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(ABSTRACT)

Sulfur dioxide emissions, which are produced through
the combustion of coal, are thought to be a leading contri-
butor to acid rain. A number of postcombustion techniques
for the reduction of sulfur dioxide emissions are being
tested; however, the reduction in the pypitic sulfur content
of coal through physical cleaning methods may be the most
economically viable alternative to the SO, problem.

In this investigation, the microbubble column flotation
process (MCF), developed at VPI&SU, was tested as a means of
reducing the pyritic sulfur content of several high-sulfur
coals targeted by the U.S. Department of Energy. A wide
variety of pyrite rejection schemes were tested including
the use of pyrite depressants, dispersants and elevatéd pH
conditions. The overall efficiency of the MCF process was
characterized using a technique known as "release analysis".

This technique was used to provide the optimum grade versus



recovery relationship for a given coal and a given set of
reagent conditions. It was also used as a means for evalu-
ating the various schemes for rejecting coal pyrite.

The results of this work indicate that the MCF process
is capable of producing a separation very close to that gen-
erated by release analysis. The release analysis technique
was also found to be an effective means of characterizing
pyrite liberation and pyrite rejection for a given coal.

In general, it was found that liberation was the most im-
portant factor in the rejection of pyrite, although elevated

pH conditions seemed to provide improvements for some coals.
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CHAPTER 1

INTRODUCTION

1.1 Preamble

Coal is an important energy source, providing 57% of
our nation's electric power (Brown, 1989). The combustion
of coal, however, can produce a serious environmental threat
in the form of sulfur dioxide. 1In recent years, newer and
more stringent regulations have been proposed to control the
level of sulfur dioxide emissions in this country. President
Bush's new Clean Air Proposal, for example, would require
that sulfur dioxide emissions be reduced by 50% to 10
million tons annually by the year 2000. Hardest hit would
be the electric utilities, which accounts for 75% of the
sulfur dioxide emissions in the United States (Stephens,
1989).

Compliance with these standards requires either fuel
sources low in sulfur content or new precombustion cleaning
techniques. Since many low-sulfur coals used today as power
plant feed are gradually being exhausted, more up-to-date
desulfurization processes must be developed.

Sulfur occurs in coal in three forms. It may be present
as organic, pyritic, or sulfate sulfur. Organic sulfur is

chemically linked to the coal structure rendering physical



coal cleaning processes useless in its removal. Various

forms in which organic sulfur can be found in coal are as
mercaptan, sulfide or thio-ether, disulfide, or aromatic

systems containing the thiophene ring (McClung and Geer,

1979).

Pyritic sulfur includes iron disulfides such as pyrite
and marcasite (FeS,), plus many other inorganic sulfides,
i.e. galena (PbS), chalcopyrite (CuFeS,), arsenopyrite
(FeAsS), and sphalerite (ZnS). Differences in the envir-
onment in which pyrite is formed results in large variations
in its origin, morphology, and size within the coal (Kneller
and Maxwell, 1985). Physical processes, however, can remove
some of the pyritic sulfur from coal due to differences in
density and hydrophobicity.

Pyrite can form along with coal in peat bogs during the
first stage of the coalification process or become emplaced
within the coal along the cleats, joints, and fractures
during compression and dehydration of the coal during the
second stage of coalification. The later form of pyrite
is also believed to occur as a result of groundwater per-
colating through the coal and precipitating. The time of
formation being dependent upon the geochemical environment.
Many chemical processes accounting for the formation of
pyrite are believed to exist (Kneller and Maxwell, 1985).

Pyrite is unevenly distributed and varies significantly



in size from one coal seam to another. Occurrences may be
as finely disseminated particles, framboids or groups of
individual crystals, and amorphous or structureless pyrite
(Angle et. al.,1985).

Sulfate sulfur is present in coal in very small amounts
and its origin is due to weathering or oxidation. Fresh
coals usually contain almost no sulfate sulfur.

Coal cleaning processes, as practiced today, cannot
adequately remove enough sulfur from many high-sulfur coals
to meet the 1.2 1b/MM Btu EPA specifications (Cavallaro et.
al., 1976). Therefore, physical and chemical coal cleaning
techniques need to be improved. Presently, chemical coal
cleaning can reduce the sulfur levels adequately, but at an
average cost of between $25 and $35 per ton, the price of
chemical cleaning is prohibitive (Boron and Kollrack, 1983).

Physical coal cleaning can only remove the pyritic
sulfur which is liberated from the coal. However, to achieve
pyrite liberation many U.S. coals must be micronized to free
the finely disseminated pyrite particles (McCartney et. al.,
1969). The small sizes produced through grinding inhibit
the separation of coal and pyrite using gravity techniques
as the gravitational effects are lessened. Fine particles
thus require processes such as flotation or agglomeration to
effect a good separation.

The physicochemical process of froth flotation separates



the coal from the mineral matter and pyrite due to the hy-
drophobic natﬁre of the coal particles. As air bubbles rise
through the pulp the coal is selectively_floated leaving the
mineral matter (ash) and pyrite as tailings. One drawback
to the process is that fine pyrite possesses some of the
same natural floatability as the coal does in the presence
of frother and collector. When flotation is required for
lower rank coals which float poorly, more collector and
frother are used and the resulting pyrite rejection is
significantly lower (Olson and Aplan, 1987).

To produce coals lower in sulfur by froth flotation
such techniques as staged flotation and reverse flotation
have been tried with moderate success. Typically, staged
flotation uses intense flotation conditions, i.e. high aera-
tion rate and impeller speed, to recover as much coal as
possible in the first stage while the slower floating miner-
als are rejected. The froth concentrate is then floated a
second time under reduced frother and aeration rates and the
entrained mineral matter (ash) and sulfur are rejected. Use
of a rougher/cleaner/scavenger combination circuit has
achieved the maximum separation possible from utility grind
coals 'as compared to other physical methods (Tsai, 1988).

The USBM (Department of Energy) has developed a novel
reverse flotation process to remove pyritic sulfur from

coal. In this process the coal is floated in the first



stage with mineral matter (ash) and some pyrite being re-
moved as tailings. The clean coal concentrate from the
first stage is then used as the feed to a second stage of
flotation in which the coal is depressed and the pyrite is
floated (Miller, 1975).

Another technique, termed grab and run, offers an al-
ternative method in which the sulfur content of the coal
may be reduced. 1In this method, coal is floated under gen-
tle conditions (low aeration rate and impeller speed, star-
vation dosages of frother and collector) to recover the fast
floating fraction of coal. This coal fraction commonly
accounts for between 50-75% of the ultimate coal yield and
contains a low amount of mineral matter and sulfur (Aplan,
1977). This product is usually sent directly to clean coal
storage. The remaining coal is recovered during scavenger
flotation in which the flotation is intensified. However,
by increasing the flotation intensity (high air rate and
impeller speed, high collector and frother dosages), a lower
grade product is produced which contains a high ash (mineral
matter) and sulfur content. The low grade fraction could
then be processed using another technique such as reverse
flotation, at a lower cost, due to a lower tonnage to be
processed.

The need to produce low sulfur coals has sparked an

interest in column flotation technology in the coal industry.



Initially developed in the early 1960's in Canada, column
flotation has produced higher quality products and improved
recovery in the processing of fine sized minerals (Moon and
Sirois, 1988). The increased grinding required to liberate
the mineral matter and pyrite from the coal places a greater
emphasis on a highly efficient fine particle flotation pro-

cess such as column flotation.

1.2 Objectives

The primary objective of this investigation was to
evaluate the use of the microbubble column flotation process
.as a means of rejecting pyrite in high-sulfur coals. 1In
order to accomplish this objective, the work was carried out
in two phases. In the first phase, a technique known as
"release analysis" was used to study the flotation charac-
teristics of various coal samples and to evaluate pyrite
depression schemes. In the second phase, the response of
the microbubble column flotation process was studied for

each of these coal samples and depression schemes.

1.3 Scope

This thesis is organized in the form of independent
chapters, each dealing with a particular objective of this



investigation. Chapter 2 discusses the release analysis
technique for coal flotation. This technique is used to
evaluate different flotation strategies for the depression

of pyritic sulfur and is also helpful in determining the
degree-of-liberation of the coal samples. Chapter 3
describes the microbubble column flotation process developed
and used here at Virginia Tech. The flotation results are
evaluated to see the natural rejection of mineral matter
(ash) and pyrite through the physical separation only, as
well as, the rejection in the presence of sulfur depres-
sants. Chapter 3 also makes an attempt to characterize the
flotation products using flotation kinetics for locked and
free pyrite particles (using image analysis data). Finally,
in Chapter 4, the major conclusions of this investigation are
listed to provide a direction for future work which is needed

in the area of coal desulfurization.



CHAPTER 2
APPLICATION OF THE RELEASE ANALYSIS PROCEDURE TO

COAL FLOTATION

2.1 Introduction

The processing of fine coal particles is becoming more
important to the mining industry each year. Coal prices
have been depressed in the last decade sparking a renewed
interest in proces$sing fine particles (-28 mesh) rather than
discarding a saleable product.

Fine coal beneficiation methods today include hydro-
cyclones, spiral concentrators, dense medium cyclones, and
froth flotation. As can be seen in Figure 2.1, with the
exception of froth flotation, many of the preparation tech-
niques cannot effectively treat very fine particles (<.075
mm) .

Washability studies are conducted in order to design
and operate any coal beneficiation process, to determine how
a coal will respond in the given circuits. Traditional
washability studies are conducted to determine the best
possible separation in a gravity circuit based upon the
amount of coal which either floats or sinks over a certain
range of specific gravities. The float-sink data is plotted

to obtain a curve showing the optimum cleaning performance.
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An example of a washability curve is shown in Figure 2.2.

This type of washability curve is used to fine-tune the
gravity separation and concentration equipment to obtain an
effective separation. However, when dealing with fine par-
ticles, lower settling velocities allow short circuiting to
occur with larger particles of a lower density. Thus, fine
particles require an increase in the density of separation
beyond what is indicated by the washability curve (Luckie,
1975). Therefore, as the particle size decreases, the
separation efficiency of cyclones, spirals and dense media
circuits also decreases (Nicol and Bensley, 1986).

In order to maintain the economic performance of a
plant, froth flotation is generally required for fine coal
processing. Unfortunately, froth flotation cannot be ade-
quately optimized based upon washability data since it
depends not only on the physical characteristics of the coal
and mineral matter present, but also on the surface proper-
ties exhibited by each. The inability of washability studies
to characterize coal flotation behavior has led to the de-
velopment of the release analysis technique. This technique
allows the performance of a flotation process to be charac-

terized directly on the basis of the properties which effect
it‘
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2.2 Objectives

The primary objective of this investigation was to ex-
amine the use of the release analysis tedhnique as a means
of characterizing the flotation separation of coal, mineral
matter and pyrite. The release curve was used to establish
the optimum grade (percent ash or sulfur) versus recovery
relationship for a given particle size and flotation chem-
istry. It was then used to examine the flotation perform-
ance of a variety of coal samples, and to evaluate various

schemes for improving the rejection of pyrite and other

mineral matter.

2.3 Literature Review

2.3.1 Release Analysis Techniques

The technique known as release analysis was developed
nearly 40 years ago by C. C. Dell of the University of Leeds
as a means of determining the optimum separation which could
be obtained by froth flotation (Dell, 1964). The purpose of
this procedure was to separate a ground ore or coal into
fractions by flotation so that the degree of liberation or
"state of release" of the sample could be determined (Dell,

1972). The fractions could then be used to construct a wash-
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ability curve similar to that obtained from a float and sink
analysis in the gravity concentration of coal.

The original release analysis procedure developed by
Dell used a laboratory-size flotation cell to separate the
ground sample. Reagents were added and an excess of collec-
tor maintained to insure good flotation recovery. After
conditioning, a series of four concentrates were collected
in succession. The first concentrate was collected for 1/2
minute, the second for 1 minute, the third for 2 minutes,
and the fourth for 4 minutes. The cell was then emptied and
the tailing saved. For the second float, concentrate 1 was
added to the cell and floated for 1/4 minute, concentrate 2
was then added to what remained of concentrate 1 in the cell
and floated for 1/4 minute further. The froth basin was
changed and concentrate 2 collected for 1/2 minute, concen-
trate 3 was added and the froth was collected for an addi-
tional 1/2 minute. Basins were changed again and the froth
was collected for 1 minute, concentrate 4 was then added to
the cell and flotation was continued for 1 minute. The
basin was changed again and flotation waé resumed for 4
minutes. On the third float the same basic procedure was
used, except that the froth basins from the second float
were not added until three-quarters of the way through the
collection time. The times may be changed depending on the

floatability of the coal. All concentrates and the combined
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tailing were weighed and assayed (Dell, 1972). Figure 2.3
diagrams the procedure outlined above. It was found that a
250-gram sample of coal was large enough to obtain enough
data points. Other minerals required a larger sample due to
the smaller amount of floatable material which was present
(Dell, 1964). A short conditioning time and a pulp density
of 5% solids were found to be adequate in most cases. Higher
pulp densities required more cleaning stages to eliminate
the entrained particles.

An improved release analysis procedure was developed by
Dell in 1964 as an alternative method which was not as work
intensive as the original procedure. The improved procedure
was also very reproducible and easier to perform than the
original method and the effecté of operator, pulp density,
and pH were minimal (Dell, et al., 1972). 1In this method,
the cell was filled with the sample, dilution water, collec-
tor, and a small amount of frother to insure proper flota-
tion. After conditioning, the sample was floated until the
froth became barren. The concentrate was then refloated a
minimum of 3 times (or as many times as necessary to remove
the majority of entrained gangue from the froth). The final
cleaner concentrate was then floated so that four fractions
were obtained. The aeration rate and impeller speed were
set low for the first fraction and gradually increased to

obtain the final three fractions. Therefore, as the inten-
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sity of the flotation conditions increased, the less float-

able material reported.

2.3.2 Construction of the Release Curve

The release curve is constructed using the weights and
assays obtained from the release analysis. From the release
curve the best possible grade (percent ash or sulfur) at a
given recovery, or the highest recovery at a given grade is
shown. Graphical presentation of the results can be accom-
plished in a number of ways.

