions and
construct cellular material frem crganic compounds, and the
photoautotrophs, which extract energy from light and construct cellular

Table 1: Classification of Microorganisms

Energy Source Carbon Scurce Examples
Lithotrophs inorganic chemical CO2 Thiobacillus
' reactions ferroox}ﬁéﬁg,
Sulfolobus
species
Chemoheterotrophs chemical reactions organic rmost bacteria,
chemicals all fungi, and
protozoans
Photoautotrophs sunlight C02 photosynthetic
hacteria, algae
Photoheterotrophs sunlight organic purple and
chemirals qrecn sulfur
bacteria
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material from carhon dioxide and water. Fowever, the impact of these
organisms on minerals and dissolved metals is typically minimal. The
lithotrophs are much more important for hydrometallurgical applications, as
these organisms extract their metabolic energy from inorganic chemical
reactions, such as the oxidation of metals teo more soluble forms. Such
organisms are therefore often useful for accelerating oxidative leaching -
reactions (9},

A major consideration in any type of bloprocessirg 1s that, unlike
chemical reagents, the cells can reproduce when conditions are favorable,
and die when they are not., It is therefore necessary to more carefully
control the conditions in a biorecactor than in a reactor which uses orly
chemical reagents. In general, a bacterial pcpulation in a batch process
will behave as shown in Figure 1, assuming that the initial conditions are
suitahble for growth. For a short period after addition, the
microorganisms will not reproduce, as they are adjusting their metabolisms
to the prevailing cenditions. Following this "lag phase”, the organism.
will enter the exponential growth phase, where cells are actively
reproducing and few or none are dying. Eventually, however, some factor
such as limited nutrient supply, toxin accumulation, or a shortage of
living space causes the microorganisms to die as fast as they reproduce,
and the cell numbers become roughly constant. Ultimately, conditions
bacome such that the culture can no longer maintain its rumbers, and
wholesale death of cells results. The activity of a culturc of cells is
greatest when they are in the exporential growth phase, and this condition
is therefore preferred for bichydrometallurgical applications. Since high
cell numbers are also desirable, the cptimum condition is exponential
yrowth with the culture just short of entering the stationary phase. The
cell concentratjon al which this occurs can be increased by reducing the
influences of limiting factors, such as by increasing the concentrations of
critical nutrients and by increasing the tolerance of the microcrganisms to
the texins produced by their activity.

Basic Biometallurgical Processes

There are three general ways in which microbes can he useful in
metallurgy: 1)} as aids in the dissolution of minerals in water solutiors;
2} as agents for altering the surface chemistry of mineral particles, and
1) as selective accumulators of metal ionz from dilute sclutions. Tach of
these applications depend on completely different properties of the cells
used, and therefore the microorganisms best suited for each differ greatly
from one another.

Bioleaching

Mineral leaching is the anly tvpe of bLiometallurgical process which is
currently used on an industrial scale. The organisms which have been most
intensively used are bacteria of the genus Thicbacillus, which get their
retabolic energy from the oxidaticn of sulfur compounds to su)fates. Since
sulfates are typically much more scluble than the corresponding sulfides,
these hacteria are very useful for sulfide minreral leaching. The two most
important of these organisrs are Thiokacillus ferrocxidans and Thiobacillus
thicexidans, which freauently nccur in a natural mixed culture which
oxidires <ulfides more rapidlv than can be done by either organism alene.

A number of other sulfur-oxidizing bacteria have also hean discovered, and
there iull capabilities are currently being explored {10,11). Hewever, the
Thichacillus cultures will naturallv arise ir beap ard dump leaching
cpera*f?hs';ithout the need for <pecitic inccvlation, which 15 a powerfnl
argument in their favcr (12).
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g

rarttsorbing metal ions from dilute solution (8).

+ Bacteri +23
2ACIEAA 4 e’ 4 2m0

4 Fe+2 + 0, + 4H
2 2

Since this is an exothermic reaction, the bacteria cap gain metaholic
energy from the pracess. The ferric iron generated can then attack sulfide
minerals, pyrite for example:

2

+2 -4
+8H,0 % 15 Fe © + 280,

+ 16 *
2 H

+3

P652 + 14 Fe
with the ferrous iron produced then being reoxidized ks the bacteria
(13-16). wWhile thic reaction will eoccur even in the ahsence of hacteria,
the regeneration of ferric iron 1s accelarated scveral hundred fold by T.
ferrooxidans. Since the solubility of ferric iron is very low when the pH
is higher than abcut 4, indirect oxidation can obviously only be important
in acid solutions {13}). For this reason sulfide-oxidizing bacteria which
can use this pathway are specifically adapted to solutions with a pH
between 1.5 and 3 and will be killed if the pH exceeds 4.

Although hacteria greatly increase the oxidation rate of sulfide
minerals, the reactions are still frequently too slow to be industrially
practical. Often the reaction rate cculd be increased by simply increasing
the temperature, but the maximum temperature is limited by the heat
tolerance of the organisms used. In the case of the Thiobacilli, this
maximum is around 35-40°C. However, numerocus examples of bacteria have
been isclated from sulfurous hot springs worldwide which live at
temperatures from 60-98°C. Some of these bacteria, such as the Sulfolobus
genus, oxidize and reduce sulfur and iron compounds (11). BRacteria have
also been isolated from undersea hydrethermal vents which grow at high
pressure and at temperatures somewhat above 100°C, and may therefore be
useful for exctic applications such as in-situ leaching of extremely deep
nineral deposits. Unlike the Thiobhacillus genus, these high-temperature
organisms typically require organic nutrient supplements. Also, as a
result of their adaptation to high temperatures the cells are somewhat
fragile, and may be torn apart in high-shear applications (11).

Mineral Surface Alteration

Many microcorganisms have the ability to attach themselves to solid
surfaces, either because the surface supplies some nutrient to the cell or
simply to keep the cell from being randomly swept away by flowing water
{9). This attachment occurs rapidly, typically in times shorter than 15
minutes, and can be very selective. Lithotrophic bacteria in particular
will often specifically attach to those minerals which they can most
effectively degrade, and will be attracted to crystalline imperfections
where dissolution will occur most rapidly (17). Since the surface
chemistry of a bacterial cell is quite different from that of the mineral
surface, this would be expected to strongly influence the behavior of the
mineral in processes such as froth flotation or oll agglomeration. A
typical application would be the use of bscteria to depress pyrite during
coal flotation. Since attachment is far more rapid than disselution,
bacterially-aided flotation may very well be preferable to bacterial
leaching for certain mineral systems.

Bioaccumulaticn

It has been found that many microorganisms are capable of specifically
This is particularly useful
for treatment of mining and processing effluents, with low-cost biomass
being used to remove and concentrate heavy metals. Depending on the metal
adsorbed, it may be possible to use dead biomass instead of living cells,



thus reducing the control problems which result from peintaining live
sultures (18).

The microorganisms useful for bicaccumulation can be of any tvpe, and
need not be specifically lithotrophic. Often, the accumulation of metals
is a side effect of the cell metabolism, with the metals accumulated
poisoning the cell. Since the micreorganisms are not gaining useful
material from the adsorbed ions, and indered may be killed by them, it is
preferable to grew the microbes in a separate vessel, and only add them to
the process when they are in the optimum condition for metal adsorption.

Current Applications

A number of promising applications of bacteria to metallurgy have been
identified in the laboratory, particularly in the last few years (8).
However, very few are currently applied industrially. This limited
application is due more to a lack of development than to any insurmountable
failing of bacterial processing. The most common problem with
bioprocessing, and particularly for 1&MPfhing processes, is the long
leaching time frequently required. The primary thrust of research in
bioleaching is therefore to improve its kinetics. Until the dissolution
rate can be increased, only leaching processes where speed is not
essential, such as dump and in-situ leaching, will be practical.

Copper Leaching

Bioleaching of copper minerals has bheen carried out since at least the
17th certury, although the necessity for bacterial actien 1n acid dump
leaching was not discovered until the early 1940'51 The bacteria
responsible for copper leaching are generally Thichacillus species,
particularly T. ferrooxidans. Most important copper minerals, including
oxides, carbonates, and silicates as well as sulfides, are either naturally
scluble in sulfuric acid or become soluble after heing indirectly oxidired
by bacteria. Bacterial leaching of copper is particularly useful when
pyrite is present in the ore, as it can then generate both 1ts own acid and
the dissolved iron needed for indirect oxidation. This cbviously keeps
reagent costs low (19). If insufficient pyrite 1s present, the necessary
iron gan be dissolved during cementation of the copper from solution with
metallic iron.

Current copper leaching practice is restricted to heap and dump
leaching (19). However, in-situ bacterial leaching is also a strong
possibility. The major hurdle is the difficulty of uniformly supplying
well-oxygenated leaching solutions to the ore boady. One method being
investigated is to carry out bhacterial iren oxidation in r1eactors on the
surface, and ther to pump the ferric 1ron/sulfuric acid solution through
the ore body, leaving the bacteria bebind, as shown in Figure 2. While
this improves the aeration situation, it also eliminates most of the
contribution of bacteria which directly oxidize sulfur, anrd need to be in
contact with the mineral surface. In addition to leaching using
Thicbacillus species, there is potential for using organisms from hot
springs and deep-sea hydrothermal vents for ain-situ Jeaching of very deep,
high temperature depesits which cannot be eccnomically mined by any other
means (8,11).

Coal
Although bioprocessing has not been applied to ccal on an indusirial

scale, a number of possible applications have been examined in the
laboratory. The primary thrust has heen in cnal dcsulfurization {21-32},
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although some work has also been done recently in biological liquefication
{20},

Sinee a major portion of the sulfur in cnal is in the form of pyrite,
most research has focused on bacterial dissolutinn of pyritic sulfur. The
reactions are thercfore similar to those encountered ip copper leaching,
and can be carried nut by Thicbacillus species. However, heap and dump
leaching of roal wre not generally suitable for desulfurizaticr, as removal
of pyrite is not sufficiently complete. More exprnsive methods, such as
stirred tank reactors, are therefore required, and the ore to three week
residence times necessary make capital costs prohibitive (30}, Tharough
oxvaenation, such as bv the use of pachuca tank reactors, pradices a
Fi&;iflcant increase in leaching rate cver simple stirred reactors, s
chown ir results collected at lichigan Technelngical liniversity {Figure 3).
These results show that for an Ohio coal, pachucra tanks redice the lag
period by about three days, or 25%, and increasr the ultimate pyrite
removal. However, equipment design has not vet improved leaching
performance sufficiertly to make this means of ceal desulfurization

eronomical.
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Figure 3. Comparision of the bacterial leaching of pyrite from coal in
pachuca tanks and shake flasks. The superior aeration of the
pachuca tanks produces a significant increase in the leaching
rate, and also results in a greater ultimate removal of pyrite
from the coal.
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The use of high-temperature bacteria cof the Sulfolobus ~enus is also
being investigated fer pyrite removal (24} as the increas nperatures
produce a corresponding increase in leaching rate. Wwhile . decreascs
the equipmert volume needed, the operating cost is increased due to the
higher cnergy consumption. It has been suggested that the leaching
operation be installed at the power plant, so that the process can be
heated by the waste heat from the generators, thus obtaining the heat for
free.

An alternate, much more rapid means of using bacteria to remove pyrite
depends on selective attachment of bacteria to the pvrite surface (33-38).
The bacteria coating the pyrite particles make the particles =strongly
hydrophilic, and thus increase the ahility of prccesses such as froth
flotation and oil agglomeration to distinguish between cecal and pyrite. A
number of investigators have used Thichacillus ferrooxidans for this
purpose, with reasonable success. Recent work at Michigga_Technclogical
University has shown that many, and perhaps all, other microorganisms are
alsc capable of preventing pyrite flotation, regardless of whether or not
they are lithotrophic. Indeed, these other organisms may well he superio:
to Thiobacillus species for this purpose. Further investigation in this
area is currently underway. The major limitaticn, as with any physical
separation, is the need for nearly complete liberation of the pyrite from
the coal. This technique will therefore only be practical when the coal is
very fine, and will therefore be most beneficial for such processes as
column flotation and selective flocculation.