The form thought to be most representative by Dell is
the grade-gradient plot. This method shows the cumulative
recovery as the ordinate and the cumulative mass recovered
per 100 units of metal in the feed as the abscissa (Dell,
1978). Division of the mass recovered by the unit weight of
metal is a normalization technique to account for small
variations in the feed. The grade-gradient plot for complex
ore separations is similar to the Mayer Curve which shows
the cleaning properties of coal (Geer, 1979). An example of
a grade-gradient plot is shown in Figure 2.4. A numerical
example of the calculation procedure to form the release
curve is shown in Table 2.1 and an explanation of the infor-
mation obtained from the release curve (Figure 2.4) is shown

in Table 2.2.
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As shown in Figure 2.4, the release curve is made up of
a group of lines joining the points obtained during the ex-
periment. 1In this case, a concentrate with a high percentage
of metal would be represented by a steep vector; likewise, a
tailing would correspond to a nearly flat vector (Dell, et
al., 1972). The gradient (percent metal) is found by first
drawing a vertical line from 100% recovery (M) to a point
(L) at 100 units weight. This line is then marked at the
recoveries desired and lines are drawn from the origin
through each intersection. The series of lines drawn cor-

respond to specific grades (percentage of metal).
2.3.3 Comparison of Release Analysis Techniques

Although the release analysis procedures developed by
Dell differ in approach, the results have been found to be
very nearly identical. A comparison of the techniques was
made using factorially designed experiments to investigate
the many operational variables, including operator bias,
cell design, reagent type, pulp density and pH (Dell, et al.,
19725.

The investigation by Dell found that the operator
effect in the improved release analysis technique could
change the release curve. For example, errors in the first

stage of the procedure in which the concentrate is cleaned
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three times affect the end point of the curve, while errors
in the second stage affect the shape of the curve (Dell, et
al., 1972). The sources for these errors have been identi-
fied as insufficient cleaning in the first stage due to an
excessively rapid froth removal rate or an insufficient num-
ber of recleaning stages, while errors in the second stage
appear to result from an insufficient flotation time which
does not allow all floatable material to report. Careful
attention to the experimental procedure can minimize the
effect of these errors.

The effect of reagent strength was studied by using
xanthates with different chain-lengths to float a copper
ore. It was found that the higher strength xanthates such
as potassium amyl and potassium isohexyl extended the curve
into a higher recovery zone (i.e., a higher recovery and
lower grade), but didn't change the shape or position of the
release curve (Dell, et al., 1972).

Pulp density was also studied using both high- and low-
density pulps with potassium isohexyl and potassium amyl
xanthate. Results from the experiments indicated that the
higher density pulps were more conducive to higher recover-
ies, but that the release curve shape did not change (Dell,
et al., 1972). Changes in pH also had no affect on the
shape or position of the release curve for the copper ore

tested.
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Good reproducibility was found to exist under all cir-
cumstances investigated by Dell. Precautions were noted in
sample preparation and splitting, froth scraping, and recov-
ery (Dell, 1972). It was also found that sufficient collec-
tor be maintained to provide a good recovery, while slow
froth scraping should be employed to eliminate entrainment.

In summary, the release analysis procedure developed by
Dell was designed as a means of evaluating the state-of-
release or degree-of-liberation of a sample. As such, it
provides a means of determining the ultimate grade-versus-
recovery curve for a given sample. It should be noted, how-
ever, that release analysis also provides a means of
comparing reagents. Any reagent, such as a depressant,
which can preferentially change the relative flotation rates
of the valuable and nonvaluable components should produce a
change in the release curve. Dell did not observe this
behavior because his experimental work concentrated on oper-
ating parameters that produced equivalent changes in the
flotation rates of all floatable components (i.e., collector
dosage, chain length, pulp density, etc.). In this work,
however, both uses of release analysis (i.e., liberation

analysis and reagent testing) are investigated.
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2.4 Experimental

2.4.1 Coal Samples

A variety of coal samples were used in this investiga-
tion. Table 2.3 lists the coal samples used showing the
seam and the feed grade in terms of ash, pyritic sulfur, and
total sulfur content.

All samples were crushed promptly, upon arrival, using
a laboratory-size hammer mill to reduce the particle size to
minus 1/4 inch. The resulting samples were riffled and
split into individual samples of 1000 grams each and placed
in bags for storage in a freezer at -20 C to reduce

oxidation.

2.4.2 Experimental Apparatus and Procedure

The procedure used in this investigation is the same as
that used by Dell in "An Improved Release Analysis Procedure
for Determining Coal Washability" (Dell, 1964).

Immediately preceding flotation a bag of coal sample
was removed from the freezer and subsequently hammer-milled
using a Raymond laboratory hammer mill to produce a particle
size of 60% passing 200 mesh (75 microns). Micronized feed

for the release analysis experiments was produced by taking
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the hammer mill product and grinding in a laboratory-size
stirred ball mill (Union Process Szegvari Attritor) at 30%
solids using stainless-steel grinding media of either 1/4 or
1/16 inch. The resulting slurry was then diluted to 5%
solids in the flotation cell.

The flotation cell used was a Denver Model D-12 labora-
tory subaeration flotation cell. This cell was used primarily
for its ability to adjust the aeration rate independent of
the impeller speed. A diagram of the flotation apparatus is
shown in Figure 2.5.

After grinding, the coal was placed in the Denver flo-
tation cell and conditioned for 5 minutes with an impeller
speed of 1700 rpm to completely wet the coal. Reagents such
as depressants and collector were then added and the pulp
allowed to condition for an additional 5 minutes. Frother
was added immediately before flotation.

After conditioning, the sample was floated with an
impeller speed of 1700 revolutions per minute (rpm) and the
air set on full. The froth was scraped gently to avoid
bringing pulp from the cell. A high pulp level was maintained
to make scraping easier, the sides rinsed as needed, and
extra frother was added to keep up a high recovery. The
froth was scraped until barren. The tailings were saved and
the concentrate was repulped in another cell for additional

cleaning.
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Figure 2.5 Diagram of the release analysis flotation
apparatus.
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The concentrate was cleaned three times to remove all
clays and entrained particles and repulped for the second
stage of the release analysis. 1In this stage, flotation
began with an impeller speed of 1100 rpm and the air rate
set at 1/4 flow. A skim of froth formed and was removed
until the froth became barren. Concentrate basins were
changed and the impeller speed increased to 1300 rpm. The
aeration was increased until bubbles began to form and the
subsequent froth removed. Concentrate 3 was then collected
with an impeller speed of 1500 rpm and a slightly higher air
flow. The final concentrate was collected with an impeller
speed of 1700 rpm and the aeration rate set at full. Addi-
tional frother was added to maintain maximum recovery and
flotation proceeded until exhaustion. A flow diagram detailing
the release analysis procedure used in this investigation is
shown in Figure 2.6.

The four concentrates and the combined tailing were
filtered using a vacuum filter and allowed to dry in an oven
overnight. The samples were then weighed and ashed according
to ASTM procedures. Total sulfur was analyzed using a Leco

Sulfur Analyzer.

2.4.3 Reagents

Frothers used for the release analyses included Dowfroth
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1012, Dowfroth M250, and MIBC. Kerosene was used as collec-
tor. Additional reagents which were used are discussed
under the particular release analysis experiment.

Both of the Dowfroth frothers, DF 1012 and DF M250, are
polypropylene glycol ethers having a molecular weight of
400. The frothers are water soluble and produce a very fine
and persistent froth. MIBC 1s an aliphatic alcohol frother
which has a limited solubility in water. MIBC produces a
fine textured selective froth which is relatively brittle

and not very persistent (Klimpel and Hansen, 1987).

2.5 Results

2.5.1 Validation of the Release Analysis Technique

The validation of the release analysis technique con-
sisted of a series of tests using two different coal samples.
The tests were designed to show the reproducibility of the
improved release analysis technique, and to show the effect
of different frothers and frother dosages upon the resulting
release curve. The interaction of different collector dos-
ages with the frother was also examined.

The Elkhorn No. 3 and the processed Pittsburgh No. 8
seam coals listed in Table 2.3 were used in the validation

procedure of the release analysis technique. The Elkhorn
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No. 3 sample was chosen for its good floatability and sepa-
ration at a coarse size (75 microns). The Pittsburgh No. 8
sample was chosen because it is a high-sulfur coal targeted
by the Department of Energy for sulfur reduction studies.

Initial experiments were conducted using the Elkhorn
No. 3 sample to determine the reproducibility of the release
analysis technique. Figure 2.7 shows the release curve from
experiments R-1 and R-6 using 0.36 kg/ton of Dowfroth 1012
frother and 0.45 kg/ton of collector (kerosene). Experimen-
tal results and conditions are shown in Tables 2.1 and 2.2 of
Appendix I. Table 2.4 also gives a brief description of the
conditions used in each of the release analyses. As can be
seen from the figure, all points from both experiments form
the same release curve.

Additional experiments were performed using the frothers
MIBC and Dowfroth M250 to see if these had an effect on the
release curve. Figure 2.8 shows the resulting release curve
using each of the different frothers. As can be seen in the
figure, all points form the same curve. Experimental results
are shown in Tables 2.3-2.6 of Appendix I.

Two other release analyses were performed using the
Elkhorn No. 3 seam coal. Release analysis R-2 used 0.73
kg/ton DF 1012 frother and experiment R-4 used 0.91 kg/ton
kerosene in addition to 0.36 kg/ton DF 1012. The results

are shown in Figure 2.9 along with all of the previous
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Figure 2.7 Comparison of two release analysis experiments
conducted under the same conditions for an
Elkhorn No. 3 seam coal.
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Table 2.4 Release Analysis Conditions

Elkhorn No. 3 Seam

Test No. Frother Addition Kerosene Addition
(kg/ton) (kg/ton)
R-1 0.36 OF 11012 0.45
R-2 0.73 DOF 1012 0.00
R-3 0.36 DF M250 0.45
R-4 0.36 DF 1012 0.91
R-5 0.73 DF 1012 0.45
R-6 0.36 DF 1012 0.45
R-7 0.36 MIBC 0.45

Pittsburgh No. 8 (processed)

R=-1 0.71 DF M250 1.36
R-2 0.36 DF M250 0.00
R=3 0.36 DF 1012 0.45
R-¢ 0.36 DF 1012 0.45
R-5 0.36 DF 1012 0.68
R-6 0.36 MIEC 0.45
R-7 0.72 ©OF 1012 ' 0.45

R-8 0.36 DF 1012 1.36
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Figure 2.8 Comparison of release analyses using MIBC,
DF 1012, and DF M250 frothers at the same
dosage for an Elkhorn No. 3 seam coal.
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release analyses using the hammer milled feed sample. It
appears that all experiments produced tha same release curve
except R-2, which resulted in a poorer sébaration. It is,
believed, however, that insufficient flotation time was
allowed in the final stage of the release test for this
experiment, resulting in a biased result.

Experiments with the processed Pittsburgh No. 8 sample
were conducted using various frother and collector dosages
as well as different frothers. All the experimental results
and conditions are shown in Appendix I and a brief descrip-
tion of the conditions are listed in Table 2.2. Figure 2.10
shows the release curve formed from experiments R-1 through
R-8 using the hammer mill product (75 microns). An addi-
tional set of data representing the results of single stage
flotation (no recleaning of concentrate) are presented. Once
again, all of the data points form the same curve except for
the single stage flotation. This can be attributed to the
extra precleaning stages used in the release analyses. Fig-
ure 2.11 shows the release curve formed using sulfur instead
of ash data. The points form the same curve; however, there
is not much of a shift from the feed grade due to insuffic-
ient liberation of the pyrite. Apparently, the pyrite is
finely disseminated throughout the sample. It should also

be noted that release analysis R-8 produced a poorer sulfur

release curve, possibly due to wear on the hammers in the
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studies on coal pyrite depression date back to the work of
Yancey and Taylor (1935) who tested various combinations of
pH control, lime, ferric and ferrous sulfate, and sodium
cyanide. Their results indicated that pyrite depression
could be facilitated by the soluble oxidéfion products
formed by using either alkaline pH conditions or the ferric
sulfate-lime combination. The use of sodium cyanide was
found to have only limited effect on coal pyrite.
Hydrolyzed metal ions formed from compounds such as
ferric chloride, aluminum chloride, chromium chloride and
cupric chloride have also been found to have some potential
in depressing coal pyrite (Baker and Miller, 1971). For
example, it was found that coal pyrite was effectively de-
pressed in the pH range from 4.5 - 7.0 with ferric chloride,
from 5.8 - 7.0 with aluminum chloride, from 6.4 - 7.4 with
chromium chloride, and from 6.4 - 7.4 with cupric sulfate.
Depression of the coal pyrite was attributed to the adsorp-
tion of the positively charged metal hydroxide colloids in
the specific pH ranges. At higher pH, it was found that
the colloids dissolved or became negatively charged and
ineffective. An excess of the metal hydroxo-complexes in
solution was found to depress the coal present. The ferric
chloride colloids produced the best results using a Lower
Freeport coal with 2.51% pyritic sulfur. The product con-

tained less than 0.60% pyritic sulfur with a coal recovery
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of 83%.

More recently, Aplan and others have studied the behav-
ior of various polysaccarides and starches on coal and
pyrite depression. Flotation results have shown that many
polysaccarides adsorb onto coal resulting in lower recover-
ies. Xanthating the polysaccarides and starch polymers was
found to take away the most reactive hydroxyl groups, re-
sulting in lower adsorption onto coal. Therefore, xanthated
starches and polysaccarides were found to result in less
coal depression while still actively depressing the pyrite.
The coal was found to float much better around pH 5 rather
than at pH 7 or 9 in the presence of the compounds. The
lowest sulfur contents of‘the products were reported to occur
at pH 7 (Perry and Aplan, 1985).

The flotation process in which the coal is depressed
and the pyrite is floated is termed "reverse flotation", and
was developed by the United States Bureau of Mines (Miller,
1975). This is a two stage flotation process in which the
coal 1s floated in the normal manner in the first stage,
i.e. maintaining high recovery while eliminating as much ash
and sulfur as possible. In the second stage, the coal is
suppressed while pyrite is floated with potassium amyl xan-
thate as collector. The process has shown good results in
the laboratory and on a pilot-scale test basis using the

Upper Freeport and Pittsburgh seam coals. Results indicate



65

that up to 80% of the pyritic sulfur may be removed from the
Upper Freeport seam and 50% from the Pittsburgh seam
(Miller, 1975, 1977, 1978, 1989).

Biologically modified coal flotation has been studied
in recent years as a method of reducing the overall sulfur
content of a variety of coals. The bacteria, Thiobacillus
ferrooxidans, which are known to oxidize pyritic to sulfate
sulfur, has been used recently in processes involving a
pretreatment of the coal slurry prior to flotation (El1 Zeky
and Attia, 1987, 1989). Results showed that over 90% pyrit-
ic sulfur can be removed from an Upper Freeport and a Pitts-
burgh seam coal using this technique. The bacteria are
allowed to condition with the coal slurry at a pH of 2 for
times ranging from 5 to 30 minutes. The slurry is then
allowed to settle and the solution on top is siphoned off.
The solids are then resuspended with water and the pH is
raised to its natural value for the coal being used just
prior to flotation.

Many of the processes discussed are not used in industry
today due to the mediocre laboratory results and high cap-
ital and operating costs. Modification of existing plants
to achieve the benefits claimed is also not economical at

this time.
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3.4.2 Column Flotation

Column flotation refers to a froth flotation process in
which a vertical column (hollow cylinder) is used to effect
a separation between the valuable and nonvaluable minerals
present. A counter current flow of feed and air bubbles
provides an improved probability of collision/attachment
under quiescent conditions.

A flotation column basically consists of a vertical
hollow cylinder into which a downward flow of solids in
slurry form contact an upward flowing stream of air bubbles
which are introduced into the bottom of the column. This
configuration, along with counter current wash water intro-
duced into or above the froth, promotes a downward flow of
the feed and prevents short circuiting. 'Additionally the
counter current wash water gently rinses the froth and wash-
es any unwanted (entrained) particles back into the pulp.

A flotation column has two distinct zones: the recovery
zone and the cleaning zone. The recovery zone extends from
the air inlet at the bottom of the column up to the feéd
slurry inlet point. The cleaning zone covers the area from
the feed slurry inlet up to the froth overflow lip. The
feed enters the column and can contact a rising air bubble
anywhere within the recovery zone. Conventional flotation

provides contact between the air bubbles and solid particles
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in the area closest to the impeller. Thus, the effective
recovery zone for column flotation is significantly larger
than for the conventional cell and allows for increased
flotation rates.

The flotation column was invented by Pierre Boutin in
Canada in the early 1960's (Wheeler, 1988). Initial labor-
atory tests were conducted using the column to float silica
from iron. Results from the testing were better than con-
ventional flotation as practiced in the plant and work
progressed from the 2-inch laboratory column to an 18-inch
diameter column. Work ceased as the Iron Ore Company of
Canada halted all flotation development and column research
shifted to sulfide flotation (Wheeler, 1988).

Initial sulfide flotation showed considerable promise
and a 36-inch diameter column was installed at Opemiska
Copper Mines, Ltd., Quebec, Canada (Boutin and Wheeler,
1967). The 36-inch diameter column was a disaster and an
18-inch diameter column was put in its place. After years
of refinements the column produced results comparable to the
whole flotation circuit. Further work was halted due to
conflicts with plant personnel (Wheeler, 1988).

These initial successes resulted in several laboratory
and plant test programs which were successful. 1In 1980,
Mines Gaspe ordered an 18 and a 36-inch diameter column for

testing of their molybdenum circuit. The columns performed
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exceptionally well and a 72-inch diameter column was built
to handle the higher throughputs required of the circuit.
Three columns replaced 13 stages of conventional cell clean-
ing and produced higher grade concentrates and doubled the
recovery (Coffin, 1982). 1In 1986, Mines Gaspe began to use
the 72-inch diameter column to concentrate copper. The
column produced concentrates of 22-24% Cu as compared to 16-
18% Cu produced in conventional flotation with comparable
recoveries (Wheeler, 1988). The copper industry in Chile
has also used the 72-inch diameter Canadian column with much
success.

Flotation columns, which differ from the original column
introduced by Boutin in the early 1960's have also been
developed. These include those developed by Deister, KDH,
Leeds, Michigan Tech, the United States Bureau of Mines, and
Virginia Tech. The Leeds column uses layers of floating
bars that are designed to scrub the froth mechanically,
while the others use a variety of bubble generators that are
different from the spargers used by Boutin.

The Leeds flotation cell is similar to a bank of con-
ventional cells in appearance, but the upper portion of the
cell has a series of horizontal rods. The rods help to slow
the transport of the froth out of the cell and allow counter
current wash water introduced above to remove the entrained

gangue (Dell, 1985). Results have been favorable using the



69

cell to process a 30% ash coal at an Illinois ﬁreparation
plant. Product ash for the -28 mesh fraction was reduced to
6.16% ash with a recovery of 76.6% as compared with 10.42%
and 87.9% for conventional cells. The pyritic sulfur was
also reduced nearly 71% as compared with 52.7% for the
conventional cells (Degner and Sabey, 1988).

The Deister Flotaire column differs from the Canadian
column primarily in the bubble generation circuit, although
earlier Flotaires also operated without counter current wash
water. The column is fed about halfway down its length and
bubbles reportedly less than 50 microns are generated through
the use of aspirated air. 1Initially, the Deister columns
were designed without counter current wash water, but the
later models are equipped with a wash water addition system.
They also contain a secondary bubble generation system which
produces +100 micron bubbles using a diffuser (Zipperian and
Svensson, 1988). The Flotaire was designed originally for
processing phosphates, but has since been used to concen-
trate coal, copper, gold, lithium, and molybdenum.

The KDH Canada column flotation cell is similar to the
Deister Flotaire column in appearence, but uses a different
bubble generation system. 1In order to reduce the amount of
fresh water which enters the cell, bubbles are injected into
the feed slurry before it enters the column (Kawatra and

Eisele, 1987).
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The Michigan Tech column is filled with packing to
help disperse the air and to produce uniform bubbles. Orig-
inally designed for treating fine iron ores, the MTU column
has also been found to work reasonably well with coal and
sulfide mineral systems (Yang, 1988). Results from pilot-
scale testing indicate that the column provides higher
recoveries and better grades than conventional flotation.
The column has been reported to be successful with very fine
particles, but coarse feed material cannot be processed
efficiently since the particles tend to be torn from the
bubble surface at the packing interface.

The USBM column uses a cylinder of packed beads as a
bubble generation system. The column has been used quite
extensively in the laboratory for oxide and sulfide flota-
tion. 1In all cases, the column showed improvement over
conventional flotation in both grade and recovery. Mica
flotation produced an 89% recovery as compared with a 75%
recovery at comparable grade using a conventional cell
(McKay, Foot, and Shirts, 1988).

Flotation columns have been used quite extensively
to process many different minerals. The Canada Centre for
Mineral and Energy Technology (CANMET) has studied the
cleaning of complex sulfides such as molybdenite from New-
foundland (Mathieu, 1972). The column was also used for

laboratory rougher and cleaner flotation of chalcopyrite,
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uranium, galena, sphalerite, and coal (Moon and Sirois,
1988). Others including Hollingsworth (1981), Gruber and
Kelahan (1988), and Soto and Barbery (1989) have studied
phosphate flotation, while coal refuse beneficiation has
been studied by Groppo (1986), Misra, et al. (1987), Misra
and Harris (1988), Nicol, et al. (1988), and Parekh, et al.
(1988), and coal flotation has been studied by Yang (1988),
Kawatra and Eisele (1988), and Yoon, et al. (1988). Add-
itional flotation work with chromite, fluorite, gold, lith-
ium and coal has been conducted at the USBM Salt Lake City
Research Center (Foote, et al. 1985; McKay, et al. 1985,
1988).

Industrial scale column flotation work has been per-
formed with several different minerals around the world. A
recent review of column installations was made by Moon and
Sirois (1988) in which they discussed the North American
column R & D installations. The columns have been used to
upgrade zinc concentrate at Ruttan Mine of Hudsonbay Mining
and Smelting Co. and at Cominco Ltd. Kimberly, B.C.; to
remove pyrrhotite from Cu-Ni concentrates at both Falcon-
bridge Nickel Mines Ltd., Ontario, and at several of INCO's
operations. Flotation columns have also been constructed by
several companies for their own plants. These operations
include Gibraltar Mines Ltd. and Utah Mines Ltd., both of

British Columbia which use column flotation for copper and
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molybdenum concentration respectively. Mt. Isa Mines Ltd.
recently installed three 2.5-meter diameter by 13 meters
high columns for upgrading of their lead/zinc concentrates.
The columns have greatly improved the overall zinc recovery
by about 2% (Espinosa-Gomez, et al., 1989).

The recent success of flotation columns can be attri-
buted to an intensive effort on the part of research and
development teams in both the private and public sectors.
Findings have exposed many of the reasons why column flota-
tion is simple, yet much more efficient than conventional
flotation.

The increased bubble-particle interactions possible in
column flotation, due to counter current flows of air
bubbles and particles provide increased recoveries over
conventional flotation. The quiescent conditions present
during column flotation also help prevent particles from
being torn loose from the bubbles. In conventional flota-
tion the turbulent conditions result in particles being
sheared from bubbles throughout the cell, resulting in a
loss of recovery. The use of counter current wash water
also helps to reduce the amount of entrained particles which
report to the concentrate, thereby resulting in better grade
products.

The use of column flotation has resulted in significant

improvements in the flotation of many minerals and coal as
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shown previously. The continued growth of flotation columns
relies on their ability to process very fine sized particles
which are the result of either modern mining techniques as
in coal flotation, or from fine grinding needed to liberate
different species present in an ore or coal. Efficient
processing of fine particles requires smaller bubbles in
order to provide an effective separation. Small bubbles
have been shown to increase recovery due to the increased
probability of bubble-particle collision and attachment
(Yoon and Luttrell, 1985).

The generation of very fine bubbles has been the sub-
ject of many research projects at virginia Tech since the
early 1970's. A suspension of very fine bubbles was ini-
tially produced by Sebba (1971) using a glass aspirator.
Additional studies led to the application of the small bub-
ble suspension to coal flotation (Halsey, Yoon and Sebba,
1982). Many different types of bubble generation devices
were tried in order to develop a system which was applicable
to industrial use. Blenders and porous tube type generators
were used before the researchers decided to use a static
tube (inline) mixer to produce the small bubbles termed
microbubbles. The static mixer provided ease of operation
and did not require a fresh water suspension to produce the
microbubbles which proved very advantageous when applied to

column flotation.
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The stable microbubble suspension led to the develop-
ment of the microbubble column flotation process (MCF) which
has been used with much success to process very fine sized
coal and clay particle suspensions (Yoon, et al., 1987).
Studies by Yoon and Luttrell (1986) have shown that the
microbubble column provides increased flotation rates for
coal particles due to the higher probability of collision
between microbubbles and fine sized coal particles, while
the counter current wash water associated with all flotation
columns provides improved selectivity. Because of the fine
size of the material which must be treated in order to pro-
vide sufficient liberation of coal pyrite from coal, it was
believed that the MCF process would have great potential in

effectively separating micronized coal and coal pyrite.

3.5 Experimental

3.5.1 Coal samples

A variety of coal samples were used in this investiga-
tion. A complete list of the samples including the seam,
feed ash, feed sulfur and type of feed material is shown in
Table 3.1. All samples were crushed (to minus 3/8 inch)
immediately upon arrival using a laboratqry roll crusher.

Subsequently, the sample was pulverized in a laboratory ham-
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Table 3.1 Description of Coal Samples

Feed Ash
(% weight)

Feed Sulfur
(% weight)

Pyritic Sulfur
(% weight)

Coal Seam Type
Australian R=0=-M
(Ronda Co.)

Elkhorn No. 3 R=0-M
(Consol)

Amorphous Graphite As Received
Tailings
(Kyerim Graphite Co.)

I1linois No. 6 R=-0-M
I11inois No. 6 Processed
Pittsburgh No. 8 R=-0-M
Pittsburgh No. 8 Processed
Pittsbourgh No. 8 As Received

Grag-anc=-Run Tailings

Upper Freeport R=0-M
Coalturg Tailings As Receiveg
(=100 mesh classifying

cyclone overtlicw)

Springfielic No. 5 Processeq
(Ingiana V)

16.50

12.00

47.00

4.17
4.32
4.79
2.40

1.13

2.40

3.55

2.57
1.27
3.06

1.35

1.93

1.88
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mer mill to minus 1/4 inch. The resulting samples were
riffled and split into individual samples of 1000 grams each
and placed in bags for storage in a freezer at -20 C to

reduce oxidation.

3.5.2 Apparatus

The microbubble column flotation apparatus used in this
investigation is shown schematically in Figure 3.1. The
column consists of a 2-inch diameter plexiglass tube with an
overall height of 66 inches (60 inches from the top of the
static mixer). Typically, this column configuration provides
a collection zone of 40 inches.

A coal sample, in slurry form, at 5% solids was placed
into the feed sump (A)} where the desired collector and/or
chemicals were added and the slurry was allowed to condition
using a laboratory stirrer. The slurry was then fed into
the column using a peristaltic pump (B) attached to the feed
line. The feed line (C) was suspended from the top of the
column by a clamp which allowed for adjustment of the feed
line to different depths inside the column. The feed then
proceeded downward to provide good contact with the upward
flow of microbubbles.

Wash water entered the column through a wash water

inlet (D) after the flow was measured through a flow meter.
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Schematic drawing of the microbubble column
flotation apparatus: A) feed sump, B) peristal-
tic feed pump, C) feed 1ine, D) wash water
flowmeter and 1ine, E) wash water assembly, F)
froth launder drain, G) tailings drain, H)
microbubble generator (static mixer), I) air
flowmeter and 1ine, J) centrifugal pump, K) re-
circulation 1ine, L) frother inlet line, M) peris-
taltic frother pump, and N) frother solution tank.
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The position of the wash water was adjusted with the same
clamp assembly that was used for the feed line. The flow of
wash water was counter current to the flow of the froth out
the top of the column. Thus, the wash water was able to
rinse the froth of entrained particles.