Y addition to the sulfur contained in pyrite inclusions, conal
contains a substantial amcunt of organically bound sulfur which is very
difficult to remove. There have been some indications, however, that
certain bacteria may be able to remove much of this organic sulfur without
completely destroying the coal structure. While no organisms have yet
shown an unequivocal ability to do this, a number of bacteria are known
which can degrade specific sulfur-carbon compounds similar to those found
in coal. Purther mutation and selection of these bacteria may make
pnssible the low-cost removal of all sulfur from coal (8},

Quite recently, it has been discovered that certain wood-decomposing
fungi can partially or completely liquefy some low-rank c¢oals, particularly
highly-oxidized lignites [(20). The cnals are converted into a complex
mixture of water-soluble organic liquids, which may be useful in a variety
of chemical applications. Initial results are reported to be highly
variable, and so the value of this technique is not yet known.

Gold

Probably the most important application of biotechnology to gold
recovery will be the treatment of refractory ores to increase gold
dissolution during cyanide leaching (39,40). In many such ores, finely
divided gold is encapsulated in pyrite particles and cannot be reached by
the cyanide solutions unless the ore is very finely ground. An alternative
to grinding is to use bacteria to selectively dissolve enough of the pyrite
to expose the gold, and then to leach with cyanide in the normal fashion.
It is of course necessary to do this in two steps, both because cyanide
will kill the bacteria and because pyrite dissolution must be carried out
in acid solution while cyanide leaching requires alkaline conditions. The
use of hacteria keeps the cost of pyrite dissolutien at a reasonable level,
and since it is only necessary to dissolve a fraction of the pyrite to
expose the gold, the leaching time can be kept to a few days.
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Uranium

The dissolution of uranium in acid sclution 15 greatly increased by
the presence of Thiobacillus ferrcoxidans, as the ferric iron produced b¥
this bacteria oxidizes the uranium from UQ_ to the much more soluble UOD

(41,42,19). A typical application has beenh to use acidic mine water
containing these bacteria to wash down the stopes and pillars in the mine,
and then to extract the dissolved uranium from the water {(41). Microbial

leaching will also be useful for in-situ mining of uranium, using
techniques similar to thnse being investigated for copper, 1In addittion,
vranium concentration by adscrption in biomass ig possible (43).

Nickel and Cobalt - F

Economical dissolution of nickel and cobalt from low-grade laterites
requires the addition of complexing agents to increase their solubility,
It has been found that the metabolic products which many organisms produce
from glucose, such as citric, tartaric, and pyruvic acids, are useful for
this purpose {44). Unlike leaching with lithetrophic bacteria, a nutrient
sources other than the ore is needed, usually in the form of a low-cost
organic additive such as glucose. It may be practical to provide nutrients
through the use of photoautotrophic organisms such as algae (45), and thus
use sunlight to provide the necessary energy to the process.

The adsorption of nickel from sclution by a Pseudomonas species has
been reported, which may be useful for treating wastewater. The nickel
adsorption appears to be a simple exchange for maunesium in the outer
membrane. However, nickel tolerance of existing skrains 1s not sufficient
for greatly concentrating the nickel (46),

Selenium

Recent work by the Bureau of Mines has heen concerned with reducing
the amount of selenium in process waste waters and in agricultural runaff.
It has been discovered that certain bacteria isoliated from brackish-water
marshes are capable of reducing soluble selenate 1ons to selenite and
ultimately to insoluble elemental selenium. The c¢rganisms which do this
are heterotrophic, and therefore require organic nutrients. Approximately
95% of the dissolved selenium is removed by this mears, and =ince the
selenium is not adsorbed permanently by the cells they are not killed in
the process (47).

Radium

For the adscrption of metals such as radium from wastrwater streams,
the microorganisms used need not be alive or of a particular species. Work
with killed sludge from sewage treatment plants has shown that this
material is useful for removing radium from uranium mine runcff, which can
then be dicposed of properly. The primary difficulty has bcen that the
biomass particles were too small to be easily removed frem the runoff
stream after loading with radium. This problem has bern reduced by the
development of a technigue for foiming biomass pellets which are large
encugh to be easily removed, and sufficiently porcus to be effective
adsorbers. Since the material used as adsorbent 15 1tself a waste preduct,
the cost of this technolegy is quite low (43),

Cenclusions
Biclogical processing of minerals and metals is a2 rapidly growing,

diverse field whose importance will become considerable in the next
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century. Using naturatly oOCeUrsLivg i s vatganeon .,

techniques are already possible which will reduce the (nqr of recovering
and purifying raw materials. The use of genetic engineering techniques
will allow organisms to bhe precisely tailered to their applications, and
thus improve their effectiveness. Also, the utilization of organisms which
live in extreme environments will allow bicmetallurgical processes tn be
carried out at higher temperatures and under conditions which were once
believed to be impossible for living organisms.

The major factor limiting the applicaticn of bichydrometallurgy is the
short time since most of the applications were first discovered,
Implementation of this technelogy therefore reguires a great deal of work
in areas such as reactor design and process scaleup.
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Analysis of Wet Grinding Circuit Control Using
Inferential Particle Size Measurement

S.K. Kawatra and R.A. Seitz

Abtract—The use of inferential particle sizing for closed
wet grinding circuit control has been practiced for several
years. This paper presents a review of some inferential sizing
equations developed for pilot and industrial plants using
regression analysis. An analytical development & then
presented showing how the general inferential sizing model
arises from the nature of the classifier model. The relation
between the general sizing model and the individual
equations ts then discussed.

Introduction

The development of mathematical models capable of
describing classifier performance and relating it to circuit
operating variables permits the classifier to be used as an on-
line sizing instrument. This use provides twe additional
benefits over the use of alternative methods of on-line size
analysis (Hinde and Lloyd, 1975; Kawatra et al., 1979):

¢ Data from the instrumentation used for inferring par-
ticle size provides significant information on the perform-
ance of the grinding circuit, and

® Problems associated with the sampling of high-volume
slurry streams are avoided along with their errors.

A number of concentrators have implemented grinding
circuit control using inferential sizing, for forward and
reverse closed wet circuits with spiral, rake, and cyclone
classifiers. This approach is based on an experimental
analysis by Rao (1966) of the effect of changes in operating
variables on the performance of cyclones. The following is a
review of the sizing equations developed at some of these
mills.

* Asarco's Silver Bell ball mill cyclone circuit {(Lynch,
1977):

In(% + 65mesh) = Ko + K] MFO — K9 MFW - Kg

FF + K4 TW )

S.K. Kawatra, member SME, associate protessor, and R.A. Seitz,
member SME, graduate student, are with Michigan Technolog-
ical University, Houghton, M1. SME preprint 82-18, SME-AIME
Annual Meeting, Dallas, TX, Feb. 1982. Manuscript Oct. 1982,
Discussion of this paper must be submitted, in duplicate, prior
to Aug. 31, 1984,
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¢ Climax Molybdenum Co. ball mill cyclone circuit
{(Manning and Chang, 1977):
log (% + 100 mesh) = 1.554 + {.00004 MFO — 0.0001
MFW + 0.0002 FF (2)

After additional data collection, this equation was reeval-
uated and became

log (% + 100 mesh) = 1.294 + .00263 FF

— 00033 MFW (3)
ball mill/spiral classifier circuit (Manning, 1978):

% + 100m = - 8.622 + .875 Density + 0.0297 FF

+ 3.0285 CLR - 0.00323 CL (4)

¢ Mount Isa Mines Number 1 concentrator, ball mill/
cyclone circuit (Lynch, 1977):
log (% — 200 mesh) = 1.8995 — 0.00299 FF + 0.002638
MFW — (.01475 P (5)

Due to difficulties in measuring pressure, the pressure term
was removed and this equation was developed:

log (% — 200 mesh) = K} MFW — Kg MFO —
Ks3 FF + Kq

(8

Control of the Number 4 concentrator has been instituted

using an even simpler equation (Fewings et al., 1979):

% — 200mesh = K1 — K2 FF + Kg BMW €))]
* Pinto Valley ball mill/cyclone circuit (Watts et al., 1978)

% + 65mesh = K| + K2 LN (CFV.CFD)

+ K3 LN CPP (8)

* New Broken Hill Consolidated Ltd. ball mill/rake
classifier (Lynch, 1977):

% + 63u = 0.067 FF + 26.7 density (9)
* Pilot circuits:
Ball mill/cyclone (Watson ct al., 1970):

% — 200 mesh = 66.38 — 2.74 FF + .33 BMW

- 50 MWA (20}

Ball mill/cyclone (Wiegall, 1973):
% — 325 mesh = 154.07 — 4944 MFO — .2259/MFW(11)

Later, using additional data, this model was reevaluated
and changed to

% ~ 325 mesh = 70.34 + 1.043 MFW — 724 MFO (12)

Sociely o Mining Engineoars of AIME



emulsion formation was due to increased mixing intensity in
the eductors at this higher feed rate or to insufficient resi-
dence time in the coalescing vessel.
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Fig. 1—A flow diagram of the United Nuclear Church Rock Mill

and C-E Natco SX pilot plant

Table 1*—OQperating Log forUni

ted Nuclear and C-E Natco SX Systems

Feed Organic Strip Feed Pregnant barren Strip.  Pregnant  Exir,
Rate Rate Rate Conc Raffinate Organic Organic Effic. Strp £ffic,
Date (/min} (/min} (1/min} fa/) U;05) £q/1 UDq) (o/] U.8g) (a/1 Uq04q) % {a/1 U404} b
UNITED MUCLEAR 5X S5YSTEM
10-28-80 6050 2460 6 0.370 G.0111 1.218 0.0732 940 42.3 97.0 ~
10-29-80 8050 2460 7% 0.422 0.0030 1.195 0.0558 95.3 7a 99.3
10-30-80 5300 2450 95 0.430 £.0038 1.193 0.0398 96.7 39.0 99.1
C-E NATCO ELECTROSTATIC $X PILOT SYSTEM
10-28-80 kRl 150 5.7 G.408 0.0059 1.119 0.0976 91.3 39.7 98.6
10-29-80 460 160 6.2 0,441 0.0038 1.382 0.1125 91.9 32.0 99.1
10-30-80 590 230 7.8 0.453 0.0109 H.A. N.A, -- 39.5 47.6

*Ab) analyses performed by United Nuclear

Summary

Electrostatic coalescers have been shown to offer two ad-
vantages over conventional mixer-settlers in a uranium §X
system. First, electrostatic coalescers operate at much higher
liquid loading rates than gravity settlers, thereby reducing
plant size and reagent inventories. At a feed rate of 8 L/s
(125 gpm) the C-E Natco SX system operated at six times
the liquid loading rate of conventional mixer-settlers.
Secondly, the use of electrostatic coalescence reduced aqueous
communication between extraction and stripping circuits. ll
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Development of General Inferential Sizing Model

The development of mathematical models reported by
Lynch (1977) and Plice (1971, 1973) that are capable of
simulating classifier performance, permits the classifier to
be used as an on-line sizing sensor. This use of the classifier
in the inference of particle size is based on the reduced ef-
ficiency curve, relating d/dsgc to E(d), and relationships
between dgg. and circuit operating variables.

If f(d) is the fraction of particles of size d in the feed, and
Ry is the fractional recovery of water to the underflow, the
fraction of particles of size d subject to classification is

{d)(1-Ry) (13)
The recovery of this fraction to the classifier fine product is
f(d) (1-Rg) [1-E(d)] (14)
The total recovery of particles to the overflow is

2 f(d) (1-Rg) [1-Ec(d)]
d=0

Hence, the size distribution of the overflow can be calculated

f(d) [1-E(d))
ford(d) =

max
Z f(d) [1-Ec(d)] (16)
d=0
Thus, the percentage of particles in the classifier overflow
finer than size D, i.e. PMD, is
D
2 £(d) [1-E{(d)]
d=0
PMD = 100 ( ) a7
dmax
2 §(d) [1-Ed(d)]
d=0

Note that the size distribution of the overflow can be deter-
mined without knowledge of Ry.

Plizt (1971, 1973) modeled the relationship between E (d)
and d/dgg. using
Ef{d) =1 ~ exp[ —.6951(d/dgp.)™] (18)
The Schuhmann equation can be used to represent the
cumulative size distribution of ore particles
Py = 0.5[d/£(50)]7 (19)

Lowrison (1974) stated that the exponent « is dependent
on the cormuminution process and gave typical values for
crusher/rod mill products and ball mill products. The ex-
ponent m is dependent on the classification behavior of the
ore particles and, according to Lynch (1977), remains con-
stant. Typical values of m for silica and copper ore were
given by Plitz (1973) and for taconite ore by Lynch (1972).

It should be understood that m is an ore-grinding circuit
characteristic and should be determined specifically for
cach system of interest, since considerable differences can
exist for the same ore in different circuits. From equation
(17) and the above discussion, it is apparent that the PMD is
a function of the classifiers feed size distribution and
reduced efficiency curve, which can be characterized by
f(50) and dggc, respectively
PMD = g[£(50), dsgc] (20)
To quantify this relationship between PMD and dsg., a
computer simulation of a classifier was carried out.

Since the classification equations are point functions with
respect to size, the feed was subdivided into 100 equal parts
to minimize the error associated with obtaining an average

Soctety of Mining Engineers of AIME

particle size for the particle size fractions. Classifier behavior
has then simulated by using equations (18} and (19) with
equation (17), a range of values of @ and m, and by varying
the ratio: dsg./f(50). From these simulations, a family of
curves showing the relationship berween PMD and dgg, were
developed. Figure 1 shows the general relationship between
PMD and dgg./f(50) form = 2.0 and @ = 0.5, 0.625, 0.75,
0.875, 1.0.

Analysis of all these families of curves over the region of
major interest shows that the relationship between PMD and
dsoc is
log PMD = K4 — Kjlog dsg, (21).
where the parameters Kg and K, are functions of m and a.
This equation, based only on the nature of the classifier per-
formance curve and the size distribution of particles, is
essentially the same equation that Rao (1966) developed by
regression analysis of data from an extensive experimental
study of the behavior of silica in a closed-circuit test rig.

In a closed loop grinding circuit, variations in a, which is
dependent on ore breakage charactenstics and feed rate,
may be accounted for by using some directly related
variable such as the circulating load or new feed rate.

Using equation (21) and the relationships between dgp,
and operating variables reported by Lynch (1977) and Plitt
(1973), various forms of an inferential sizing equation for
grinding circuit control can be postulated.

100
VALUES OF o
O oo
904 {] e2s
QO a0
A a1
B oo
80
o
=
a
70+
60
50 l ¥ T T

1] 2 4 6 8 10

ds0c 14 (50)

Fig. 1—Analytical relationship between percent passing size D
in the cyclone overflow and the ratio of dggg/cyclone feed 50%
passing size for selected values of m, v, and D

Discussion

Equations rc]atmg d50c to opecrating variables have been
developed using regression analysis (Lynch, 1977; Plitt,
1973). The predicted effects of changing operating variables
can be determined by combining cquation (21) with some of
these equations relating dgq. to operating variables. This
analysis also provides information on the types of variables
and equation forms that should be found in inferential
sizing equations. The exact nature of the sizing equation will
bekite specific.
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Cyclones are often selected and operated over the range.

of equation (21) where a linear relationship between PMD
and d 50c €Xists

PMD = Ky ~ K; dsg. (22)
Again, using the reported relations between dsg, and
operating variables, a group of equations relating PMD to
operating variables could be developed. The effect of grind-
ing circuit operating philosophy must also be considered in
this analysis, since it will affect the nature and range of
variations in the operating variables,

The work of Hinde and Lloyd (1975) indicates the
parameters and possibly even the form of the equation will
require constant updating due to short- and long-term
variations. Such factors as the relationship between the
mineralogy of the ore and its grinding characteristics, or the
effect of wear and dgp. of the cyclone, can be of critical im-
portance. The required frequency of updating will depend
on individual concentrator characteristics.

The factors discussed above should give some idea of the
multitude of different inferential sizing equations that could
arise.

Conclusion

This analysis provides a fundamental basis for developing
inferential sizing equations that should be better than the
random use of regression analysis on plant data. Also, this
method of analysis permits the simulation of classifier
behavior without requiring knowledge of Ry. Even though
the water entrainment mechanism is probably size-depen-
dent, the resulting error should be minimal. If this
mechanism can be modeled, then even this error source can
be eliminated. W

Definitions of Terms and Symbols

BMW — Watar added to ball mill sump, TPH
CFO — Cyclone feed density, SGU
CFV — Cyclone teed volume, GPM
CL — Glirculating load, TPH
CLR — Circutating load ralic
CPP — Cyclone pump power, SGU
dsae OF
dgg correcied — Size of particle in the feed pulp that 15 equally distributed between
the overfiow and underflow sireams due soley to classification
Density — Massivoluma In appropriate units
Ecld) — The fraction of particles in the feed of size d that appear in the undertlow
dus to classification
f(d} — The fraction of particles of size din the teed
1(50) — Mass rmedian paricle size, the size at which Py = (0.5
1gif{d) — Tha size distribution of the overflow
FF — Mass tlow of tresh feed to mill, TPH
FPS — Weigh! percent solids ol cyclone feed
GPM — Gallons per minute
LPM — Flow rate of cyclone feed
LPM — Liters par minute
m = Ciassifler performance curve parameler
MFO — Mass liow of solids to cyclone, TPH
MFW — Mass flow o! water to cyclane, TPH
MWA — Watar addition to mill teed, LPM
P¢ — The mass [ractlon of particles smailer than size d
P — it¥In?, gauge pressure ol cyclone feed
PMD — The percentage of parlicies in the overtlow that are liner than size D
K; — Model paramelers
Ay — The tractional recovery of waler to the underflow
TW — Total water addItion to circult, TPH
TPH — Tons per hour
@ _ Gaudin-Schuhmann distribution modulus
— Volume percent solids of cyclone feed
o — Denslty of cyclone faed, giml
ps — Density ol ore particles, giml
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being conducted in the following areas: determinations
of the types of fracture-hosted minerals and their
behavior during leaching, permeability enhancement,
mineral solubility, rate of leach solution diffusion and
how it relates to fluid viscosity, and geochemical
computer modeling. W
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Coal desulfurization

S.K. Kawatra, T.C. Eisele, and 8. Bagley

Abstract — To meet federal air pollution guidelines,
it is necessary to remove a considerable quantity of
sulfur from many North American coals. This may be
accomplished by oxidizing the sulfur to water soluble
forms, followed by washing the coal. Selective oxida-
tion of the various sulfur forms can be accomplished
through the use of a variety of types of bacteria. In this
paper, the various bacteria and their requirements are
described, and processes using bacteria to remove
coal sulfur are discussed.

Introduction

Perhaps the single most important pollutant pro-
duced during the combustion of coal is sulfur dioxide,
the primary cause of acid precipitation (Dugan, 1986).
This is a particular problem with high-sulfur eastern
and midwestern coals. Although sulfur ernissions may
be greatly reduced by simply burning low-sulfur
western coal, this is frequently not a practical option
for eastern utilities, due to high transportation costs.

Also, while sulfur oxides can be removed from the

stack gases by scrubbers, these devices are quite
expensive to install and operate. An economical,
effective technique for removing sulfur from coal
prior to combustion is therefore desired.

Microbial coal desulfurization makes use of the
abilities of certain bacteria to metabolize the sulfur

. forms contained in the coal and, in the process,

convert it to a form that can be more easily removed
{Dugan, 1986). A variety of bacteria can be used for
this purpose, to remove particular types of sulfur
under various sets of conditions (Ehrlich, 1986). This
paper presenits a review of the techniques and the
bacterial species being used for coal desulfurization.

Forms of sulfur

Sulfur in coal is typically present in three primary
forms: sulfate, sulfide, and organic compounds
(Wizzard et al., 1983). Sulfate sulfur is in the form of
various sulfate salts that can be fairly easily removed
and contribute only a minor portion of the total sulfur.
Sulfide minerals, on the other hand, typically account
for 509 of the total sulfur. Sulfides are generally either
pyrite or marcasite and occur as particles ranging
from submicron sizes to sizable lumps, While large
pyrite particles are readily removed by a variety of
gravity separation technigues, the finest pyrite cannot
be effectively liberated from coal and, therefore, must
be caused to dissolve if it is to be removed. Organic
sulfur compounds make up the remainder of coal
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by bacteria

sulfur, A wide variety of such compounds occur, but
the most prevalent are the thiophenes (Isbister and
Kobylinski, 1985).

In general, pyrite and organic sulfur require differ-
ing types of bacteria for their removal. Bacteria for
pyrite dissolution use pyrite oxidation as their primary .
energy source, whereas bacteria that remove organic
sulfur typically do so as a secondary portion of their
metabolism.

Bacteria useful in coal desulfurization

The most important bacteria in desulfurizing coal
fall into three general classes: (1) acidophilic bacteria
growing at ambient or slightly elevated temperatures,
such as certain Thiobacillus species (Hoffmann et al.,
1981); (2) acidophilic bacteria growing at extremely
elevated temperatures, such as the various Sulfolobus
species (Murphy et al., 1985); and (3) altered soil
bacteria, which grow at ambient temperatures and
approximately neutral pH, such as the mutant strain
CB1 of the Atlantic Research Corp. (Isbister and
Kobylinski, 1985).

Thiobacillus

The most frequently used bacteria of this genus is
the species T. ferrooxidans, which oxidizes pyrite to
soluble sulfates. This species has no confirmed ability
to remove organic sulfur compounds. The dissolution
of pyrite by T. ferreowxidans proceeds by both an
indirecl and a direct mechanism, of which the indirect
is better understood (Silverman, 1967). In indirect
oxidation, pyrite oxidation occurs as a result of the
action of the Fe*3 jon, according to the eguation
(Hoffmann et al., 1981)

FeS, + 14Fe*® + 8H,0 — 15Fe*? +
250,7% + 16H* (1)
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which proceeds spontaneously when the Fet3/Fet2
ratio is greater than 2:1 (Singer and Stumm, 1970).
While Fe*2 can be oxidized to Fet3 by free oxygen, the
uncatalyzed reaction is extremely slow. However, if
T. ferrooxidans is present, the rate of the regeneration
reaction (Hoffmann et al., 1981)

4Fe*? 1 0, + 4H"' Becleniz ywe*? 4 2H,0 (2)

can be accelerated by a factor of as much as 108
(Singer and Stumm, 1970). S0, in the presence of these
bacteria, the overall reaction for indirect oxidation of
pyrite is

FeS, + %0, + H,0 Zoclenia pe+2 4

280,72 + 2H" (3)

Since the actual pyrite oxidation is carried out by the
Fet3 ion, the bacteria need not be in intimate contact
with the pyrite, as long as transport of ions to and from
the pyrite surface is fairly unobstructed. Indirect
oxidation can only occur at pH values less than 4, as
at higher pH values the Fe*? ions will precipitate as
insoluble iron hydroxides (Baker and Miller, 1971).

The direct oxidation mechanism requires intirnate
contact between pyrite and bacteria, as in this case
the disulfide is being oxidized without a soluble inter-
mediate. Direct oxidation by 7. ferrooxidans proceeds
at only about one-seventh the rate of indirect oxidation,
provided that sufficient Fe*® is present for the indirect
process to occur. However, when little dissolved iron is
present, only direct oxidation is possible. It is then the
dominant process until oxidation of pyrite has released
sufficient iron into solution for indirect oxidation to be
practical (Singer and Stumm, 1970).

Another acidophilic Thiobacillus species, 7. thio-
oxidans, is also capable of disselving pyrite, although
not as rapidly as T. ferrooxidans. However, mixed
cultures of these two species dissolve pyrite at a
substantially greater rate than either bacteria alone.
This is apparently due to the ability of 7. thicoxidans
to catalyze the oxidation of pyrite by Fe*? while
T. ferrooxidans regenerates the oxidizing agent
(Hoffmann et al., 1981). Other bacterial species may
also be used to regenerate Fe*3, although they may
lack the capability of T. ferrooxidans for direct sulfur
oxidation and, hence, may not be as effective for this
purpose (Norris et al., 1986}.

Sulfolobus

Bacteria of the Sulfolobus genus are acidophiles and
extreme thermophiles, requiring pH in the range of
1.5 to 4 and temperatures in the range of 50° to 80°C.
These bacteria are native to sulfurous hot springs
worldwide (Brock, 1978). Their primary advantage is
their ability to catalyze pyrite oxidation at elevated
temperatures, shortening the time required for oxida-
tion to occcur.

Unlike T. ferrooxidans and T. thicoxidans, Sulfolobus
species are capable of extracting metabolic energy
from sources other than oxidation of inorganic mate-
rial. For this reasorn, it has been considered possible
that removal of organic sulfur may be accomplished
using Sulfolobus. While some researchers have report-
ed that 8. acidocaldarius is indeed capable of remov-
ing a portion of the organic sulfur (Kargi and Robinson,
1986), this has not yet been proven (Dugan, 1986). This
unicertainty is due to the difficulties involved in
accurately determining the organic sulfur content of
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coal, and to the possibility that some organic sulfur
dissolves naturally at elevated temperatures.