The concentrate (product) was removed from the column
after flowing out the froth launder drain (F). The tailings
were removed from the tailings drain (G) at the bottom of
the column.

A portion of the pulp was recirculated from the bottom
of the column through a variable speed centrifugal pump (J)
to aid in the formation of microbubbles. The microbubbles
were produced by pumping the frother solution from the
frother tank (N) with a peristaltic pump (M) and injecting
this solution along with air (I) into the recirculation line
on the intake side of a static mixer (H). This mixture was
then forced through the static mixer by the variable speed

centrifugal pump to produce a stable microbubble suspension.

3.5.3 Procedure

Immediately prior to each flotation experiment a coal
sample was taken from the freezer and pulverized in a Ray-
mond laboratory hammer mill producing a product having a

mass mean particle diameter of 75 microns. A number of the
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column flotation experiments were performed using this feed
material. Other experiments in which a higher degree of
liberation was required were performed after taking the
hammer mill product and subjecting it to further grinding in
a 13.3 cm Szegvari (Union Process) laboratory attrition
mill. The samples were ground at 30% solids with 3.18 cm
(1/8 inch) grinding media for times ranging from 5 to 30
minutes. This grinding produced particle sizes from 3 to 20
microns as measured using an Elzone 80XY particle size
analyzer.

After grinding, the sample was diluted to 5% solids in
most cases and allowed to condition for 5 minutes in a feed
sump. For experiments requiring either collector (kerosene)
and/or chemical addition, these were also added into the
feed sump and allowed to condition for the required times.

After proper conditioning, the feed-ﬁas pumped into the
column and the column was allowed to come to steady state
before samples of the product and tailings streams were
taken. After sampling each stream with equally timed sam-
ples, the feed rate was usually increased so that a grade
versus recovery plot could be made to characterize the sep-
arability of the coal. The frother addition was usually

kept constant for the range of feed rates tested.
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3.5.4 Reagents

Reagents used for the microbubble column flotation
experiments were collector (kerosene), Dowfroth 1012
frother, oxidizing agent (Hydrogen Peroxide), reducing agent
(Hydrazine), and a novel pyrite depressant (NBQ). Different
dosages of each chemical added are noted for the specific

experiments involved.

3.6 Results

3.6.1 Effect of Feed Size

Several coals were studied to determine the effect
of size reduction on ash rejection and pyritic sulfur rejec-
tion using the microbubble column flotation process. These
studies were made to ascertain the optimum size at which a
marketable product could be produced while maintaining a
high combustible recovery.

A. Australian Coal

Experiments were performed at two different sizes on an
Australian coal sample which had a feed assay of 16.5% ash.
The feed sizes included 5 and 15 minute attrition mill pro-
ducts which had mass mean particle sizes of 10 and 5 microns

respectively. The ash reduction as a function of particle
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size is shown in Figure 3.2. Results from the 10 micron
feed show that the ash was reduced 78.5% with a combustible
recovery of 92.9%. The 5 micron feed, as shown in the
figure, shows an increase in the ash reduction with compar-
able recoveries.

B. Elkhorn No. 3

A low ash blend of several processed Elkhorn No. 3 seam
coals was studied at three different particle sizes in order
to reduce the feed ash from 2.46% ash to less than 1% ash.
Figure 3.3 shows the combustible recovery vs. grade curve
for the different feed sizes.

The results for the hammer milled material (75 microns)
show a decrease in product ash content from 2.46% to 1.46%
with a combustible recovery of 56.73%. This result was
obtained by feeding the column at an excéssively high rate.
For modest feed rates the ash values were not reduced by any
significant amount.

Further tests were conducted with finer grinding to
determine if the ash could be liberated. The results in the
figure show that a marked decrease in product ash content
was obtained with a mass mean diameter (mmd) of 7.5 microns.
Ash percents as low as 0.92% were achieved with combustible
recoveries as high as 84.48%. An increase in the combusti-
ble recovery up to 95.19% resulted in the ash value increas-

ing to 0.98%. However, to achieve these results the feed
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Figure 3.2 The effect of particle size on the ash rejection
for an Australian coal.
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Figure 3.3 The effect of particle size on product ash for
Elkhorn No. 3 seam coal.
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rates were very low.

Finer ginding to a particle size with a mmd of 2 microns
reduced the ash values even further. Results indicate com-
bustible recoveries of 74.50 and 91.36% with corresponding
ash values of 0.81 and 0.83% respectively.

C. Amorphous Graphite Tailings

A tailings sample from conventional flotation of amor-
phous graphite was received from the Kyerim Graphite Company
of Korea. The feed assay of the sample was approximately
47% ash. Three tests were performed with the sample in
which 3 different feed sizes were used. The feed sizes
studied were an "as received" sample which was 250 microns,
and attrition mill products of 45 and 37 microns.

Results for the tests are shown in Figure 3.4. As
shown in Figure 3.4, the product ash is decreased to about
30% at a combustible recovery of 82% and further reduction
is not possible for the 250 micron "as received" sample.
The 45 and 37 micron samples showed a more significant ash
reduction as the product ash is lowered to 20.7% at a com-
bustible recovery of 78.9%. At this point a reduction in
recovery results in little or no improvement in the product
grade.

D. Illinois No. 6

A run-of-mine Illinois No. 6 seam coal which contained

feed assays of 38% ash, 1.57% organic sulfur, and 2.57% py-
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Figure 3.4 The effect of particle size on product ash for
amorphous graphite tailings.



86

ritic sulfur was processed at two different sizes. The
sizes that were studied contained mmd's of 75 and 3.2 microns.

Results shown in Figures 3.5 and 3.6 indicate that
there is little difference between the two sizes in terms of
product ash and ash rejection. A comparison with the re-
lease curve for the 75 micron size shown in Figure 3.5 indi-
cate that the column has rejected the maximum amount of ash
possible. Ash rejection data for the two tests indicate
that a majority of the ash is removed at the coarse si:ze.
Finer grinding for the sample resulted in an increase in ash
rejection; however, the subsequent reduction in combustible
recovery yielded the same release curve. Thus, it appears
that fine grinding produced no additional liberation. It
simply served to decrease the flotation rates of all com-
ponents.

The effects of feed size upon sulfur rejection for this
coal are shown in Figures 3.7 and 3.8. The recovery vs.
product sulfur percent data shown in Figure 3.7 appear to
indicate that some benefit may be derived from fine grind-
ing. However, the apparent benefit of fine grinding is
simply an artifact of slight differences in the feed grades
of the samples tested. When feed grade is normalized using
sulfur rejection (Figure 3.8), all data fall on the release
curve. Thus, there appears to be no additional benefit from

micronizing Illinois No. 6 coal.
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E. Illinois No. 6

A processed Illinois No. 6 (Herrin) seam coal was re-
ceived through the Illinois Coal Basin Sample Program. This
coal was processed in west central Illinois using conven-
tional washing techniques and had an organic sulfur content
of 3.00% and a pyritic sulfur content of 1.27%.

Samples with median particle sizes of 75 and 4.2 mi-
crons were used to compare the effects of size reduction
upon product grade. The recovery vs. grade curve shown in
Figure 3.9 shows the results of the two sizes and compares
the work with a release analysis curve obtained using the 75
micron feed. The 75 micron data may indicate that some of
the pyrite is being recovered during column flotation be-
cause the release curve shows a much better separation than
the column, although part of the difference is normalized
when the data are plotted in terms of sulfur rejection
(Figure 3.10). The pyrite recovery may possibly be attri-
buted to flotation or entrapment. Some error may have
occurred in the analysis of the sample, but the results are
still poorer.

Finer grinding of the sample to 4.2 microns produced a
small shift in the recovery-grade curve and resulted in
lower sulfur values. Sulfur reduction values are shown in
Figure 3.10 for the testwork. 1In this case, the 4.2 micron

size shows an improved separation over the 75 micron size.
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F. Pittsburgh No. 8

A run-of-mine Pittsburgh No. 8 seam coal was received
from the U.S. Department of Energy for sulfur reduction
testing using the microbubble column flotation process. The
sample originated in Belmont County, Ohio and had total and
pyritic sulfur assays of 4.79 and 3.06%, respectively.

The feed sizes which were studied included a hammer
mill product and attrition mill products of 5, 20, and 30
minutes. Figure 3.11 shows the recovery vs. grade curve for
the testwork. As shown, the longer grind times result in
slightly better recovery vs. grade curves. Overall pyritic
sulfur rejection of 72% is achieved with a combustible re-

covery of 86.8% for the 5 minute attrition mill product (9

microns).

G. Pittsburgh No. 8

A processed Pittsburgh No. 8 seam stoker coal was re-
ceived from Consolidation Coal Company for pyritic sulfur
reduction work. The coal contained 1.35% organic sulfur
and 0.91% pyritic sulfur, with 2.29% total sulfur.

The coal was tested with mean feed particle sizes of
75, 20, and 10 microns. Figure 3.12 shows the combustible
recovery plotted vs. grade. As shown, the 75 micron sample
shows little improvement over the feed assay. A substantial

increase in liberation occurred at the 20 micron size. The
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total sulfur was decreased from 2.32 to 1.87% at a combusti-
ble recovery of greater than 90%. The product sulfur was
reduced even further as the feed rate was increased, but the
recovery was lowered to nearly 76%. At the 10 micron
particle size the product sulfur remained constant at 1.84%
for combustible recoveries of 61.72 - 94.55%.

A comparison of the microbubble column flotation re-
sults with release analyses is also shown in Figure 3.12 for
the 75 and 10 micron feed sizes. The microbubble results
indicate that the column is operating at the theoretical
limit for both sizes as there is little difference between
the curves.

H. Upper Freeport

A run-of-mine sample from the Upper Freeport seam was
received from the U.S. Department of Energy for sulfur re-
duction testwork. The sample originated in Indiana County,
Pennsylvania and had total and pyritic sulfur assays of 2.02
and 1.48% respectively.

The feed sizes tested were 5 and 30 minute attrition
mill products. A recovery-grade curve is shown in Figure
3.13 for the work performed. As indicated from the figure,
the flotation products obtained using the 30 minute attri-
tion mill product contained a slightly higher sulfur content
than for the 5 minute attrition mill products. The differ-

ence could possibly be attributed to entrapment of very
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fine pyrite particles at the finer size.

3.6.2 Effect of Feed Rate

The effect of increasing feed rate on combustible
recovery and product grade was studied using two different
coal samples. Since an increase in feed rate effectively
reduces the retention time in the column, the recovery of
each floatable component is affected by an equivalent
amount. Thus, changes in feed rate serve to move the column
flotation process along a single grade versus recovery
curve. If a coal sample contains a high concentration of
middlings particles and a relatively low concentration of
clay slimes, one would expect a large drop in recovery as
feed rate is increased and only a small decrease in the
product ash content. On the other hand, if a sample con-
tains a high concentration of clay slimes, a significant
decrease in product ash content can occur with a relatively
small loss in combustible recovery.

The coal samples used for this study consisted
of a -100 mesh grab-and-run high-ash tailings sample of
Pittsburgh No. 8 seam sample obtained from Consolida-
tion Coal Company and a -100 mesh cyclone overflow sample
(Coalburg seam) obtained from the Rum Creek coal preparation

plant in Logan County, West Virginia. The grab-and-run
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sample was known to contain a high concentration of mid-
dlings particles and relatively few clay slimes, while the
-100 mesh cyclone overflow was high in fine clay particles.

Four different feed rates were tested using the grab-
and run sample while maintaining the same frother addition
and aeration rates. As shown in Figure 3.14, the product
ash varied only a small amount (approximately 5%) as the
feed rate was increased from 27 to 73 gm/min. The combusti-
ble recovery, however, showed a corresponding decrease of
nearly 30%. The effect of increasing feed rate was more
pronounced when studied as a function of ash rejection. 1In
Figure 3.15, the combustible recovery showed a drastic drop
as the percent ash reduction increased from 92 - 98%. The
rejection of many predominantly coal middling particles was
the reason for the sharp decline in the combustible
recovery.

Three different feed rates were used with the -100 mesh
cyclone overflow from the Rum Creek preparation plant. Aer-
ation, frother, and counter current water addition rates
were kept constant for each feed rate. As shown in Figure
3.16 by increasing the feed rate from 16.1 to 32.7 gm/min
only a slight change in combustible recovery is noticed.
However, the product ash is lowered significantly with the
increase in feed rate.

The large reduction in product ash as the feed rate was
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increased may be attributed to the rejection of clay slimes
and particles which contain a small amount of coal and a
large amount of mineral matter. As the feed rate was in-
creased, the retention time decreased and slower floating

middling particles were removed as tailings.

3.6.3 Effect of Aeration Rate and Froth Height

The effects of changing aeration rate and froth height,
while keeping all othgr operating parameters fixed, were
studied using a run-of-mine Pittsburgh No. 8 seam coal from
Belmont County, Ohio. A mean retention time of 5 minutes
was used for all of the testwork. Aeration rates of 750,
1000, and 1300 cc/min were examined at each froth height.
The froth heights studied were fixed at 35.6, 43.2, and 50.8
cm.

Figure 3.17 shows the combustible recovery and product
ash percent as a function of froth height for the three aer-
ation rates. An increase in the froth height resulted in an
increase in recovery of 7.5% for an aeration rate of 1300
cc/min with a corresponding increase in the product ash from
3.37 to 3.49%. A decrease in the aeration rate to 1000
cc/min resulted in lower recoveries, as compared to the
higher aeration rate (1300 cc/min), but no change in the

product ash percent. Recoveries ranged from 60.2 - 72.3%
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with product ash values of 3.01 and 3.35% respectively. An
aeration rate of 1300 cc/min and a froth height of 35.6 cm
produced a product ash of 3.37% and a combustible recovery
of 70.9% which matched the results obtained when the aera-
tion rate was 1000 cc/min and the froth height was 50.8 cm.
An aeration rate of 750 cc/min resulted in a decrease in
combustible recovery with increasing froth height while the
product ash remained relatively constant with values of
3.05, 2.97, and 3.08%.