At present, little meaningful comparative data for
sulfur removal by T". ferrooxidans and S. acidocaldarius
exists: This lack is due to the extreme heterogeneity r*
coal, which ensures that unless investigators ha
taken care to use identical coal samples for bo.
bacteria, results are not directly comparable. How-
ever, it appears that S. acidocaldarius can remove
pyrite approximately twice as fast as T. ferrooxidans.

Mutated soil bacteria

Atlantic Research Corp. has developed a mutant
bacteria strain from certain soil bacteria that were
originally minimally capable of oxidizing organic
sulfur compounds, particularly thiophenes. The
mutant, labeled CB1, has considerably enhanced
thiophene-oxidizing capabilities over its parent culiure
(Isbister and Kobylinski, 1885). Experimentation with
radioisotope-labeled dibenzothiophene showed that
CB1 oxidizes sulfur from thiophene compounds without
breaking the carbon ring structure. This is in contrast
with other thiophene-oxidizing microbes that break the
rings but do not release the sulfur.

The strain CB1 oxidizes thiophenes over a tempera-
ture range of 25° to 40°C and at approximately neutral
pH. This strain is capable of removing up to 47¢ of the
organic sulfur from certain coals. However, it has not
been effective in dissolution of pyritic sulfur (Isbister
and Kobylinski, 1985) and, therefore, requires that
pyrite be removed by some other means. Since CB1
cannot survive at the low pH values required by
T. ferrooxidans and S. acidocaldarius, it cannot be
used in mixed cultures with pyrite-removing bacteria.

Bacterial processing techniques
Microbial leaching

Sulfur removal by bacterially catalyzed oxidation
imposes the following requirements on any process
that makes use of it: (1) the leaching unit must have
sufficient residence time for dissolution to be carried
out, generally a period ranging from several days to
over a week: (2) the solution temperature and pH
must be closely controlled at the optimum values for
bacterial growth; (3) supplemental nutrients and
oxygen must be supplied to the bacteria; and (4) the
coal must be reduced to a fine size, as leaching rates
increase rapidly with decreasing particle size (Beier,
1985). In addition, means must be provided for remov-
ing and neutralizing the sulfate produced by the leach-
ing process and for supplying seed bacteria to the
beginning of the process.

Handling of the bacteria is of critical importance in
maintaining the bacteria in the proper growth phase
for optimum pyrite removal. The various growth
phases are illustrated in Fig. 1 (Murphy et al., 1985).
The lag phase is the time required for the bacteria to
acclimate themselves to conditions, while the station.
ary and death phases result from depletion of nutrients
or accumulation of toxins. For best results in contin-
uous processing, bacteria should be maintained as
much as possible in the exponential phase, as they arr
then multiplying and metabolizing sulfur at thei
maximum rate (Murphy et al., 1985). Since maintain-
ing bacteria at the exponential growth phase may be
difficult, bioleaching processes frequently maintain a
seed culture in a separate fermenter. This supplies
bacteria to the desulfurization process as needed.

3
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Number of viable cells

Time

Fig. 1 — Generalized growth curve of a bacterial culture In a
batch process

A typical process flowsheet for continuous microbial
coal desulfurization is illustrated in Fig. 2 (Murphy
et al., 1985). Ground coal, air, bacteria, and heat (if
required) are added to any of a variety of reactor
types. Treated coal slurry is withdrawn from the
reactor and thickened, with the solids filtered, washed,
and dried to produce a desulfurized product. Also, the
exhaust air from the reactor is scrubbed to remove
acid fumes that would otherwise be released in the
immediate vicinity of the process. The solutions from
the thickener, filter, and exhaust gas scrubber, which
contain the products of the sulfur oxidation, are then
sent to the precipitator, where the sulfates are re-
moved by addition of lime and occasionally aluminum
salts. The resulting sulfate precipitate is then disposed
of, and the cleaned water is returned to the reactor.
The major variation in bioleaching circuits is in the
design of the reactor. The reactor used must provide
long residence times at reasonable cost, should
approach plug flow to maximize kinetics, and yet
should have sufficient backmixing to prevent "“wash-
out’’ of the bacteria. In the case of pyrite dissolution,
the reactor should also be resistant to corrosion by
acidic slurries and, hence, use a minimum number of
moving parts.

There are three basic configurations for practical
bioleaching reactors: cascades of continuously stirred
tanks, pipelines, and horizontal rotating drums
(Vaseen, 1985},

Cascades of stirred tanks have the advantage of
being highly controllable, with leaching being carried
out in discrete steps. Either mechanically or pneumat-
ically agitated tanks may be used, as air must be
supplied to the bacteria in any case. However, the
requirement of long residence times ensures that
plants of this type must be extremely large (Vaseen,
1985).

Bioleaching in a coal-slurry transport pipeline has
the major advantage that coal is being transported to
the end user while leaching is being carried out, and
that the transportation and reactor time costs are
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combined {Beler, 1985). However, such a system
provides little control of residence time, which is
primarily determined by the distance to the end user.
Also, addition of air to the slurry is somewhat difficuit,
and the lifetime of the pipeline is reduced by the
corrosive nature of the slurry.

The horizontal rotating drum reactor consists of a
very long horizontal drum, equipped with slurry lifters
and means for supplying air to the slurry all along the
drum length. The drum is rotated at from 1 to 20 rpm
to provide agitation. Such a reactor provides a com-
promise between plug flow and backmixing suitable
for maintaining a good bacterial distribution (Vaseen,
1985). Again, a reactor of this type must be very large,
requiring a 20:1 length to diameter ratio to provide .
sufficient residence time for leaching by T. ferro-
oxidans (Vaseen, 1985).

Vapor SOy, .
condenser sceubber | T Clean air
Lime
Air
out 1 Suliate
water precipitator
Bacteria R | /s
ecycle water
INeCUlum —f Y ~ separator
Reactor
Row_—
coal ¥ ¥ Mineral sulfate
Heat Air waste
LIS
separator
Hot woter

[Thermal

drver Water vapor

Desulfurized
coal 7

Fig. 2 — Typical process flowsheet for biclogica! desulfuriza.
tion of coal

A bloleaching systern could either be located at the
plant where the coal will be burned or at the mine,
depending on the circumstances. Locating the leach-
ing operation at the plant aliows the use of waste heat
for maintaining the slurry at the proper temperature
and for drying the cleaned coal (Murphy et al,, 1885).
However, if the plant receives coal from a variety of
suppliers, the need to adjust the process for great
variations in feed character may make this arrange-
ment impractical. Locating the operation at the mine
will ensure a fairly consistent coal quality, but, here,
heating and drying costs will be greater, These costs
may be reduced if a coal-water fuel (609 to 75% by
weight coal) is produced because thermal drying is
then unnecessary. The bioleaching process is there-
fore most suitable either (1) located at the power plant
when coal is received from a single source, or
(2) located at the mine if a coal-water fuel is the
desired product.
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Bacterially assisted coal cleaning

The primary disadvantage of microbially catalyzed
sulfur oxidation is the long residence time required for
sulfur removal to be completed, which makes for large
installations and high capital costs. If bacterial treat.
ment times can be reduced, processing wiil obviously
become much more cost-effective. One method for
reducing treatment time is to use bacteria to assist
more conventional, physical separation processes.

Separation techniques that depend on differences in
surface chemistry, such as froth flotation and oil
agglomeration, have a limited ability to remove pyrite
particles from coal (Baker and Miller, 1971). This is
due to the slight hydrophobic character of pyrite,
which causes it to attach to air bubbles and oil droplets
to a greater extent than other common minerals con-
tained in coal. Improving the pyrite-rejection capabil-
ity of these processes therefore rests on rendering the
surfaces of the pyrite particles hydrophilic.

While complete oxidation of pyrite by 8. acidocal-
darius or T. ferrooxidans is very time-consuming, the
bhacteria effectively alter the pyrite surface within a
short time, on the order of 30 minutes. This is a result
both of oxidation of the pyrite surface and of the direct
attachment of the bacteria to the pyrite. Since the
bacteria have a hydrophilic surface and the oxidation
products of pyrite are also hydrophilic, the net resul{
of the short-term bacterial action is to destroy the
hydrophobicity of the pyrite surface.

The effect of bacterial treatment on physical pyrite
removal was first noted for the oil agglomeration
process (Kempton et al., 1980; Capes et al., 1973),
where conditioning with bacteria produced a 50%
decrease in product sulfur content (Kempton et al,,
1980). Since oil agglomeration is itself not a particular-
ly economical process due to the cost of the oil, atten-
tion has shifted to bacterially assisted froth flotation.
Work by Attia and Elzeky, 1985, and Dogan et al_, 1985,
has indicated that this technique does improve pyrite
rejection, without producing notable decreases in coal
recovery. This is a failing of many chemical pyrite
depressants (Baker and Miller, 1971).

Conclusions

Bacterial desulfurization of coal provides a method
for oxidizing sulfur to water-soluble forms without the
extreme conditions of temperature and pressure re-
quired for completely chemical desulfurization, Bac-
teria have been discovered or developed that are
capable of oxidizing either inorganic or organic sulfur,
but to date it has not been shown conclusively that any
one bacteria is capable of oxidizing both. Also, present-
ly available bacteria known to be capable of removing
crganic sulfur cannot survive in the extremely acidic
conditions required by pyrite oxidizers, and, hence,
the two types of bacteria cannot be used as a mixed
culture.
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Bacterial leaching is most effective in reactors that
provide sufficient backmixing for good bacteria distri-
bution, but otherwise approximate plug flow. This can
be most readily achieved with cascades of stirred
tanks, slurry transport pipelines, or horizontal rotatin~
drum reactors. Due to the long treatment tim
required for sulfur oxidation to be completed (3 to .
days for 8. acidocaldarius, and 9 to 16 days for T.
ferrooxidans), such installations must be extremely
large.

In addition to their usefulness in catalyzing sulfur
dissolution, pyrite-oxidizing bacteria are also capable
of improving the pyrite rejection capability of oil
agglomeration and froth flotation. This is accom-
plished by using the bacteria to coat and slightly
oxidize the pyrite surface, thus destroying its normally
slightly hydrophobic character. W
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Methods of On-Scream Analys:is

Abstract. In this paper chree methoas of on-
stream analysis 1) Radiometric techniques, 1) X~
ray tube techniques and 3) Neutron activation
method are reviewed. Advantages znd disadvan-
cages of each method are discussed.

Intreduccion

An on-stread analyser cannot be considered in
1solation from the mineral process where it is
te be ultimately installed. Depending upon the
requiremencs of che process, an on-stream analy-
ser can be designed in several ways. If a feas-
ibility study done on the process shows that
several elements in a multi-channel stream are to
be analysed wath hign precision, a very sophis-
ticated on-stream analvser, which would take into
accouynt marrix esifects etec., would be desitrable,
Cn the orher hand, where moderate precision is
requireqd, a simple portable on-stream analyser
can be designed., Despite the fact that sophis-
ticated techniques are avazlabie for determining
percencage of solids in a slurry, tne Marcy Darec:
Reading pulp density scale finds exrtensive use 1in
mineral processing plantcs.

The technigques currently being developed for
on-strear analysis can be broadly classified into
chree categories:

1) Radiometric techniques

2) X-ray tube techniques

3) Neutron activation technigues

Radiomerric Techniques

Radiometric analysis is well known in nearly
alil brancnes of science and tecnnology. Such
analysis has helped industry to achieve objec-
tives which could not otherwise have been attain-
ed. A radioisotope gauge based upon the princi-
ple of backscattering of alpha particles was in-
corperated in the Surveyor V mission to analyse
the surface of the mecon (Turkevich, Franzgrote
and Pacterson, 1967). Now, radiometric tech-~
nigues are finding exctensive applications in
mineral processing plants. Some of the main
advantages and disadvantages of the radiometric
cechniques are discussed below.

1) Every radicisorope emits radiations which
are subjected to statistical flucruarions. Wwhen
an Instrument is designed to measure some para-
meter of an object, care snould be taken to
ensure that the scatiscical error in the measure-
ment is considerably less than the reguired
precision.

2) Every radiocactive isotope disintegrates atr
a characteristic rate that is defined by its
nalf life, that is, the time required for a
radicactive material to lose 50 percent of its
activity bv decay. Each radionuclide has a
unigue half life. A radioilsotope selected for
applications in gauging should normally have a
half life of several years so that tne dailv
rate of change of intensity is =mall and can pe
compensated for reagily. For tracing purposes,
radioisotopes with snort half life can be seiec-
ted, This is because the radiocacrivity will
practicaliy disappear in a short time after tne
completion of the test.

3} The intensicty of the radiarion can be
measured with great precision and recotrged.
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4) The ability of tne radiations to penetrate
marter and to make measurements on the conrents
without contacting them is an important advan-
tage.

%) An instrumen: using radiocisotopes is nor-
mally small in size and relatively portable.

A radiometric amalyser zan be designed ro
operate as:

1) an adsorption system

2} 2 scatter system, and

3) a fluorescent svstem.

An AdscTption Svstem

When radiation passes through matter, it
loses intensity due to adsorption by +the marerial.
Based upen this principle, two types of gauges
can pe designed, that is, a density gauge or an
element analysis probe, In the demsity gauge
the loss in intensity is related to the densicy
of cthe material. This property of the radiation
is discussed in greater detail in subsequent
sections. In the element analysis probe, tne
loss 1n intemsaty is related to the percentage
oi some specific element in the siurry. This
technique is well known in the petroleum indus-
try and increased use is being made in the
mineral industry.

Hinckfuss and Stump (1971) and Stump (1973)
used the preferential adsorptiem tecnaique for
che determination of lead content in slurries.
Lead, with atomic number 82, is present in the
Broken Hill ores in the mineral galenma (?bS) and
is associated with a macrix of elemencs of rela-
tively low artomic number. A 100 KeV radiacion
(close to the adsorption edge of lead) obtained
by filtering the radiation emitred by gadoiinium—
153 through 0.20 inches of tin was used to de-
termine iead in flotation feed slurries.

Synman (1971) has determined tne uranium
content of slurries using §.166 KeV radiation
obtained from Ce~139. This radiation is prefer-
entially adsorped by the uranium.

Figure 1 is a schematic diagram of the ad-
sorption type of svstem.

A Scatrter Svscem

In the scatrer system, socurce and detector
are placed on the same side of the material being
examined. When the radiation s:trikes the
material ir is partly adsorbed and partly
scatrered. Again, as with the adsorprion system,
two types of gauges can be designed. In the
density zauge some property of che scattered
radiation is related to the density of the
material {or the slurry). In the elemencal
analysis probe some property of the scartered
radiation 1s relacted to a ‘'wanted' element in
the material (or the slurry),

The scatter tecnnique is very useiful for
density or thickness measurement when onlvy one
side of the material 1s available for examimation.
The technique is also useful for bulk density
measurements of material suech as coal (Semmler,
Brugger and Rieke, 1961). .

Czubek et al (1972) have described a gamma
rav scattering method, using an americ:ium—241
source for the field determination of iron in
iron-bearing sands. They also used a fluores-
cent method which emploved a 3H/Zr source to-
gether with an argon filled proporzional counter
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covered bov a 20 um thick iron foil. Thev have
reported an accuracy of 2% by both the mechods.

Czubek et al (1972) have alsc described a
metnod for determining lead and zinc in multi-
metallic ores. 7Two gamma ray sources, americium-
241 and selenium-73 with epergies on both sides
of the lead K adsorption edge were used. They
measured the scactered intensities from artifi-
cially prepared ore samples and determined the
equivalent concentration of one eiement that pro-
duced the same decreage in scattered radiation
as 1% of tne other element. Usiag the informa-
tion gainec, a field probe was designed for
simultanecus ceterminarion of leag and zinc.

Gorski and Lupecki (1963) used a beta back=
scatter tecnnique L[OT defermining tungsten in
cthe range 16 to 20 percent in the tool industry.
The accuracy reported is +0.9% with a measure-
ment time between 1 and 5 minutes.

Figure 2 is a schemaric diagram of the scacter
type of system.

& Fluprescent Svstem

Any merhod that causes removal of an electron
from one of the inner orbats of an atom and sub—
sequent Teadjustzent of the remaining electrons
results in the emission of characteristic XY-rays.
The emission caused by filling vacancies in the
innertnes: shell is callea K X~rays wnile that
caused by Zilling vacancies in the next shell is
called L X-ravs. Every element, when excited,
emits Y-rays at certain cnaracteristic energies
chat are egual tc the energies ¢f the corres-
ponding electron transitions. Thus, 1f a sub~
stance is suitaoly excited, tne eleaments compos-—
ing it can be determined as the X-ray intensity
at each characteristic ievel depends upon the
welght fraction of the elements emitting it.

The basic components of a radioisctope X-ray
fluorescence spectrometer are the radioisotope
source for excitation and tne X-ray detection
system wnich isclates and records the intensicty
of the desired X-rays.

Different mecthods for excitation of X-rays
from matter are discussed below.

1) Exeitatzon by Alpna Particles. An alpna
parzicle 1s a cnarged particle emitted from the
aucleus of an atom having a2 mass equal in magni-
tude to that of 3 helium nucieus, tnat s, two
protons and two neutrons. ZExcitation by alpna
particles cause emission of low energy i-rays
with high eificiency and is partacularly suitec
for light elements from carbon zo calciur (Carr-
Brion and Pavne, 1970). Excitation with alpna
particles has a special advantage over beta
particles in that less bremsstranlung i1s pro-
duced. However, the hazard due to alpha parzicle
is very nigh. Kohl.et al {1961) classify alpha
enitzers among the most toxic poisons.

Robert and Martinelli (1964) have demonstra-
ted the execitation of K X=ravs of elements Irom
carbon te chlorine by using a 6 mCi polonium=210
alpha source {(Half life 138 davs; 2 energy = 5.3
MeV), with a one mg per crl mica window and for
the detector a windowless flow proporfiomal
counter.

Uchida et al {1966) have developed a practical
X=vray emission acalyzer, using radicisotope
spurces, for contrel of the mixing of rtaw
materzals in the manufacture of cement where
light elements are defernmined in a sample macri
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ef higher atomic number elements. For lignt
elements polonium—210 sources and for higher
elements especially irom, twoe 3 Ci 3E-Z7 brems-
strahlung sources were used.

2) Excitacion by Beta Particles. A beta
particle is a charged particle emitted from the
nucleus of an atom with a charge and mass equal
in magnitude to that of the electron., When a
beta parcicle strikes a target, 1t emits char-
acteristic X-rays and bremsstrahlung (bera
excited X-rays). Consequently, characteriscic
X-rays can pe excited by beta particles cor in=-
directly by beta excited X-rays.

Enomoto and Tanemura (1966) claim that a beta
parzicle can excite characteristic X-rays of
much higher intensity than that excited by beta
excited X-rays of equal activity. However, when
a beta source was used, a8 magne: was placed be-
tween the specimen and the iI-ray detector to
deflect beta particles scattered towards the
detector. The use of a beta source also has the
digadvantage that the X-ray spectrur is accom-
panied by background radiation due to brems-
strahlung.

X-ray spectra analysis by beta particles has
been discussed in derail by Crompten (1955);
Leveque, Martinelli and Chauvin (19533); Muller
(1962); Cameron and Rhodes (1963a) and Enomoto
and Tanemura (1966),

Florkowski et al (1965) have described a
method of analyzing iron, zin¢ and copper ores
in the field and in the laboratory by fluores-
cence excited by 3H/Zr bremsstrahlumg. In poth
zintc and copper ores, interference due to iron
wis overcome by independent measurement of zinc
and iron, or copper and iron concentrations. An
accuracy of +0,25% iren or zinc in zinc ores in
the concentraticn range of 0 to 10X is reported.
For copper ores, an accuracy of +0.1% in the
range O to 2% and +0.3% copper at comcentrates
up to 15% copper is reported. Lower accuracies
are repcrted for field measurements where an
X-ray Ceiger counter was used in place of the
proportional counter used in the laboratory.

Siebel and Le Traon (1963) have described the
use of tritium bremsstranlung for the laboratory
determination of magnesiym, aluminium, silicon,
caleium and iron in cement and iron cres.

3) Excitation by Primary X-ray and Gamma Ray
Sources. Commonly available radioisotope
sources for this purpose are americium=241,
cadmium-109, cobalt=-537, iron=-55, piutonium=238,
gadolinium-153, iridium-192 and curium-244,

The choice of source is made by selecting excit-
g energies just about the K absorption edge
of the elements under analysis.

Watt and Gravitis (1973) have suggested the

use of plutonium-238 and curium—244 for deter-
mination of elements from manganese to arsenic,
and americium=241 from zirconium te barium,
Thev have determined copper, tin and zinc in
slurries. The reported accuracy {(Rms error *
100/mean element concentration) for different
slurries is between 1.2 and 15.5 percent.

Watt (1972a) has developed a technique for
analysis of an element in samples containing
high concentrations of another element of
slightly lower atomic number. The sensitivity
of the analysis was achieved by use of a radia-
cor foil whose fluorescent X-rays can be excited
only by the higher of the two close-in-energy
X=rav components from the sample. The principle
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. rthis arrangement is illustrated in Figure 3.
Using this arrangement, Watt (1472a) measured
copper in the range of (0.1 to (.44 percent in the
presence of iron in the range of 48-32 percent
with ar accuracy of 13,8,

Synman {1971} has used Ge{Li) detector and co-
balt-537 source to determine uranium in solid
samples and slurries, The reported lower limit
of getection is 11 ppm.

4} Excicacion by Secondary X-ray and Gamma Ray
Sources, When a radioisotope emitring a desired
energy 1s not available, use can be made of a
source—carget assembly (Rhodes, 1966; Wat:z, 1964,
Giaugue, 1963).

In this me:-hod, a radioactive source is used
to excite the K X-rays of a selected carget
material, and these in turn excite X-rays from
the specimen., The geomerrical arrangement (Fig-
ure 4) is such that the specimen 'sees' the X-rays
frow the sample under analvsis. Detecrion limits
in the range 50 to 200 ppm can pe attained. The
system 18 also flexible because targets can be
changed easilv., Tor analvtical work, such
seconaary scurces have significant advantages
such as efficiency, purity over peta excited
Z~-ray sources.

Secondary X-ray or gamma ray sources have
been used by the mineral industrv. Fookes et al
{1971) have used piutonium~238 with gallium
{Ga204) for the copper determination and german-
ium for the zinc determination. The X-ray fil-
ters used were nickel for copper determinationms
(22 mg/cm* zhick for concentraces and feeds, 33
mg/cxs for tailings) and (23 mg/sq cm) for all
zinc determinacions. Errors (percent by weight
of wanted element) for above mentioned slurries
lie becween 0,06 to 0.15.

Carr-Brion (1967), Carr-Brion and Rhodes (1963)
have determined molypdenum, niobium, tin, barium
and zinc in slurries using different source-—
target assemblies. Tin, in the range of 0.0l to
0.1% in the slurry was measured with an aceuracy
of #10% ar 0.1% finm.

3) Proton Excitarion. Excization of soft
X-rays with protons is a verv efiicient process
and is accompanied by an extremely high signal
to basckground ratio. At present the main appli-
cations are restricfed to the determination of
X-ray vields and ionizacion cross sections etc.
Brady and Cahil (1973) have discussed this mode
of excitartion in detail, They have pbserved
several similarities betweer excitation by pro-
tons and by alpha particles.

Remarks on the Different Modes of Excitation

From the literature it may be inferred that
primary and secondary X-or gamma ray mode of
excitarion is the more common methed, In this
tecnnique it is possible to isolate the wanted
characceriscic X-ray from the unwanted radiataon.
When a suitable source for excitationm is not
available, a “-X source can be used. Thus the
selecrion can be made {rom a wide variety of
sources., When excited with beta particles, san-
ples can be examined through relatively thack
windows, such as 0.3 cm thick peivthene. Such
windows contribuce to & very small extent to
bremsstrahlung. Photon sources are scattered
heavily from thick windows. However, beta parci-
cle excaitation has several disadvantages. It has
lower efficiency and has nigher background coun:
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rate due to bremsstrahlung. Alpha particle ex-
citacion is very useful when the wanted elemen:
15 of low atomic number. When excited witn
alpha particles, the window should be very thin
because of the limited range of alphz parricles.

After exciting the 'wanted' element, it is
necessary to isolate the chartacteristic X-ray
of the wanted element from the unwanted radia-
tion. This is done by energy seleccion.

Energv Seleczion

On account of the relatively low aczivity of
the radionuclides (especialiy with secondary
radiation sources), wave length dispersive
methods where energy losses are nigh, are not
very suitable., Radiometric method of quantiza-
zive analysis commonly emplovs the Zcllowing
methods of energy selection.