The increase in recovery with increasing aeration rate
is expected since the flotation rate constant is directly
proportional to the superficial gas velocity (Luttrell, et
al., 1988). On the other hand, recovery normally decreases
and grade improves as froth height increases for conven-
tional draining froths (Lynch, et al., 1981). It may be
that the increased froth height has a detrimental effect on
the wash water (i.e., the bias flow rate) in this case,
allowing more material to be carried over as froth height
increases. However, if the aeration rate is too low, there
may not be sufficient air in the column to recover the coal
particles. 1In this case, an increase in the froth height
simply reduces the volume of the collection zone resulting
in a reduced retention time and a further reduction in the

recovery.

Results showing the product sulfur as a function of
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aeration rate and froth height for the Pittsburgh No. 8 coal
sample are shown in Figure 3.18. The data show that the
product sulfur decreases with a decreasing aeration rate,
but it appears to be independent of froth height. The
effect of aeration rate on product sulfur content may indi-

cate that some of the pyrite in this sample is floatable.

3.6.4 Effect of pH

A change in pH and its subsequent effects upon ash and
sulfur rejection were studied using two different coals.
The coals that were used in the testwork included run-of-mine
samples from the Upper Freeport and Pittsburgh No. 8 seams.

The Upper Freeport sample was used to show the effects
of changing the pH from 4.7 up to 10.4 in the feed sump
prior to flotation. The results are shown in Figures 3.19-
3.22 for the testwork. Figure 3.19 shows the effect of pH
on the combustible recovery as a function of the product
sulfur percent for the 4 micron feed. As the pH increased,
a corresponding decrease in the product sulfur percent is
evident; likewise a better recovery vs. grade curve is form-
ed. The same effect was observed for the product ash as
shown in Figure 3.20. The pH increase dispersed the sulfur
and mineral matter which prevented entrapped particles from

floating, resulting in a better recovery-grade curve. The
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percent sulfur rejection showed a similar trend in Figure
3.21. A higher combustible recovery with a greater percent
sulfur rejection was attained as the pH increased. Product
sulfur percent is shown in Figure 3.22 as a function of pH.
Note the large decrease in product sulfur percent as the pH
is increased from 4.7 to 7 and a gradual decrease thereafter,
as the pH is increased further at corresponding recoveries.
Figures 3.19 - 3.22 also show that an increase in aeration
rate, at pH 7, from 1000 to 1281 cc/min does not change the
recovery vs. grade curve.

The run-of-mine Pittsburgh No. 8 sample was used to
show the resulting effects of raising the pH during grinding
and conditioning. The "as received" sample was ground in
the attrition mill for 3 minutes and produced a -325 mesh
product at pH 3.29. The pH of the slurry was then adjusted
to pH 7 for the flotation test. Additional microbubble
flotation was performed after the sample was ground at pH 9
and after the sample was ground and conditioned for 5 hours
at pH 9. Figure 3.23 shows the combustible recovery vs.
product sulfur for the 4 tests. As shown, the product
sulfur decreased which produced a better recovery-grade
curve as the pH of the feed sump was raised from 7 to 9.
There is also a difference in product sulfur between the
samples which were floated immediately and the two which

were conditioned at pH 9 for 5 hours.
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The second sample conditioned at pH 9 for 5 hours was
also treated with 1.36 kg/ton kerosene to ascertain whether
or not the pyrite had become oxidized. The results shown in
Figure 3.23 indicate that the pyrite may possibly have oxi-
dized and become hydrophilic because no additional pyrite
reported in the product.

In Figure 3.24 the combustible recovery vs. product ash
is shown for the tests performed at pH 7 and 9. The tests
at pH 9 included zero conditioning time at 0.45 kg/ton kero-
sene, and 5 hours conditioning time at kerosene addition
levels of 0.00 and 1.36 kg/ton respectively. The test at pH
7 was conducted with zero conditioning time and 1.36 kg/ton
kerosene. Two curves were formed from the tests, at pH 7
and pH 9, unlike the three curves which were formed in
Figure 3.23. It appears that the additional pyrite rejected
by conditioning the sample for five hours at pH 9 was not
significant enough to affect the overall ash content of the
product.

3.6.5 Effect of Dispersants

Sodium silicate was used as part of a chemical package
to study the effect of dispersants on product grade and
combustible recovery. The dispersant was added either

into the attrition mill before grinding or into the feed
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sump just prior to flotation. The chemical package which
consisted of 1 kg/ton sodium silicate, 1 kg/ ton sodium
carbonate, 1 kg/ton sodium sulfide, and 1.5 kg/ ton of kero-
sene was used on three different coals to improve pyritic
sulfur rejection.

The chemical package was first used on a processed
Pittsburgh No. 8 seam coal which was attrition milled to a
mass mean particle size of 8 microns. Figure 3.25 shows the
recovery vs. grade curve obtained when frother only, the
chemical package (denoted by MTCP), and 0.45 kg/ton of kero-
sene plus frother were used during microbubble column flota-
tion. The results shown indicate that the chemical package
did not improve the product grade or recovery at all. The
chemical package also did not result in any improvement for
the run-of-mine Upper Freeport or Pittsburgh No. 8 samples
shown in Figures 3.26 and 3.27. 1In Figure 3.26 it appears
that the 5 minute grind flotation products are superior to
the flotation products obtained using the 30 minute grind.
It should be noted that the difference is within 0.05 per-
cent sulfur, which is equivalent to the accuracy of the Leco
sulfur analyzer. A small improvement can be seen in Figure
3.27 using a second stage to reclean the concentrate from

the 30 minute grind.
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3.6.6 Effect of Pyrite Depressants

Several different chemicals were used in order to de-
press pyrite during coal flotation. These included hydrogen
peroxide, hydrazine, and a novel pyrite depressant known as
NBQ.

Hydrogen peroxide, a known oxidant, was used to raise
the electrochemical potential of the feed slurry in order to
preferentially oxidize the coal pyrite which was present.
Following addition of a 25% hydrogen peroxide solution, the
feed slurry was allowed to condition for a minimum of 1 hour
to insure that the system was stabilized before flotation
began.

Hydrazine, a known reducing agent, was used to lower
the electrochemical potential of the feed slurry and promote
a reducing environment for the pyrite.

A novel pyrite depressant, NBQ, developed at Virginia
Polytechnic Institute & State University was also tested
after preliminary testing using synthetic mixtures of coal
and coal pyrite had shown promising results. The results of
this testwork are shown in Figure 3.28. The sample consisted
of 90% Pocahontas No. 3 coal and was spiked with 10% coal-
pyrite obtained from Deister tables operating in the same
plant. The mixture was then ground in a laboratory attrition

mill for approximately 10 minutes (4.5 microns) immediately
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preceding flotation. As indicated in the figure, the NBQ
works well as a pyrite depressant under these conditions.

Conditioning of the feed slurry with NBQ was performed
in three stages. After grinding, the sample was allowed to
mix producing a homogeneous suspension to which the NBQ was
added and allowed to condition for 5 minutes. The depress-
ant was usually added into the feed sump at a dosage of 1.54
kg/ton using (1 x 10) =2 molar concentration NBQ. The pPH
was then adjusted to the desired level and conditioned for 5
more minutes prior to flotation.

Microbubble column flotation experiments were conducted
with several coals to determine which depressant performed
best. The coals used in the study included a run-of-mine
Springfield No. 5 (Indiana V) and a processed Pittsburgh No.
8.

The processed Pittsburgh No. 8 seam coal was ground in
an attrition mill to a mass mean particle diameter of 4 mi-
crons to liberate a portion of the pyrite. The sample was
then subjected to a series of 5 tests which consisted of
frother only (DF 1012), frother plus 0.45 kg/ton kerosene,
frother plus 1.54 kg/ton NBQ, frother plus hydrazine, and
frother plus hydrogen peroxide to lower the product sulfur
content. All tests were conducted under the same column
operating conditions. Results from the work are shown in

Figure 3.29 and 3.30.
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The various reagent combinations listed in the pre-
ceding paragraph seemed to behave the same, i.e., producing
the same grade versus recovery curve as shown in Figure
3.29. The addition of hydrazine with the DF 1012, which
lowered the feed slurry potential to -268 mV (SHE), resulted
in more stable bubbles and enhanced recovery by an average
of 2% at each feed rate, but failed to improve pyrite
rejection. Likewise, both the addition of hydrogen
peroxide, which raised the feed slurry potential to +427 mV
(SHE), and NBQ did not improve pyrite rejection. Both
reagents; however, did contribute to slightly lower recov-
eries. Figure 3.30 shows the results on the basis of ash
(mineral matter) and pyrite rejection.

The Springfield No. 5 coal sample was processed in two
different phases using several reagent combinations. The
first phase of testwork used a slurry sample ground to -325
mesh (31.10 mmd) by the Illinois State Geological Survey
(ISGS). Six series of tests were performed using the fol-

lowing reagent schemes:

Series 1: Dowfroth 1012 only

Series 2: Dowfroth 1012 and 0.68 kg/ton kerosene
Series 3: 2-ethyl hexanol

Series 4: Dowfroth 1012 and the ISGS surfactant
Series 5: 2-ethyl hexanol and the ISGS surfactant
Series 6: Dowfroth 1012 only

The results are shown in Figure 3.31 for the testwork using
the above series and indicate that series 3 and 5 result

in more pyritic sulfur rejection. Series 5 which produced
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the best results contained the frother 2-ethyl hexanol and a
novel surfactant developed by the ISGS.

The second phase of the testwork used the same sample
to evaluate pyrite rejection using hydrazine, hydrogen per-
oxide, and NBQ. Figure 3.32 shows the effect of each chem-
ical upon ash and sulfur rejection. As shown, the chemicals
do not result in any improvement in sulfur rejection as com-

pared to the frother (DF 1012) only system.

3.7 Discussion

a) Effect of Feed Size

Based upon the results presented in Section 3.6.1, it
is evident that many coals show an improvement in product
grade as the feed size is reduced. Fine grinding results in
an increase in the liberation of the samples producing more
free ash, coal, pyrite, and middling particles. Free ash
and pyrite particles are more easily rejected in the flota-
tion process, which translates into a cleaner product at the
same recovery or better.

The subsequent effects of micronizing many different
coals upon flotation performance are shown in Table 3.2. As
indicated, the coals which derived the greatest benefit from
micronizing were the Australian coal, amorphous graphite

tailings, and the run-of-mine Illinois No. 6 seam. Figures
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3.33 and 3.34 show that through liberation alone, a product
lower in ash is achieved. Similarly, a small improvement
in product grade was evidenced for the processed Illinois
No. 6 and both the processed and run-of-mine Pittsburgh No.
8 seam coals.

Several coals showed no improvement with a large size
reduction. The Illinois No. 6 and Upper Freeport seam
coals shown in Figures 3.5, 3.7, 3.9, and 3.14 illustrate
that the mineral matter and pyrite are very fine and cannot
be liberated unless the samples are ground to an even finer
size. 1Image analysis characterization of the flotation
products from the run-of-mine Upper Freeport sample showed
that the degree of liberation of the pyrite was only 25% at
a -20 micron grind (Adel, wWang, and Yoon, 1989).

Characterization of the flotation products from the
run-of-mine Pittsburgh No. 8 sample using automated image
analysis is shown in Figures 3.35 - 3.36. From the figures
it can be seen that nearly all of the mineral matter and
pyrite are liberated. The mineral matter and pyrite which
are contained in the product, although a very small amount,
are largely in the form of middlings pyrite particles and
greater than 80% liberated mineral matter particles.
Figures 3.37 - 3.38 show the percent rejection of mineral
matter and pyrite respectively for the sample based upon

image analysis. As shown, the flotation product achieved
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better than 90% rejection of both free mineral matter and
pyrite with a coal recovery of 66%. However, the product
grade could be improved significantly with elimination of

the liberated pyrite and mineral matter.

b) Effect of pH

From the results shown in Figures 3.20 and 3.21 it is
apparent that pH has a significant effect on product grade.
The Upper Freeport coal shown in the figures indicates that
both the mineral matter (ash) and sulfur content in the
flotation product improve with an increase in pH, while
recovery remains the same. It appears that the higher pH
may have kept the mineral matter and pyrite dispersed, re-
sulting in the elimination of any entrapped particles. The
dispersing action is mainly due to electrostatic charging
effects. Since the recovery remained relatively constant,
the mineral matter and pyrite which reported at the lower pH
could possibly be attributed to entrapment.

Testwork using the run-of-mine Pittsburgh No. 8 sample
shown in Figures 3.26 and 3.27 also indicates either entrap-
ment and/or entrainment of mineral matter and pyrite. As
the pH of increased from 7 to 9, a decrease in the product
ash and sulfur was observed. Prolonged conditioning of the

sample at pH 9 resulted in the further reduction of product
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sulfur content, but not ash. The reduction in sulfur con-
tent may be due, in part, to pyrite oxidation. Image
analysis indicated that about 9% free pyrite was present in
the flotation product. Assuming that the countercurrent
wash water was functioning properly (positive bias), then

entrapment is a likely explanation.

c) General Observations

Liberation or degree-of-liberation is most important in
determining the amount of ash or sulfur which may be removed
from a particular coal. 1If liberated, the microbubble
column flotation process has been shown to successfully
reject the liberated mineral matter and pyritic sulfur. The
separation achieved has also been shown to be equivalent to
that obtained using the release analysis process, i.e. the
ultimate cleanability for a given coal.

An increase in pH was shown to result in small improve-
ments in ash and sulfur rejection using the microbubble
column flotation process. The improvements can be attri-
buted to the dispersing effect (due to electrostatic
charges) at the higher pH values.

The work with the pyrite depressants was inconclusive,
as no improvement in product grade was achieved using
oxidizing or reducing environments, or the novel pyrite

depressant NBQ. The use of dispersing agents such as sodium
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silicate and sodium carbonate in conjunction with sodium
sulfide (a pyrite depressant) also failed to improve the
product grade.

Changing operating conditions in the microbubble column
flotation cell resulted in small changes in both recovery
and grade. Testwork shown in Figures 3.18 and 3.19 show
that aeration rate affects the recovery more than a change
in froth height. A minor variation in product grade was
observed in each case. As expected, an increase in aeration
rate results in a corresponding increase in recovery due to
increased flotation rates for the particles. An increase in
froth height resulted in a small increase in recovery. The
increase in recovery may be explained by the fact that the
froth was not fully loaded at the lower froth heights
allowing more material to be recovered at the greater froth
height. There was only a slight decrease in product grade
at the greater froth heights.
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Summary and Conclusions

The microbubble column flotation process has been shown
to provide the best possible separation of both mineral
matter and pyrite from coal based upon information

obtained using the release analysis technique.

Degree-of-liberation had the greatest effect upon re-

jection of mineral matter and pyrite.

Micronizing several samples in order to increase liber-
ation resulted in a large decrease in product ash
percent for the Australian coal, amorphous graphite
tailings, and the Elkhorn No. 3 seam cocal. A small de-
crease in product ash was observed for the processed
Illinois No. 6 and the processed and run-of-mine Pitts-
burgh No. 8 seam coals. Micronizing had no effect on
the run-of-mine Illinois No. 6 and Upper Freeport

coals.

For a given coal sample, a change in feed rate caused

movement along a single grade - recovery curve.

An increase in aeration rate resulted in a large in-

crease in combustible recovery, no change in ash and a
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small increase in product sulfur for a run-of-mine

Pittsburgh No. 8 seam coal.

The combined effects of froth height and aeration rate
were found to have a very complex influence on product
recovery. At high aeration rates, an increase in froth
height produced an increase in recovery. At low aera-
tion rates, an increase in froth height produced a

decrease in recovery.

Preventing slime coating (or heterocoagulation) is
essential for achieving a high degree of selectivity.
The use of common dispersants such as sodium silicate
is not as effective as conditioning at high pH prior to

flotation to improve sulfur and ash rejection.

Slurry potential control had no effect on product grade
for a processed Pittsburgh No. 8 and a Springfield No.

5 seam coal, but further research is needed.



Chapter 4

SUMMARY AND CONCLUSIONS

The results of this investigation are summarized as

follows:

1)

2)

The release analysis technique can be used to show the
ultimate cleanability of a coal processed by froth
flotation. The release curve obtained from this
technique is independent of frother type, frother
dosage and collector dosage and is primarily a function
of liberation. As such, it can be used to judge the

separation efficiency of any other flotation process.

The microbubble column flotation process has been shown
to successfully reject pyrite and mineral matter while
retaining a very high coal recovery. The process has
also been shown to provide a separation equivalent to
that indicated from the release analysis technique,
i.e. best possible grade at the highest recovery for
the Elkhorn No. 3, Pittsburgh No. 8, Illinois No. 6,

and Upper Freeport seam coals.
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Liberation is the most important factor to be consid-
ered for the successful elimination of pyrite and

mineral matter from flotation products.

Flotation at high pH was found to significantly improve
the rejection of pyrite and mineral matter in the
processing of Upper Freeport and Pittsburgh No. 8 seam
coals due to the dispersing effects resulting from the
electrostatic charging mechanisms. Further improve-
ments in pyrite rejection were obtained when flotation

was preceded by prolonged conditioning at high pH.

Under the conditions tested, specific depressants for
coal pyrite were found to have no effect on the release
curve, although much more work is needed to be done in

this area in the future.
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Chapter 5

RECOMMENDATIONS FOR FUTURE WORK

Additional work needs to be performed using micronized
coals to establish release curves. The release curves
can then be used to evaluate the performance of the

microbubble column process using new pyrite depression

techniques.

Optimization of the relationship between the aeration
rate and froth height needs to be determined to more

efficiently process micronized coals.

Additional characterization of coal flotation products
using image analysis is needed to determine the degree
of liberation of the pyrite and mineral matter. Based
upon characterization and determination of flotation

rate constants of each component, an optimum residence

time can be approximated for each coal sample.

Evaluation of pyrite depressants needs to be initiated
using a completely liberated monosized system. The
interactions of each column parameter and chemical can

then be optimized before processing an individual coal.
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Table A-1 Elkhorn No. 3 seam Release Analysis R-1

SAMPLE IMPELLER AERATION  WEIGHT  WEIGHT

SPEED RATE (g) (%)

(rpm)
FROTH 1 1100 1/3 59.45 24.50
FROTH 2 1200 1/2 82.75 34.11
FROTH 3 1500 2/3 10.12 4,17
FROTH 4 1700 FULL 13.04 5.37
TAILING 77.36 31.85
TOTAL ‘ 242.62 100.00

Collector Addition: 0.45 kg/ton kerosene

Frother Addition: 0.36 kg/ton DF 1012
Feed Size: Hammer mill product
pH=7.7
! CUMULATIVE g
i e e e ce e s :
SAMPLE ASH  COMBUSTIBLE | ASH  COMBUSTIBLE WEIGHT |
(%) RECOVERY " | (3 RECOVERY %) i
(%) ! (%) |
FROTH 1  1.62 27.58 1.62 27.58 24.50
FROTH 2 2.69 37.98 2.24 65.56 58.61
FROTH 3  5.18 4,52 2.44 70.08 62.78
FROTH 4 5.20 5.83 2.66 75.91 68.15

TAILING 33.87 24.09 12.60 100.00 100.00
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Table A-2 Elkhorn No. 3 seam Release Analysis R-2

SAMPLE IMPELLER AERATION  WEIGHT  WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 173 12.71 5.27
FROTH 2 1300 1/2 30.13 12.48
FROTH 3 1500 2/3 48,66 20.17
FROTH 4 1700 FULL 32.18 13.34
TAILING 117.60 48.74
TOTAL 241.28 100.00

Collector Addition: 0.00 kg/ton kerosene
Frother Addition: 0.72 kg/ton DF 1012
Feed Size: Hammer mill product

! CUMULATIVE !

: - -

SAMPLE ~ ASH  COMBUSTIBLE | ASH COMBUSTIBLE  WEIGHT |

(%)  RECOVERY | (3)  RECOVERY @

(%) ! (%) |
FROTH 1  3.37 5.78 3.37 5.78 5.27
FROTH 2 3.50  13.66 3.52  19.44 17.75
FROTH 3 3.18  22.16 3.34  41.60 37.93
FROTH 4  3.34  14.63 3.34  56.23 51.27

TAILING 20.87 43.77 11.88 100.00 1€0.00
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Table A-3 Elkhorn No. 3 seam Release Analysis R-3

-
1
]
1
1
1
|
i
]
|
1

SAMPLE IMPELLER AERATION  WEIGHT  WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 1/3 23.29 9.56
FROTH 2 1300 172 92.69 38.05
FROTH 3 1500 2/3 63.74 26.16
FROTH 4 1700 FULL 1.65 0.68
TAILING 62.26 25.56
TCTAL 243,63 100.00
Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.36 kg/ton DF M250
Feed Size: Hammer mill product
: CUMULATIVE
1
]
SAMPLE ASH COMBUSTIBLE | ASH  COMBUSTIBLE WEIGHT
(%) RECOVERY | () RECOVERY (%)
2) ! (%)
FROTH 1  1.89 10.€8 1.89 10.68 9.56
FROTH 2  2.80 42.12 2.62 52.80 47.61
FROTH 3  3.04 28.89 2.77 81.69 73.76
FRCTH 4 17.40 0.64 2.90 82.33 74.45
TAILING 39.29 17.67 12.20 100.00 100.00
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Table A-4 Elkhorn No. 3 seam Release Analysis R-4

SAMPLE IMPELLER AERATION  WEIGHT  WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 1/3 43.35 17.80
FROTH 2 1300 172 125.38 51.59
FROTH 3 1500 2/3 6.03 2.48
FROTH 4 1700 FULL 10.86 4.47
TAILING 57.50 23.66
TOTAL 243,02 100.00

Collector Addition: 0.91 kg/ton kerosene
Frother Addition: 0.36 kg/ton DF 1012
Feed Size: Hammer mill product

CUMULATIVE

ASH  COMBUSTIBLE WEIGHT

SAMPLE ASH  CCMBUSTIBLE

(% RECOVERY 2) RECOVERY 3)
(%) (%)
FROTH 1 1.54 12.87 1.54 19.87 17.80
FROTH 2 2.06 57.30 1.93 77.17 69.39
FROTH 3  4.91 2.67 2.03 79.84 71.87
FROTH 4 5.78 4.78 2.25 84.62 76.34

TAILING 42.66 15.38 11.81 100.00 1C0.00
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Table A-5 Elkhorn No. 3 seam Release Analysis R-5

SAMPLE IMPELLER  AERATION WEIGHT WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 1/3 53.71  22.39
FROTH 2 1300 1/2 98.36  41.00
FROTH 3 1500 2/3 8.18 3.41
FROTH 4 1700 FULL 34.27  14.29
TAILING 45.37  18.91
TOTAL 239.80  100.00

Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.72 kg/ton DF 1012
Feed Size: 10 minute grind (1/4" media)

i CUMULATIVE d

| e

SAMPLE ASH  COMBUSTIBLE | ASH  COMBUSTIBLE WEIGHT |

(%) RECOVERY | (%) RECOVERY (%) H

(33} ' (%) !
FROTH 1 1.30  25.14 1.30  25.14 22.39
FROTH 2 2.05 45,67 1.79 70.81 63.39
FROTH 3 3.36 3.75 1.87 74.56 66.80
FROTH 4  4.41 15.54 2.31 90.10 81.09

TAILING £53.97 8.90 12.08 100.00 100.00
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Table A-6 Elkhorn No. 3 seam Release Analysis R-6

SAMPLE IMPELLER AERATION  WEIGHT  WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 1/3 78.10 32.49
FROTH 2 1300 172 39.85 16.58
FROTH 3 1500 2/3 24.67 10.26
FROTH 4 1700 FULL 43,24 17.99
TAILING 54.51 22,68
TOTAL 240.37 100.00

Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.36 kg/ton DF 1012
Feed Size: Hammer mill product

| CUMULATIVE :

! — --!

SAMPLE ~ ASH COMBUSTIBLE | ASH  COMBUSTIBLE  WEIGHT !

(%) RECOVERY | (%) RECOVERY @

(%) | (%) :
FROTH 1 2.0l  35.98 2.0l  35.98 32.49
FROTH 2 2.26 18.31 2.08  54.29 49.07
FROTH 3 2.45 11.31 2.14  65.60 59.33
FROTH 4  3.20 19.68 2.39  85.28 77.32

TAILIMNG 42.57 14.72 11.51 100.00 100.00
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Table A-7 Elkhorn No. 3 seam Release Analysis R-7

SAMPLE IMPELLER AERATION  WEIGHT  WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 1/4 53.17 22.24
FROTH 2 1300 1/3 23,54 9.85
FROTH 3 1500 172 31.72 13,27
FROTH 4 17C0 FULL 70.54 29.50
TAILING 60.11 25.14
TOTAL 239.08 100.00
Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.36 kg/ton MIBC
Feed Size: Hammer mill product
! CUMULATIVE i
! 1
] i
SAMPLE ASH  COMBUSTIBLE | ASH  CCMBUSTIBLE WEIGHT |
(3) RECOVERY | (%) RECOVERY (%) |
(%) i %) i
FRCTH 1  2.17 24.97 2.17 24,97 22.24
FROTH 2  2.32 11.05 2.22 36.02 32.09
FROTH 3 2.73 14.82 2.36 50.83 45.36
FROTH 4  2.96 32.86 2.60 83.69 74.86
TAILING 43.48 16.31 12.88 100.00 100.00
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Table A-8 Pittsburgh No. 8 seam R-1

SAMPLE IMPELLER AERATION WEIGHT  WEIGHT

SPEED RATE (g) (%)

(rpm)
FROTH 1 1000 1/2 225.20 92.35
FROTH 2 1200 3/4 15.27 6.26
FROTH 3 1400 374 1.35 0.55
FROTH 4 1800 FULL 0.14 0.06
TAILING 1.89 0.78
TOTAL 243,85 100.00

Collector Addition: 1.36 kg/ton kerosene

Frother Addition: 0.73 kg/ton DF 1012
Feed Size: Hammer mill product
pH=6.5
CUMULATIVE

]
)
]
]
SAMPLE  ASH  TOTAL  COMBUSTIBLE | ASH TOTAL COMBUSTIBLE WEIGHT
(%)  SULFUR RECOVERY i (%) SULFUR  RECOVERY (%)
|

(%) (%) (%) (%)
FROTH 1 6.09 2.31 92.98 6.09 2.33 92.98 92.35
FROTH 2 10.11 2.82 6.03 6.35 2.49 99.01 98.61
FROTH 3 16.49 8.02 0.38 6.51 2.58 99.39 99.16
FROTH 4 37.83  ===- 0.04 6.53 -—-- 99.43 99.22

TAILING 32.48 2.76 0.57 6.73 2.5% 100.00 100.00
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Table A-9 Pittsburgh No. 8 seam R=2
SAMPLE IMPELLER AERATION WEIGHT  WEIGHT
SPEED RATE (g) %)
(rpm)
FROTH 1 1100 1/3 40.70 16.63
FROTH 2 1300 1/3 34.40 14.05
FROTH 3 1500 172 59.76 24.42
FROTH 4 1700 3/4 93.43 38.18
TAILING 16.45 6.72
TOTAL 244.74 100.00
Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.36 kg/ton DF M250
Feed Size: Hammer mill product
i CUMULATIVE i
: - i
SAMPLE  ASH TOTAL COMBUSTIBLE | ASH TOTAL CCMBUSTIBLE WEIGHT i
(%) SULFUR RECOVERY | (3) SULFUR  RECOVERY (%) i
) (%) ' 1§39 (%) i
FROTH 1 4.05 1.95 17.20 4.05 1.95 17.20 1€.63
FROTH 2 4.68 2.01 14.50 4,33 1.98 31.70 30.68
FROTH 3 4.75 2.08 25.10 4,52 2,03 56.80 55.10
FROTH 4 8.13 2.77 37.80 5.99 2.34 94.60 92,28
TAILING 26.25 3.43 5.40 7.34 2.41 100.00 100.00
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Table A-10 Pittsburgh No. 8 seam R-3