1) Pulse Heigh:t Selecrion. Radiation is
received by a derector with response propertion-—
al to the energy of the incident radiatiom, e.3.,
gas-filled proportional counter, the scintilla-
tion counter and the semi—conductor deteczor.
The signal from the detector is amplified and
passed 1nteo a discriminator whach selects a
specified range of pulse amplitude from a spec-
trum, The resolution power of the proporctional
counter is better than the scintillacion counter.
For example, percent resolution for FeKn eguals
approximately 51 percent for a scintillation
counter compared to abour 13 percent for the gas
flow proportional counter (Jenkins and De Vraies,
1970). 4Althougn the scintillation counter has
the advantage of having an almost constant
spectral response over a wide tange, its working
range is limited at low energies. As such a
scintillation counter is not normally used for
K radiations from elements of lower atomic num-
ber than titanium or for L radiations from ele-
ments of lower atomic number less than 53
(Jenkins and De Vries, 1970).

The nigh intrinsic X-ray resolution systems
emploving Si(Li) and Ge(Li) detectors are be—
coming increasingly imporrant, The separaticn
of the Ko X-rays of adjacent elements varies
from about 200 eV for sodium to about 600 eV
for copper. The limitation of these detectors
are:

(1) their small area; currently_available
detectors nave areas between 12 mm~ and 25 mm~.
The small areas result in reduced coun:t races;

(ii) need for crvogenic cooling;

- (i1ii) these detectors are expensive.

4 comparison of the resoliution of various de~
tectors as a funcrion of the energy is given in
Figure 5, Langnheinrich, Forster and Linm (1972)
nave reviewed in detail the advantages and dis-
advantages of these detectors.

2) Balance Filters, Two filters with adsorp-
tion edges on eilther side of the characteristic
X-ray energy of the wanted element are selected.
These filters are mounted between the sample
and the detectors. One filter is selected to
cransmit all the background radiacion plus the
wanted szgnal. The other tramsmits background
only. Difference between tne signals obtained
from the counters 1is proportional to the con-
centration of the wanted element. The measure-
ments can be made with the same detector by
cnanging or rotating the two filters. In order
to isolate Cukz Z-rawvs (8.05 KeV), for example,
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from unwanted radiation of energy less than 7.5
KaV ané greacer than 8.3 KeV balanced filters of
nickel and cobolt are placed successively on the
detector window.

Filters can be made {rom metallic foils, pow-
dered element or from the oxide of the metal,
Camercn anc Rhodes 1963b; Berman and Zroun, 1970
and Rhodes, 1571, have aiscussed in detaisr the
criterion for balancing filters and selecting
rneir oprizum mass, ete.

3) Source Target Assemblies. Carr-Brion and
Jenkinson (1966) nhave isolarted characteristiic
X-ray line of the "wanted' element by using two
targets emxtting close X-ray energies, One ex-
cited the required fluorescence while the second,
with its energy below the absorpcion egge of the
element peing excited, provided backscattered
¥-rays for correction of intereiement effects.
The ratic of the two detecior outputs was f{ound
to be independent of the matrix adsorption
effects. <C{arr-Brion and Jenkinson (1966) con-
cluded that the analytical sensitivity obtalned
by this method was of the same order as tnat of
balanced filters.

X-Ray Tube Tecaniques

An X-ray tube provides a useful source of
excitation - a much more intense source than a
radioactive 1sotope c¢an provide. A commoaly
available X~-ray tube is the Coolidge tube, Basi-
callyv, it is a highly evacuated tube inside which
are mounteé a tungsten filament cathode and an
anode made of tungsten or chromium. The tungsten
anode is ugeful for low energy lines.

In the fluorescent svstem (cthe prineiple of
which 1s the same as the radiocisotope X-ray
fluorescence), the spectral distribution of char-
acteristic X~-rays can be ascertained by a wave-
lengtn dispersive spectrometer utilizing a crys-
tal monochromator (for exawpie, LiF or KaCl
crystal} or else by energv dispersive system,
utilizing a semiconductor detector, coupled to
a pulti=-channel analyzer (Birks, 196%; Skogg
and West, 1971; Wittkop, 1971; Porrer, 1973,
Porter and Woldseth, 1573; Frankel and Woldseth,
1973; Carr-Brion, 1973), The wave-length disper-
sive spectrometer (Figure 6) has low overall
efficiency due to several intensity losses
through the restriction of selic angle, the low
refleczavity of cthe amalyzing cryszal. Also such
a spectrometer is very sensitive to suriace fin-
isn o the crystal monochromator, to cnanges in
izs posizion relative to the X-rav system. On
the ocher hand, the energy dispersive spectrome-
ter offers berter efficiency but poorer resolv-
ing power compared to the wavelength dispersive
system. another disadvantage of energy cisper-
sive spectrometer is its inabilizy teo operate at
nigh count races.

The wave-length dispersive spectrometer has
been extensively used for on-streaw composition
analysis of mineral slurries (Fuller, McGarrTy
and Pelletz, 1967; Lewis et al, 1968; Pentt:
Vanninen and Seppor Kreula, 1973; Seppc Kreula,
1973; Stacey and Beolt, 1971, 1973). Lewis et al
(1968) nave decermined copper and zinc with
stanaard deviations of {.025 and (.15 respective-
1ly.

Recently, Clayten, Packer and Fisher (1972)
have described an-X-ray flucrescence analvsis sys—
tem, The system incorporates an X-ray tupe and

84-113

enerzy selector capable of generating virtually
monochromacic X-rays, and also provides some
variation in the energy of the exciting radia=-
tion. The equipment is essentially an x-ray
tube and a high voltage supply in an cil filled
enciosure which is coupled to an energy selector.

Another recent deveiopment in excitation is
the use of pulsed X-ray tubes as reported by
Jaklevic, Gouiding and landis (1972), As soon
as a pulse is detected, the X-rav tube turms
off for the duratiorn of the pulse processing
time. This approach eliminates the need for
puise pile up rejection and permits high count
rates without significant degradatiom in svstem
resolution.

For anmalytical work, X-ray adscrption tech-
niques are analogous to radiomerric adsorption
technigues.

Heurron Activation

The neutron is an uncharged particle with
very nearly cthe same mass as the proton. When
an element is bombarded with neutrons, it be-
comes radicactive and decays with the emission
of beta or gamma radiatioms with characterascic
energies and half laives. Weurron activation is
independent of the electron distriburion around
the nucleus and is based upon the inreraction
between a neutron and the target material,

Neutrons can be produced by bombarament of a
material of suitable threshold and cross=-section
with nhigh energy particles, for example, protons,
deurTons, neutrons and aven photons. Alcerna-
tively, the spontaneous fission neutron source
californium=-252 can be used. Califormium-252
decays for 97 percent by alpha emission and by
3 percent by spontaneous fissioun. One mg of
californium gives 10° neutrons per second.

Atomic Energy of Canada, Ltd. has developed
a small reacter known as SLOWPIKE {Tolmie, 1972).
This is a water woderated reactor with a beryl-

ium reflector and produces a thermal neutron
flux of 2,5 x 10+l neucrons/em? secona from 800
grams of uranium-235 wnen running at a power
level of 5 kW and at this level the core life 1s
expected to be five years.

Ricel and Handlev (1970) have discussed in
detail the use of califorpium—252 source for
activation analysis. The main objection against
the radicisotope sources in neutron activaticn
is the lack of sensititivicy for several appli-
cacions. This drawback can be overcome in cer-
tain cases, particularly for determination of
metal content in slurries. When a slurry is
circulated in a closed loop, recirculation acti-
vation analysis improves the sensitivity.

Kussi (1971) has determined silicon, alumin=-
iur and c¢hromium in chromium ores by using 5
curie Am-Be source giving 1.25 x 10’ neutrons/
second. Precisions reported are 0.1X for SiG,,
0.3% for Alp0s and 0.5% for Crp03. Clayton
(1972) has described a commercial acgavation
analysis systzem tc measurg gsilicon in iron are
slurries with an accuracy of +0.2%. A 50 curie
Pu-Be source giving 10° neutrons/second was
used. Pogsible interference from aluminium was
eliminated by means ol a cadmium shield placed
arcund the actavaticn cell.
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Resonance Scattering

Sowerby (1971} has described a tecnnique for
elemental analvsis using nuclear reasonance
scatcering of gamma radiatiom. I: is claimed thatr
the svstem can be incorporated in a borehold
probe and has potential for on-scream process
contrel. The sample to be amalvzed is irradiated
wirh gamma rays of energy just above the energy
of che nuclear level being excited in the wanted
element. The concencration of the element is
derermined by measuring the intensity of the re=-
sonaatly scattered radiation.

A Comparison Becrween Radiometric and
X=Ray Tube Techniques

1) An on-stream analvzer using radicisotopes
is normally smail in size and relatively portable.
It is possible to take the analvzer to tne flow=
ing stream rather than taking the pulp streams
to the sampler. On the other hand, an on=-stream
analyzer yging an I-ray tube is bulky, expensive
and requires a central control room. This aiso
necessitates the use of long sampling lines,
wnich add to tne cost of the syscem. Therefore
the use of an analyzer for assay or process con=-
trol work cannot zlwavs be justified., Neverthe-
less, when mulcielements in a multi-stream are
to be anaivzed, the cost difierence narrows down.
However, entry into the field of on-srream amaly-
sis can be made at lower cost with the radioiso-
tope svstem. initiallyv, the system gan be used
to analyze one or twc elements in a single imper-
tant streax and then extended at a later stage.

2) A radioisotope source can pe made for any
specific requirement. This is not true for the
Z-ray tube. Moreovar, sometimes it is difficult
to replagce the X-ray tube,

3} The output of a radivactive material is
stable and does not require power supply which
is necessarv for an X-ray tube. Conseguently,
i1t was decided to leook into the commercial avail-
ability of probes in greater decail.

Comment on Racdiometric and Neucren
Adctivation Technigue

although radiocisocope techniques are more de-
veloped, neutron technicues have gained importance
in recent vears, 1his is pecause smaller neutron
tubes and neurron Ssource californium-152 are now
available at low cost. Neutron techniques are
more readilv suitable for lignrer elements.
Radiometric techniques are not suited for this
surpose. In this respect, it is expected that
tne neutron techniques would be complementary and
not combetitive with the radiometric technnigues.

Conclusion

The aim of this review has been to develop a
logical sequence cf informacioer relevant to the
aesign ana development of an on-stream analvzer,
using radioisotopes. X-ray tube and neutron
accivation tecnniques are competitive to the
radioisotope systems and as such they have been
reviewed braefly.
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ABSTRACT

In the last 30 years, on-
stream slurry analyzers have
proven to be of great use in the
control of mineral processing
circuits. This review discusses
the two most popular methods,
x-ray fluorescence and neutron
activation analysis, and also
considers techniques which are
still under development.

INTRODUCTION

On-stream composition analysis
of process streams in mineral
processing operations has been
proven to be a powerful tool for
the adjustment of the process to
variations in plant feed quality.
The benefits derived from the
use of on-stream analysis are
now widely accepted in the base
metal industry ({(Cooper, 1976,
1984 and W¥Wells, 1983). The rapid
feed back of the chemical assay
drastically reduces the response
time of control schemes, and thus
helps to increase grade and
recovery while reducing reagent
consumption and operating costs.
Alsc, the installation of an on-
line analyzer freqguently reveals
that a process stream which has
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been considered to be stable
actually undergoes sizable
fluctuations, which may be detri-
mental to plant operation. For
these reascns, a large number of
on-stream analyzers have been
installed throughout the worild
during the last 30 years,

An on-stream composition
analyzer may operate in a number
of ways, as discussed in the
literature (Kawatra, 1984). The
principles used by commercial
units range from excitation by
gamma-ray irradiation or neutron
activation to measurement of
radiation from naturally-occurring
isotopes. Elemental analysis by
use of fluorescent x-rays is
commonly used. Several systems
employing neutron activation have
been installed for continuous
analysis of silica in iron ore
slurries, Natural isotope decay
has been widely applied in the
potash industry for determination
of the potassium content of ore ~
carried on conveyors (Cooper,
1976, 1984). Several analyzers
erploying non-radiometriec tech-
nolegy are also in use. The
following sections describe the
various types of on-Stream compo-
sition analyzers which have been
used or are being developed for
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use in mineral concentration
operations.