SAMPLE IMPELLER AERATION WEIGHT  WEIGHT
SPEED RATE () (%)
(rpm)
FROTH 1 1100 1/3 101.79 41.54
FROTH 2 1300 1/3 51.93 21.19
FROTH 3 1500 172 32.47 13.25
FROTH 4 1700 3/4 32.44 13.24
TAILING 26.42 10.78
TOTAL 245.05 100.00
Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.36 kg/ton DF M250
Feed Size: 10 minute grind (1/4" media)
' CUMULATIVE i
] 1
] l
SAMPLE  ASH  TOTAL  COMBUSTIBLE 1} ASH TOTAL CCMBUSTIBLE WEIGHT i
(%)  SULFUR RECOVERY | (%) SULFUR  RECOVERY 1954 i
(%) (%) i %) () |
FROTH 1 2.85 1.78 43.50 2.85 1.78 43,50 41.54
FROTH 2 3.05 1.81 22,20 2,92 1.7¢9 65.70 62.73
FROTH 3 3.72 1.88 13.80 3.05 1.80 79.50 75.98
FROTH 4 4,74 2.03 13.60 3.31 1.84 93.10 89.22
TAILING 40.24 5.25 6.90 7.29 2.21 100.00 100.00
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Table A-11 Pittsburgh No. 8 seam R-4

SAMPLE IMPELLER AERATION WEIGHT  WEIGHT

SPEED RATE (g) (%)

(rpm)
FROTH 1 1100 1/3 68.86 28.17
FROTH 2 1300 1/2 41.43 16.95
FROTH 3 1500 1/2 23.85 9.76
FROTH 4 1700 FULL 15.64 6.40
TAILING 94.65 38.72
TOTAL "244.43  100.00

Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.36 kg/ton DF M250
Feed Size: Hammer mill product

CUMULATIVE

SAMPLE  ASH  TOTAL  COMBUSTIBLE
(%)  SULFUR RECOVERY

ASH TOTAL COCMBUSTIBLE WEIGHT
(%) SULFUR  RECOVERY (%)

19:9)] (%) (%) (%)
FROTH 1 3.61 1.93 29.30 3.61 1.93 29.30 28.17
FROTH 2 4.07 1.98 17.38 3.78 1.95 46.68 45.12
FROTH 3 5.14 2.21 9.99 4,03 2.00 56.67 54.88
FROTH 4 7.50 2.75 6.38 4.39 2.09 63.05 62.28

TAILING 11.55 3.26 36.96 7.16 2.54 100.00 100.00
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Table A-12 Pittsburgh No. 8 seam R-5

SAMPLE IMPELLER AERATION WEIGHT  WEIGHT

SPEED RATE (g) (%)

(rpm)
FROTH 1 1100 1/3 16.62 8.27
FROTH 2 1300 172 61.72 30.69
FROTH 3 1500 172 19,94 9.92
FROTH 4 1700 FULL 34.36 17.08
TAILING 68.44 34,04
TOTAL 201.08 100.00

Collector Addition: 0.65 kg/ton kerosene
Frother Addition: 0.36 kg/ton DF M250
Feed Size: Hammer mi11 product

Chemicals: .275 g Na,CO3, .275 g NapSi03, .275 g Nap$

i CUMULATIVE 3

SAMPLE  ASH  TOTAL  CCMBUSTIBLE : ASH TOTAL COMBUSTIBLE WEIGHT —-;

(%)Y  SULFUR RECOVERY i (%) SULFUR  RECOVERY (%) !

(%) 1974 ! (%) (%) i
FROTH 1 3.95 1.95 8.56 3.95 1.95 8.56 8.27
FROTH 2 4.00 1.96 31.76 4,00 1.95 40.32 30.69
FROTH 3 4.78 2.07 10.18 4.15 1.98 50.50 48.88
FROTH 4 6.76 2.59 17.17 4.82 2.14 67.67 65.96
TAILING 11.90 3.07 32.33 7.11 2.46 100.00 100.00
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Table A-13 Pittsburgh No. 8 seam R-6

SAMPLE IMPELLER AERATION WEIGHT  WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 1/3 66.33 27.09
FROTH 2 1300 172 30.59 12.49
FROTH 3 1500 172 68.65 28.04
FROTH 4 1700 FULL 6.23 2.54
TAILING 73.07 29.84
TOTAL 244.87 100.00
Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.36 kg/ton MIBC
Feed Size: Hammer mill product
| CUMULATIVE !
] ]
] i
SAMPLE  ASH  TOCTAL  COMBUSTIBLE | ASH TOTAL COMBUSTIBLE WEIGHT i
(%)  SULFUR RECOVERY | (%) SULFUR  RECOVERY (%) i
(%) (3) i (%) (%) !
FROTH 1 3.86 2.02 28,04 3.86 2.02 28.04 27.09
FROTH 2 4.18 2.02 12.88 3.97 2.02 40.92 39.58
FROTH 3 5.1z 2.19 18.64 4.45 2.09 69.56 67.62
FROTH 4 12.52 4.08 2.39 4,75 2.15 71.95 70.16
TAILING 12.71 3.60 28.05 7.11 2.58 100.00 100.00
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Table A~14 Pittsburgh No. 8 seam R-7

SAMPLE IMPELLER AERATION WEIGHT  WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 1/3 182.72 74.86
FROTH 2 1300 172 55.96 22.93
FROTH 3 1500 2/3 1.87 0.77
FROTH 4 1700 FULL 0.18 0.07
TAILING 3.34 1.37
TOTAL 244,07 100.00
Collector Addition: 0.45 kg/ton kerosene
Frother Addition: 0.73 kg/ton DF 1012
Feed Size: Hammer mill product
| CUMULATIVE !
[} 1
] i
SAMPLE ASH  TOTAL COMBUSTIBLE | ASH TOTAL COMBUSTIBLE WEIGHT '
(%)  SULFUR RECOVERY | (%) SULFUR  RECOVERY 3) |
(%) (%) | (%) (3) i
FROTH 1 5.26 Z.05 76.26 5.26 1.8 76.26 74.86
FROTH 2 10.15 298 22.15 6.41 2.2 98.41 97.93
FROTH 3 22.72 s.41 0.64 6.53 2..% 99.05 98.56
FROTH 4 25.19 0.06 6.55 99.11 98.63
TAILING 12.71 4.31A 28.05 7.11 2.3) 100.C0 100.00
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Table A-15 Pittsburgh No. 8 seam R-8

SAMPLE IMPELLER AERATION WEIGHT  WEIGHT
SPEED RATE (g) (%)
(rpm)
FROTH 1 1100 174 204.49 83.29
FROTH 2 1300 1/2 19.34 7.88
FROTH 3 1700 FULL 13.69 5.58
TAILING 7.98 3.25
TOTAL 245,50 100.00
Collector Addition: 1.36 kg/ton kerosene
Frother Addition: 0.36 kg/ton DF 1012
Feed Size: Hammer mill product
| CUMULATIVE H
! !
SAMPLE  ASH TOTAL COMBUSTIBLE | ASH TOTAL COMBUSTIBLE WEIGHT H
(%)  SULFUR RECOVERY | (%) SULFUR  RECOVERY (%) i
6:9) (%) ! (%) (%) !
FROTH 1 5.85 2.46 84.91 4.87 2.46 84.91 83.29
FROTH 2 10.06 2.79 7.68 6.21 2.49 92.59 91.17
FROTH 3 16.49 4,12 5.04 6.80 2.58 97.63 96.75
TAILING 32.48 2.76 3.25 7.64 2.59 100.00 100.00
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Figure 2.7 Comparison of two release analysis experiments
conducted under the same conditions for an Elkhorn No.
3 seam coal.

Cumulative Cumulative Weight of

Experiment Weight Percent Ash per 100 Units of Feed
R-1 24,50 0.40
58.61 1.32
62.78 1.54
68.15 1.82
100.00 12.61
R-6 32.49 0.65
49,07 1.02
59.33 1.27
77.32 1.85
100.00 11.70

Figure 2.8 Comparison of release analyses using MIBC, DF 1012,
and DF M250 frothers at the same dosage for an Elkhorn
No. 3 seam coal.

Cumulative Cumulative Weight of

Experiment Weight Percent Ash per 100 Units of Feed
R-1 24.50 0.40
58.61 1.32
(DF 1012} 62.78 1.54
68.15 1.82
100.00 12.61
k-3 9.56 0.18
47.61 1.25
(DF M250) 72,76 2.05
74,45 2.17
100.00 12.21
R=7 22.24 0.48
32.09 0.70
(MIBC) 45,36 1.06
74.86 1.64
100.00 12,86
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Figure 2.9 Comparison of release analyses results using an
Elkhorn No. 3 seam coal.

Cumulative Cumulative Weight of
Experiment Weight Percent Ash per 100 Units of Feed

R-1 24.50 0.40
58,61 1.32

62.78 1.54

68.15 1.82

100.00 12.61

R~2 5.27 0.18
17.75 0.63

37.93 1.27

51.27 1.72

100.00 11.89

R-3 9.56 0.18
47.61 1.25

73.76 2.05

74.45 2.17

100.00 12.21

R-4 17.80 0.27
69.39 1.33

71.87 1.45

76.34 ' 1.71

100.00 11.80

R-6 32.49 0.65
49,07 1.02

£9.33 1.27

77.32 1.85

100.00 11.70

R-7 22.24 0.48
32.09 0.70

45.36 1.06

74.86 1.94

100.00 12.86
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Figure 2.10 Comparison of release analyses results using a
processed Pittsburgh No. 8 seam coal.

Cumulative Cumulative Weight of
Experiment Weight Percent Ash per 100 Units of Feed
R-1 92.35 5.62
98.61 6.23
99.16 6.45
99.22 6.48
100.00 6.73
R-2 16.63 0.67
30.68 1.33
55.10 2.49
93.28 5.59
100.00 7.34
R-4 28.17 1.02
45.12 1.71
54.88 2.21
61.28 2.69
100.00 7.16
R-5 8.27 0.33
38.96 1.56
48.88 2.03
65.96 3.18
100.00 7.23
R-6 27.09 1.05
39.58 1.57
67.62 3.01
70.16 3.33
100.00 7.12
R-7 74.86 3.94
97.79 6.27
98.56 6.44
98.63 6.46
100.00 7.00
R-8 83.29 4.87
91.17 5.6€6
96.75 6.58

100.00 7.64
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Figure 2,11 Comparison of release analyses results using a
processed Pittsburgh No. 8 seam coal.

Cumulative Cumulative Weight of
Experiment Weight Percent Sulfur per 100 Units of Feed
R-1 92.35 2.15
98.61 2.33
99.16 2.37
99.22 2.39
100.00 2.39
R-2 16.63 0.33
30.68 0.61
55.10 1.12
93.28 2.18
100.00 2.41
R-4 28.17 0.54
45.12 0.88
54.88 1.10
61.28 1.28
100.00 2.54
R-5 8.27 0.16
38.96 0.76
48.88 0.97
65.96 1.41
100.00 2.46
R-6 27.09 0.55
39.58 0.80
67.62 1.41
70.16 1.51
100.00 2.58
R-8 83.29 2.05
91.17 2.27
96.75 2.50
100.00 2.59
SSF 15.39 0.34
26.94 0.61
40.57 0.93
58.17 1.36
69.32 1.66
100.00 2.63
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Figure 2.12 Release curve showing the effect of particle size on
the Tiberation ash for an Elkhorn No.3 seam coal.

Cumulative Cumulative Weight of
Experiment HWeight Percent Ash per 100 Units of Feed
R-3 9.56 0.18
47.61 1.25
73.76 2.05
74.45 2.17
100.00 12.21
R=5 22.39 0.29
63.69 1.13
66.80 1.25
81.09 1.88
100.00 12.08

Figure 2.13 Release curve showing the effect of particle size on
the 1iberation of ash from a processed Pittsburgh Mo.
8 seam coal.

Cumulative Cumulative Weight of

Experiment Weight Percent Ash per 100 Units of Feed
R=-2 16.63 0.67
30.68 1.33
55.10 2.49
93.28 5.59
100.00 7.34
R-3 41.54 1.18
62.73 1.83
75.98 2.32
89.22 2.95

100.00 7.29



175

Figure 2.14 Release curve showing the effect of particle size on
the 1iberation of sulfur from a processed Pittsburgh
No. 8 seam coal.

Cumulative Cumulative Weight of
Experiment Weight Percent Sulfur per 100 Units of Feed
R-2 16.63 0.33
30.68 0.61
55.10 1.12
93.28 2.18
100.00 2.41
R-3 41.54 0.74
62.73 1.12
75.98 1.37
89.22 1.64
100.00 2.21

Figure 2.15 Recovery versus ash percent curve for an Upper
Freeport seam coal release analysis.

Cumulative Cunulative
Experiment Combustible Recovery Ash Percent

R-1 18.18 8.92
68.95 9.65
81.42 9.98
92.66 11.57

100.00

17.22
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Figure 2.16 Recovery versus sulfur percent curve for an Upper
Freeport seam coal release analysis.

Cumulative Cumulative
Experiment Combustible Recovery Sulfur Percent
R-1 18.18 1.72
68.95 1.96
81.42 2.19
92.66 3.55
100.00 3.54

Figure 2.17 Recovery versus ash percent curve for a processed
I11incis No. 6 seam coal release analysis.

Cumulative Cumulative

Experiment Combustible Recovery Ash Percent
R-1 3.12 5.31
22.63 5.78
39.24 5.88
68.49 6.02
100.00 9.77

?igure 2.18 Recovéry versus sulfur percent curve for a processed
I11inois No. 6 seam coal release analysis.

Curwulative Cumulative
Experiment Combustible Reccvery Sulfur Percent
R-1 3.12 3
22.63 3
39.24 3
4
4

68.49
100.00
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Figure 2.19 Recovery versus ash percent curve for a run-of-mine
I11inois No. 6 seam coal release analysis.

Cumulative Cumulative

Experiment Combustible Recovery Ash Percent
R-1 4.80 4,97
20.83 5.29
25.02 5.35
46.35 5.68
100.00 37.65

Figure 2.20 Recovery versus sulfur percent curve for a run-of-mine
I11inois No. 6 seam coal release analysis.