X-RAY FLUORESCENCE ANALYZERS
Fundamental Principles

Conventional on-stream analy-
sis is based on the principle of
x-ray fluorescence (XRF) analy-
sis. The basic principle of this
method is illustrated in Figure
1. The sample may be excited
either by low energy photons from
radioisotope sources, or by
electronically produced x-rays.
The characteristic radiations
emitted by the excited samples
may be measured using either a
wavelength-dispersive x-ray
analyzer (WDX), or an energy-
dispersive x-ray analyzer (EDX).

The WDX systems are based on
the fact that the angle at which
an x-ray photon is diffracted
from a crystal is a function of
its wavelength. Since the wave-
length of a photon is a function
of its energy, a WDX analyzer
determines the energies of x-rays
with great accuracy by geometric
measurements., For on-stream
analysis, the elements of inter-
est are specified in advance, and
individual diffracting crystal
and detector units are provided
to select and measure the charac-
teristic x-rays of each element
simultaneously.

Energy dispersive x-ray sys-
tems (EDX) use radiation
detectors which produce electri-
cal pulses with amplitudes
proportional to the energy of the
x-ray photons which were detected.
The number of pulses produced
with amplitudes corresponding to
the energy of the characteristic
x-rays of the elements of inter-
est is then used to determine the
concentrations of these elements,

The WDX systems have a much
better energy resolution (20-25

CONCENTRATION AND DEWATERING CIRCUITS

eV) than do EDX systems, and
therefore are less subject to
error from peak overlap, However,
a great deal of the x-ray inten-
sity is lost in the diffraction
crystal, with the result that WDX
systems can only be used with an
intense source of exciting x-rays,
such as an x-ray tube. EDX sys-
tems are usable at much lower
intensities, which may be produced
by radioisotope sources. The
energy resolution of an EDX sys-
tem depends on the type of
detector used., Solid-state
detectors have the best energy
resolution, but must operate at
cryogenic temperatures, Propor-
tional and scintillation counters
can both operate at room tempera-
ture, but whereas the proportional
counter has the superior energy
resolution, the scintillation
counter has a higher detection
efficiency. A discussion of the
advantages and disadvantages of
these detectors was presented by
Carr-Brion (1980}. It may be
noted that all three types of
detector have been used in on-
stream analyzers, with the selec-
tion depending on the number of
elements to be determined, the
energy resolution required to
separate the characteristic x-rays,
and the x~-ray intensity which may
be feasibly produced. The general
principles of EDX and WDX systems
are illustrated in Figure 1.

Excitation Sources

A mineral slurry may be excited
into production of characteristic
x-rays for quantitative analysis
by use of either electronic x-ray
tubes or by low-energy photons
from radiocisotope gamma-ray sour-
ces,

Radioisotope Excitation

Many radiocisotope Sources are
available which are suitable for
exciting characteristic x-rays
for energy-dispersive x-ray
analysis, Table 1 lists commonly
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*percent photons per disintegration

used low energy gamma and x-ray
sources. Since optimum fluore-
scence efficiency is achieved

when the excitation photon energy
is c¢lose to, but greater than, the
critical excitation potential
required to produce the charac-
teristic x-ray of interest, opti-
mum source selection depends on
the ,elements to be determined.

X-ray Tube Excitation

An x-ray tube provides a use-
ful excitation source for either
WDX or EDX systems, X-ray tubes
provides a much higher x-ray
intensity than is possible with
radioiscotope sources. As a
result, small-area detectors may
be used. Also, it is not as
critical that the source and
detector be in close proximity to
the sample as is the case for
radioisotope sources, X-ray tubes
are sometimes used with a secon-

dary source to reduce background
radiation.
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Table 1
Properties of x-ray and x-ray sources used in on-stream composition
analysis. '
Radiocisotope Half-life (yr} Energy KeV Relative Abundance?*
Am-241 458 14-21 (Np L x-rays) 36
59.6 37
Gd-153 0.65 41-47 (Eu K x-rays) 89
70 2.6
97 20
103 30
Co-57 0.74 122 89
136 9
Fe-55 2.7 5-3 (Mn K x-~rays} 28.5
Pu-238 B6.4 13-20 (U L x-rays) 10
Cm-244 18 14-21 8
cd-109 1.3 22-25 (Ag K x-rays) 107
88
I-125 0.16 27-31 (Te K x-rays) 138
3s 7
Cs-137 30 662 82
Co-60 5.3 1170 100
1330 100

COMMERCIAL XRF ON-STREAM ANALYZERS

Commercially available on-stream
analyzers can be divided into two
categories; centralized and dis-
tributed rystems,

Centralized Systems

In a centralized XRF system,
samples of several slurry streams
are transported to a common sens-
ing unit. Such installations are
generally of the wavelength-dis-
persive type, as this configura-
tion allows the relatively expen-
sive and bulky equipment required
for WDX analysis to be shared
among several streams. This
system is particularly suited for
large plants where more than five
or six slurry streams are to be
analyzed. A typical centralized
analyzer is shown in Figure 2.

As it is usually not feasible
to send entire slurry streams to
a centralized analyzer, such
systems require carefully designed
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slurry sampling, pumping, and
flow reducing equipment. The
slurry is presented to the x-ray
equipment through a flow cell
having a plastic window (usually
Mylar or Kapton) approximately

25 microns thick. Since the
x-rays travel only a few milli-
meters into the flowcell, the
layer of slurry in immediate
proximity to the window has the
greatest influence on assays.
Hence, obtaining a representative
sample for analysis is essential.
Generally, a primary sample of
200-250 liter/min is taken, and
is transmitted through two inch
diameter pipes by pumping, pres-
sure flow, or gravity flow to a
secondary sampler, which removes
20 liters/min as a secondary
sample, and returns the remainder
to the main stream. Secondary
sample streams are then presented
to the x-ray analyzer unit,

Examples of centralized XRF
systems are the Courier 300, manu-
factured by Outkumpu Oy, Finland,
and the Monitor 1000 System, from
Harrison R. Cooper Systems, U.S.A.
The first commercial systems of
Courier design were installed in
1967, and since then about fifty
have been put into use. Several
detailed descriptions are avail-
able in the literature (Lundan et
al, 1977; Leskinen and Lundan,
1983). Elements of atomic number
greater than titanium (no. 22) can
be analyzed, often at assays of
0.01% by weight or below. Metals
subjected to on-stream slurry
analysis include copper, zinc,
iron, silver, cobalt, nickel,
lead, molybdenum, barium, and
tungsten {Saarhelo, 1985).

The Courier system uses a
series of fixed flow cells, with
a movable x-ray head travelling
©nh a precision guide rail. The
system is modular, with fourteen
cells in each. As many as six
elements can be assayed, up to
many as three modules can be used
in a Courier configuration.
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This design enables a degree of
expandability in the analyzer’s
capacity as requirements increase
(Leppala et al, 1971).

On-stream XRF analyzer accept-
ance by industry has resulted from
attention given to design of samp-
ling, and other factors providing
for all needs of turn-key instal-
lations. The systems incorporate
built-in minicomputers with data
processing including programs for
assay computations, self monitor-
ing, and other elements for fully
developed operating capability.

The Monitor analyzers, from
Harrison R. Cooper Systems, Inc.
employ a fixed spectrometer unit
with the multiple sample cell
assembly positioned sequentially
at the spectrometer head. Two
designs are available: the Monitor
1000, with capability for measur-
ing elements above titanium simi-
lar to the Courier 300, and Monitor
2000 systems for measurements of
elements as low as aluminum (no.
13). Measurement of low order
atomic species is made possible
with a sealed spectrometer unit
flushed with helium gas, enabling
transmission of low energy photons
from elements below titanium that
otherwise would be absorbed by air
in the spectrometer, Monitor anal-
yzers are installed on a turn-key
basis in units of 14, 28, and 42
flow cell modules., Primary sample
streams are divided in secondary
sampling to sequence flow of slurry
sample streams to the measuring
head. Figure 2 provides a schem-
atic diagram of the system.

Other manufacturers offer
similar equipment, of which the
Boliden "Boxray™ is an example
{Sundvist and Sehlstedt, 1978).

In this system, the samples are
excited by radiation from secon-
dary targets, which produce highly
monochromatic excitation radiation
to thus reduce background nocise.
EDX analysis is then carried out
with a lithium-drifted-silicon
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solid state detector. The
spectrometer is held stationary,
with slurry flowcells for each
sample moved into analysis posi-
tion by rotating the presentation
system around a vertical axis.

A similar sample presentation
system has been described earlier
in the literature (Kawatra, -1976a).

Distributed Systems

In a typical distributed
system, several small on-line
analyzers are provided, one for
each slurry stream. The sensors
are located on the mill flcoor at
the points where analyses are
desired. The analyzer may be
either in-stream, which eliminates
the need for sampling equipment,
or near-stream, in which case the
sampling requirements are greatly
reduced compared to those of a
centralized system. These
systems are available using
either WDX or EDX spectrometry.

Typical examples of distri-
buted systems include the systems
manufactured by Outokumpu Oy,
Finland; Australian Mincral
Development Laboratories (AMDEL),
Australia; Austrian Research
Center, Seibersdorf, Austria;
Nuclear Equipment Corporation,
U.S5.A.; Autometrics, U.S.A.; and
Harrison Cooper, U.S.A, The
following sections discuss the
sensor units for in-stream and
near-stream analyzers.

In-stream X-ray Analyzers. This
type of sensor consists ofa radio-
isotope excitation source and a
detector which are immersed
directly in the process stream.
Analyzers of this type are the
result of excellent research work
by the Australian Atomic Energy
Commission {Watt, 1977), and
several commercial units are
available. The most commonly
used units are those manufactured
by AMDEL, Australia, and Outokumpu
Oy, Finland. Ancther attractive
unit for in-stream analysis, the
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Inscan System, has been developed
by Texas Nuclear, U.S.A. These
units differ primarily in the type
of detector vsed, with the Inscan
using a solid-state detector, the
Outokumpu Oy Minexan-202 system
using a proportional counter, and
the AMDEL probe equipped with a
scintillation counter. It may bhe
reiterated that the energy resol-
ution of solid-state detectors is
superior to that of proportional
counters, which in turn have
better resolution than scintilla-
tion counters.

Since in-stream units utilize
radicoisotope excitation sources,
the intensity of the excitation
radiation is inherently stable,
with only a slight correction for
decay being needed, With radio-
isotope excitation sources, fluor-
escence response is of low inten- -
sity, making WDX spectrometry
impractical, so in-stream analy-
zers are exclusively EDX systems,
This severely limits the ability
of in-stream probes to resolve
fluorescent x-rays of similar
energies. The background radiation
levels are inherently high, parti-:
cularly at low metal concentra-
tions, These factors limit the
ability of in-stream probes to
produce accurate assays at low
metal concentraticns (Cooper,
1976). Serious accuracy problems
arise in measuring low metal
concentrations when elements with
fluorescence spectra overlapping
that of the element of interest
are present in concentrations
greater than one percent,.

The AMDEL probe system requires
a separate source-detector set for
each element of interest at each
measurement point. In addition,
this system requires an additional
probe for measuring pulp density.
A difficulty with in-stream
systems in general is the fact
that repeatable measurements of
pulse amplitude and number
reguires high order electronic
stability. Electronic drift
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cannot be effectively evaluated
unless the probe is tested after
being removed from its sensing
position in the slurry. Also,
the fact that these probes must
be immersed in a corrosive slurry
introduces problems, as the
detector will be destroyed if
slurry leaks into the sensor head.
In general, therefore, the in-
stream systems require a high
level of routine maintenance, and
since they make use of radioiso-
topes, they may be a health
hazard if handled improperly.

Even though the AMDEL and
Outokumpu probes have been
successfully used in in-stream
analysis situations, there are
many applications that do not
lend themselves to systems of
this type. For example, immer-
sion of the probe in a large
vessel, where slurry segregation
is likely due to settling, flota-
tion, or poor mixing, will pro-
duce poor results,

Near-stream X-ray Analyzers.
Near-stream analyzers consist of
an on-site unit through which a
portion of a slurry stream is
shunted for analysis, without
traveling any great distance.
There are several general types
of excitation source/detector
arrangements in use, which are
described in the following
sections.

1) X-ray Tube Diffraction Crys-
tal. Excellent sensitivity and
accuracy is achieved down to very
low metal concentrations often in
the parts per million range, as a
Fesult of the high primary x-ray
intensity and high resolution
capability of crystal spectro-
meters., Such devices are
mechanically more complex, and
thus more costly, than in-stream
analyzers. Typical examples of
thlsltype.of analyzer include the
Courier-30 system, manufactured
by Outokumpu Electronics, Finlang,
and the Monitor 530 system, manu-
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factured by Harrison R. Cooper
Systems, Inc., U.S.A.

The first application of on-
stream x-ray fluorescence to an
industrial mineral process was
carried out with the Monitor 500
system. The Monitor 500 was used
at a baryte mineral beneficiatioen
facility where several process
slurry streams in flotation were
analyzed for barium sulphate. 1In
this process, a critical require-
ment was providing information to
a computer control system to main-
tain final product grade in the
range of 90% baryte. The Monitor
500 system with two channels for
rhodium backscatter radiation was
installed to measure the Rayleigh
and Compton scattering intensities.
Preliminary tests conducted with
process samples showed a correla-
tion of impurity level in the
concentrate with the difference
(divergence) between inelastic
scattering intensity and elastic
scattering intensity. The Monitor
500 system was employed in this
application because it has the
capability for extension of
measurement range to low atomic
number elements, which allows for
determination of silica if such
should become necessary for
impurity contrel in the future.

2) X-ray Tube/Solid State Detec-
tor. A system based on this com-
bination has been described by
Sundkvist and Sehlstedt (1978),
and used in Boliden Metal's
Aktiebolag Copper mine in Sweden.
This System utilizes energy dis-
persive analysis in combination
with secondary excitation, Secon-
dary excitation consists of
directing the tube output to a
secondary target. The secondary
target then emits nearly mono-
chromatic fluorescent radiation,
which is used to excite the sample.
In the process, the continuous and
characteristic spectra of the tube
are largely eliminated. This
allows both precise selection of
excitation photon energy, and
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reduction of background radiation,
The line-to-background ratio for
the energy-dispersive spectrometer
is then nearly comparable to the
line-to-background ratio of wave-
length-dispersive systems.

Another example of this type
of near-stream analyzer is the
XRA-1500 system developed by
Armco Autometrics, Boulder,
Colorado. This system utilizes
a germanium solid-state detector,
rather than a lithium-drifted
silicon detector (Ballard et al,
1983, and Kouns, 1985).

3) Radioisotope/Solid-State
Detector. A by-line system based
on Iodine-125 as an excitation
source and a solid-state detector
for energy-dispersive analysis
has been developed by INAX,
Ottawa; Bondar—Clegg, Ottawa; and
Ramsey Rec. Ltd., Richmond Hill,
Canada (Ereiser et al, 19B0).
Since solid-state detectors are
capable of resolving x-rays of
most elements of interest even
when their atomic numbers are comn
secutive, simultaneous multi-
element analysis is possible with
this system. High resolution
with solid-state detectors can be
achieved only if the diameter is
small, usually 4 mm. Since this
is considerably less than the 25
mm typical for scintillation or
proportional counters, an intense
radioisotope source is reguired
for solid-state detectors. This
type of analyzer has been tested
in plant trials at Noranda Mines
Ltd., Ontario, Canada, for assay-
ing copper, lead and zinc,.

4} Radioisotope/Proportional
Counter. An example of this type
of analyzer is Outockumpu's Minexan
202 system, which is available in
both in-stream and near-stream
configurations. Each Minexan
probe is capable of determining
coacentrations of as many as five
elements plus pulp density. The
probe employs a sealed propertional
counter, and utilizes energy- i
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dispersive analysis. While such
detectors are relatively inexpep—
sive and simple to use, resolution
is inferior to both solid-state
detectors and wavelength-disper-
sive systems, and thus elements
with closely spaced fluorescent
lines are difficult to distinguish
(Barker and Saarhelo, 1984}).

FACTORS AFFECTING MEASUREMENT
ACCURACY

XRF analysis accuracy depends
on several factors, some of which
may be beyond the control of the
instrumental technigue such as
mineralogical conditions, size
distributions, interelement
effects, and the level of assays
which exist in the slurry being
analyzed. BSeveral fundamental
sources of error inherent to x-ray
fluorescent analyzers are discussed
below. Within these limitations,
the accuracy to be attained by
XRF becomes dependent on the care
and details put forth to the pro-
cess of calibration.

A variety of methods for XRF
calibration are available, ranging
from simplistic multiple linear
regression to more advanced
methods employing mathematical
models based on the x-ray fluore-
scence process. Calibration
procedures are discussed in other
tests (Cooper 1976). It is to be
emphasized that effective use of
on-stream x-ray fluorescence
analysis depends on producing
reliable assays which can be
derived only from application of
proper calibration technigue.

Some factors such as particle
size distribution, air content
and pulp density can have signi-
ficant effects on XRF accuracy.
These factors are discussed below:

Atomic Number of Element. The
higher the atomic number of the
element being analyzed, the
greater is the accuracy of
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measurement.

Concentration of the Element.
The higher the concentration of
the element being analyzed, the
greater is the accuracy of
measurement., Expected relative
accuracies to be attained are
given for typical cases (relative
accuracy is the standard error of
measurement divided by the aver-
age concentration, multiplied by
100 percent).

Copper in concentrates 4-5%
{25% grade)

Copper in tails (0.1%) 6-8%

Molybdenum in feed (0,2%) 4-6%

Lead in feed (5%) 7-9%

Zinc in tails (0.5%) 6-8%

Particle Size. The smaller the
particle size the greater is the
measurement accuracy. Variation
in particle size distribution can
give rise to errors. Berry et al
(1969) have discussed particle
size effects in detail. If a
grinding circuit has a particle
size control, variations in the
particle size in the flotation
section would be less, giving
lower errors (Kawatra, 1975},

Mineraleogy. Varlations in the
composition and variety of mineral
types incorporating the element

to be measured, as well as mineral
grain size variation, cause re-
duced possibilities for accurate
measurement,

Pulp Density. Measurement
‘accuracy becomes greater for
higher pulp densities and reduced
variations in pulp densities, not-
ing that the measurement result
is the element content of the
sc0lids portion of the slurry,

Entrained Air. Since the inten=-
sity of the fluorescent x-rays
depends on the amount of sus-
pended solids, and hence on the
slurry density, it is necessary
to apply a density correction to
the fluorescent intensity. This
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correction may be obtained

through either of two methods;
gamma-ray transmission, and x-ray
backscatter, For example, AMDEL
probes use a gamma-ray-transmis-
sion density gauge to correct for
pulp density. Entrained air is
always present in flotation
slurries, and causes errors in

the pulp density measurement, with
the magnitude of the error being
greater for transmission density
corrections. In a study conducted
for the measurement of percent
copper in a chalcopyrite slurry
using a transmission gauge for
density compensation, it has been
shown that an increase of entrain-
ed air from 0 to 30 percent
resulted in a 40% error in the
copper determination {Kawatra,
1976b).

NEUTRCN ACTIVATION ANALYZERS
Fundamental Principles

Neutron techniques are attrac-
tive for analysis of elements with
low atomic number such as silicon,
aluminum, chlorine, sulfur, and
fluorine. These elements may
only be measured with difficulty
by x-ray fluorescence analysis due
to their low-enerqgy characteristic
%x-rays. Thus, neutron activation
may be considered as a wviable
method to carry out on-stream
analysis when XRF methods cannot
be used.

Neutron activation analysis is
based on the interactions of neu-
trons with atomic nuclei, rather
than on interactions with the
electron shells. The results are
therefore independent of the
chemical state of the elements
being measured. There are two
types of neutron-nucleus inter-
action which may be applied for
analytical techniques: 1)} Radio-
nuclide production, which results
in delayed gamma-ray emissions as
the unstable nucleus decays, and
2) prompt gamma emission, which

11



ON-STREAM COMPOSITION ANALYSIS

occurs immediately following the
capture of a thermal neutron by
the target nucleus.

Radicnuclide production has
been employed for on-line analy-
sis of silica in iron ore, and
silica and chromium in chromite.
The nuclear reaction for silicon
activation is as follows:

48

Si + n (fast) =+ 28

Al + p

14 13

13M1°° has a half-life of 2.3
minutes, and decays to the
original stable silicon nucleus

by emitting a beta particle
accompanied by a 1.78 MeV gamma
ray.

The neutron sources used are
typically either Cf-252, or an
a-n Source. o-n sources consist
of a source of alpha particles,
such as Po-210 or Pu-239, and a
target such as beryllium. The
reaction of the alpha particles
with the target causes neutrons
to be emitted. These sources
produce on the order of 108 neu-
trons per second.

Determination of Silica in Iron
Ore Slurries

At present, only one type of
neutron activation sensor is
commercially available. This is
the NOLA 1 system, produced by
Texas Nuclear, Texas. This unit
has been installed in at least
eight operating iron ore process-
ing plants with satisfactory
results.

The NOLA unit consists of an
analysis loop which recirculates
a sample of slurry through the
irradiator, detector, and density
gauge units, as shown in Figure 3.
The analysis loop holds approxi-
mately 500 milliliters of slurry,
which must be at least 50% solid
for a reasonable analysis. The
loop is filled automatically from
the slurry stream through a
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soclenoid-operated 2-way valve.
This technique, termed Recircula-
tion Activation Analysis, has
several advantages (Texas Nuclear,
1985):

1l) increased sensitivity over
single-pass analysis schemes;

2) 1lower dependence on fluctua-—
tions in slurry flowrate; and

3} minimal slurry sedimentation,
due to the capability of
maintaining a high flowrate
in the analysis loop.

The NOLA system uses a Pu-Be
a~-n source (half-life 87.4 years)
which emits 108 neutrons per
second. At the Reserve Mining
Co., Silver Bay, Minnesota, the
NCLA system has been found to be
capable of measuring silica con=-
tent with an accuracy of + 0.2%
by weight (Allie, 1980). The
NOLA analyzer at U.S. Steel's
Minntac taconite plant measures
the silica content in a slurry
containing from 20 to 70% solids
at 5 to 6% silica, with results
within + 0.2% of the silica con-
tent determined by wet chemical
methods (Benner and Ludwig, 1984).

ON-LINE COMPOSITION
ANALYZERS USING OTHER
TECHNOLOGIES

The discussion in this chapter
heretofore has dealt with the more
established on-stream XRF and
neutron activation analyzer sys-
tems, as these technologies have
become of substantial importance
to the metallurgical and mineral
processing industries, Neverthe-
less, newer on-line composition
analysis technologies have been
introduced in recent years which
offer the possibility of extending
the range of analyzer methods which
can be applied for improved process
control. Several of the techniques
are based on non-radiometric
methodologies. Salient features

12
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of the newer techniques are
briefly described below.

Several methods for on-line
analysis of gold in solutions
and slurries are currently being
developed. Witteck Development
of Toronteo, Canada, is currently
developing an on-line gold
analyzer based on the Direct
Current Plasma (DCP) principle.
Unlike the atomic absorption
spectroscopy (AAS) method, which
utilizes light absorption, DCP
is based on light emission. The
plasma yields a much higher oper-
ating temperature with resulting
sensitivities of 5-10 ppb achiewv-
able from unconcentrated samples.
This compares very favorably with
the levels of .1 ppm {unconcen-
trated samples}) and 20 ppb (con-
centrated samples) normally
obtainable with AAS., Plant trials
have been scheduled for the near
future, however, no details are
available at this time because
of commercial interests. Robert
and Ormrod (1982) have described

Schematic of NOLA analyzer (after Berry,

OETECTOR

1978).

an on-line gold analyser, the
'Tele~tale' which is based on
solvent extracticon and flame
atomization and has a lowver limit
of determination of 0.005 mg/l.
It is in use in a number of gold
mines to monitor the gold content
of barren solutions from filters.
Recently, Mintek (1985) has
improved upon this analyzer and
developed a prototype system based
on atomic absorption spectropho-
tometry and electrothermal
atomization. It was designed to
monitor the gold in solutions
from the carbon-in-pulp process.
Although the improved on-line
analyzer is not commercially
available as a package, all the
separate components except the
modified furnace autosampler are
available. Bateman Process
Instrumentation Ltd. (1985) has
installed on-line gold sensors
based on the principle of atomic
absorption spectrometry.

Nuclear applications, Harwell,
U.K., has recently built an on-line
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monitoring system for a feldspar
mill for Amberger Kaolinweke GmbH
in west Germany (Wheeler, 1985).
The details of this installation
may soon be available,

The National Institute of
Mining and Metallurgy, South
Africa, has developed an on-line
instrument in a feasibility study
of the applicability of x-ray
diffra