Cumuletive Cumulative
Experiment Combustible Recovery Sulfur Percent
R-1 4,80 3.13
20.83 3.21
25.02 3.22
46,35 3.46

100.00 3.92
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Figure 2.21 Recovery versus ash percent plot as a function of
particle size for a Springfield (Indiana V) seam coal
release analysis.

Cumulative Cumulative
Experiment Combustible Recovery Ash Percent
31 Microns 14,14 3.65
40.27 3.56
75.35 3.90
87.37 4.31
100.00 8.69
75 Microns 7.56 3.88
13.91 4,04
55.21 4.19
63.44 4.44
100.00 8.64

Figure 2.22 Recovery versus sulfur percent plot as a function of
particle size for a Springfield (Indiana V) seam coal
release analysis.

Cumulative Cumulative
Experiment Combustible Recovery Sulfur Percent
31 Microns 14,14 2.62
- 40.27 2.66
75.35 2.74
87.37 2.81
100.00 3.43
75 Microns 7.56 2.69
13.91 2.64
55.21 2.81
63.44 2.85

100.00 3.49
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Figure 3.2 The effect of particle size on the ash rejection for
an Australian coal. 10 micron feed

Combustible Ash
Camponent Yield (%) Ash (%) Recovery (%) Rejection (%)
Product 85.62 5.61 94.79 70.89
Reject 14.38 69.14 5.21
Feed 100.00 14.75 100.00

Canbustible Ash
Camponent Yield (%) Ash (%) Recovery (%) Rejection (%)
Product 80.85 5.38 89.63 73.64
Reject 19.15 53.77 10.37
Feed 100.00 14.65 100.00

Cambustible Ash
Campanent Yield (%) Ash (%) Recovery (%) Rejection (%)
Product 57.73 4.80 65.09 83.35
Reject 42.77 31.68 34.91
Feed 100.00 16.30 100.00

5 mimute grind with 1/8 inch media

colum height = 60 inches

froth height = 19, 20, and 19 inches

aeration rate = 1200, 1200, and 1000 cc/min

feed rate = 1.44, 5.07, and 8.55 gn/min

frother addition rate = 6.08, 2.64, and 1.57 kg/ton
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Figure 3.2 The effect of particle size on the ash rejection for

an Australian coal. S micron feed

Cambustible Ash
Camponent Yield (%) Ash (%) Recovery (%) Rejection (%)
Product 82.46 4.31 92.92 78.46
Reject 17.54 65.70 7.08
Feed 100.00 15.08 100.00

Combustible Ash
Campaonent Yield (%) Ash (%) Recovery (%) Rejection (%)
Product 67.79 4.03 77.28 83.44
Reject 32.21 40.61 22.72
Feed 100.00 15.81 100.00

Canbustible Ash
Campanent Yield (%) Ash (%) Recovery (%) Rejection (%)
Product 49.51 3.73 56.96 88.81
Reject 50.49 28.68 43.04
Feed 100.00 16.33 100.00
15 minute grind with 1/8 inch media
colum height = 60 inches
froth height = 20 inches
aeration rate = 1200 cc/min (no. 2), 1300 cc/min (no. 1 & 3)

feed rate = 2.42, 3.56, and 4.77 gn/min
frother addition rate = 11.00, 7.54, and 5.63 kg/ton
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Figure 3.3 The effect of particle size on product ash for
Elkhorn No. 3 seam coal. 75 micran feed

Yield 99.54 98.65
Recovery 99.69 99.19
Product Ash 2.35 2.36
Reject Ash 33.81 24.20

Back Calculated
Feed Ash 2.49 2.59

Feed Rate = 17.18, 26.63, 74.46 gw/min
Wash Water Rate = 0.5 1/min

Aeration Rate = 1.0, 1.0, 1.2 1/min
Frother Rate = 0.65, 0.42, 0.16 kg/ton

56.15
56.73
1.46

3.75

2.46

Figure 3.3 The effect of particle size on product ash for
Elkhorn No. 3 seam coal. 7.5 micron feed

Yield 93.55 91.39
Recovery 95.19 92.96
Product Ash 0.98 1.00
Reject Ash 27.34 20.47

Back Calculated
Feed Ash 2.68 2.68

Feed Rate = 2.72, 3.63, 4.54 gn/min
Wash Water Rate = 0.5 1/min

Aeration Rate = 1.0 1/min

Frother Rate = 2.66, 1.99, 1.59 kg/ton

83.06
84.48
0.92

10.75

2.58
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Figure 3.3 The effect of particle size on product ash for
Elkhorn No. 3 seam coal. 2 micron feed

Yield 89.82 73.28
Recovery 91.36 74.50
Product Ash 0.83 0.81
Reject Ash 17.27 6.89

Back Calculated

Feed Ash 2.50 2.43
Feed Rate = 3.48 gn/min

Wash Water Rate = 0.5 1/min

Aeration Rate = 1.0, 0.9 1/min

Frother Rate = 2.36 kg/ton
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Figure 3.4 The effect of particle size on product ash for

amorphous graphite tailings. 37 microns
Yield 33.63 38.47 42.91 50.64
Recovery 51.82 59.77 62.53 74.08
Product Ash 19.10 24.35 22.18 21.57
Reject Ash 61.88 65.66 64.95 71.84
Back Calculated
Feed Ash 47.49 47.48 46.60 46.38

Feed Rate = 1.29, 2.72,1.29, 1.29 gn/min

Wash Water Rate = 0.5 1/min

Aeration Rate = 1.5 1/min
Frother Rate = 7.60, 5.31, 19.0, 11.41 kg/ton

pH = 8.5

Figure 3.4 The effect of particle size on product ash for

amorphous graphite tailings. 37 microns
Yield 24.61 35.23 59.27
Recovery 37.17 53.10 78.88
Product Ash 16.84 18.56 20.74
Reject Ash 54.11 60.88 69.12
Back Calculated
Feed Ash 44.94 45.97 40.44
Feed Rate = 2.57, 2.27, 1.51 gn/min
Wash Water Rate 5 1/min

Aeration Rate = 1.
Frother Rate = 3.1

pH = 8.5

2.
0.
4,
1,

Kerosene addition = 0.68 kg/ton

/
1.5, 1.4 1/min
3.31, 4.15 kg/ton
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Figure 3.4 The effect of particle size on product ash for
amorphous graphite tailings. 250 microns

Yield 71.72 50.91 50.54
Recovery 81.97 66.53 62.73
Product Ash 30.98 29.15 28.30
Reject Ash 61.48 63.03 56.47
Back Calculated

Feed Ash 39.60 45.78 42.23

M Rate = 3-33' 0-76, 0076 gn/mm

Wash Water Rate = 0.5 1/min

Aeration Rate = 1.2, 1.3, 1.2 1/min
Frother Rate = 1.77, 5.07, 4.44 kg/ton

g{' 8-5
Kerosene addition = 1.36 kg/ton
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Figure 3.5 The effect of particle size on product ash for

a run-of-mine Illinois No. 6 seam coal.

75 microns

Yield 5.69 54.07
Recovery 9.28 80.05
Product Ash 4.89 7.97
Reject Ash 43.91 73.00

Back Calculated
Feed Ash 41.69 37.84

Feed Rate = 30.04, 22.17, 17.55 gwmin
Wash wWater Rate = 0.5 1/min

Aeration Rate = 1.450 1/min

Frother Rate = 0.37, 0.38, 0.40 kg/ton
PH = 8.2

Froth Height = 35.56, 45.72, 35.56 am

59.76
82.42
9.36

71.29

34.28

Figure 3.5 The effect of particle size on product ash for

a run-of-mine Illinois No. 6 seam coal.

3.2 microns

Yield 20.92 24.31
Recovery 31.99 38.40
Product Ash 6.56 7.16
Reject Ash 47.46 52.16

Back Calculated
Feed Ash 38.91 41.22

Feed Rate = 3.41, 2.35, 3.86 gn/min
Wash Water Rate = 0.5 1/min

Aeration Rate = 1.1 1/min

Frother Rate = 3.94, 5.81, 4.61 kg/ton
P = 8.52 Eh = 466 mV (SHE)

Froth Height = 50.80 am

15 mirnute grind with 1/8 inch media

25.36
39.17
7.01

50.94

39.80
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Figure 3.5 The effect of particle size on product ash for a

run-of-mine Illinois No. 6 seam coal. 75 microns
Sample F-1 F-2 F-3 F-4 Tail
CQumulative
Weight Percent 3.15 13.71 16.48 30.64 100.00
Qumulative
Recovery 4.80 20.83 25.02 46.35 100.00
Product Ash 4.97 5.38 5.67 6.06 51.77
Cunulative
Product Ash 4.97 5.29 5.35 5.68 37.65

Kerosene addition = .68 kg/ton

DF 1012 frother addition = 0.36 kg/ton
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Figure 3.6 Camparison of two different particle sizes on the
basis of ash rejection for a run-of-mine Illinois
No. 6 seam coal.

Sample Canbustible Recovery (%) Ash Rejection (%)

3.2 microns 39.17 95.37
38.40 95.46
31.99 96.43

75 micrans 82.42 85.43
80.05 88.78

9.28 99.28
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Figure 3.7 The effect of particle size on the recovery-grade
curve for a run-of-mine Illinois No. 6 seam coal.

Sample Cambustible Recovery (%) Total Sulfur (%)

3.2 microns 39.17 3.10
38.40 3.12
31.99 3.09

75 microns 82.42 4.20
80.05 3.90
9.28 2.98

75 microns

Release CQurve 4.80 3.13
20.83 3.21
25.02 3.22
46.35 3.46

100.00 3.92
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Figure 3.8 A camparison of the sulfur rejection as a function of
particle size for colum and release analysis flota-
tion tests for a run-of-mine Illinois No. 6 seam coal.

Sample Cambustible Recovery (%) Sulfur Rejection (%)

3.2 micraons 39.17 78.24
38.40 79.51
31.99 82.24

75 microns 82.42 33.82
80.05 44.41
9.28 95.52

75 microns

Release Curve 4.80 97.48
20.83 88.78
25.02 86.48

46.35 72.96
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Figure 3.9 Camparison of the effect of particle size on product
grade using release analysis and colum flotation
data for a processed Illinois No. 6 seam coal.

Yield 88.12 84.73 21.82
Recovery 91.47 87.44 23.26
Product Ash 6.74 6.92 5.40
Reject Ash 35.50 25.80 12.90
Back Calculated

Feed Ash 10.16 9.80 11.26
Feed Ash 9.65

Product Sulfur 4.16 4.32 3.94
Reject Sulfur 4.91 4.12 4.20
Back Calculated

Feed Sulfur 4.25 4.29 4.22
Feed Sulfur 4.22

Feed Rate = 1.70, 2.87, 3.97 gn/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 0.87, 0.51, 0.37 kg/ton
Froth Height = 50.8, 50.8, 40.64 am
Oolum Height = 60 inches (152.4 am)

Feed size = Hamermill Product (75 microns)
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Figure 3.9 Camparison of the effect of particle size on product
grade using release analysis and colum flotation
data for a processed Illinois No. 6 seam coal.

Yield 18.67 51.75 12.76 43.05
Recovery 20.21 55.49 13.83 46.74
Product Ash 2.76 3.21 2.67 2.94
Reject Ash 11.82 16.72 11.30 16.39
Back Calculated

Feed Ash 10.13 9.73 10.20 10.60
Feed Ash 10.35

Product Sulfur 3.43 3.55 3.32 3.47
Reject Sulfur 4.15 4.56 4.20 4.56
Back Calculated

Feed Sulfur 4.02 4.04 4.08 4.09
Feed Sulfur | 4.11

Percent Solids of Feed = 5%

Feed Rate = 2.78, 2.78, 3.70, 2.97 gw/min
Wash Water Rate = 500, 500, 420, 420 ml/min
Aeration Rate = 1068 cc/min

Frother Rate

5.23, 6.43, 4.84, 6.03 kg/ton

Froth Height = 44.45 am

Colum Height = 60 inches (152.4 am)

Feed size = 15 minute grind 1/8" media (4.2 microns)
Feed Point = 48.26 an fram top of colum

Wash Water Point = 7.62 an fram top of colum
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Figure 3.9 Camparison of the effect of particle size on product
grade using release analysis and colum flotation

data for a processed Illinois No. 6 seam coal.

Sample F-1
Yield 2.97
Qumulative vield 2.97
Qumulative

Recovery 3.12
Qumulative Ash 5.31
Ash 5.31
Sulfur 3.50

Qumulative Sulfur 3.50

Percent Solids of Feed = 5%

F-2
18.70

21.67

22.63
5.78
5.86
3.66

3.60

Frother Addition = 0.73 kg/ton

F-3
15.95

37.62

39.24
5.88
6.00
3.76

3.67

P-4
28.14

65.76

68.49
6.02
6.21
4.04

3.83

Tailings
34.24

100.00

100.00
9.77
16.97
4.47

4.05
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Figure 3.10 The effect of particle size on the percent sulfur
rejection of a processed Illinois No. 6 seam coal.

Sample

4.2 microns

75 microns

75 microns
Release Qurve

Combustible Recovery (%)
13.83
20.21
46.74

55.49

23.26
87.44

91.47

3.12
22.63
39.24

68.49

Sulfur Rejection (%)
89.78
84.43
63.75

55.23

79.62
13.27

13.03

97.53
80.74
65.93

37.78
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Figure 3.11 The effect of different reagents and particle size
on the recovery-grade curve for a run-of-mine
Pittsburgh No. 8 seam coal.

vield 92.96 90.77
Recovery 98.49 97.95
Product Ash 9.63 7.22
Reject Ash 81.72 80.92
Product Sulfur 4.41 4.12
Reject Sulfur 2.73 3.97

Feed Rate = 16.98, 28.90 gw/min

Wash Water Rate = 500 ml/min

Aeration Rate = 1200, 1200 cc/min

Frother Rate = 0.47, 0.28 kg/ton

Feed Size = Hammer mill product (75 micrans)
Froth Height = 60.96 am

Colum Height = 152.4 an

Kerosene Addition = 0.45 kg/ton
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Figure 3.11 The effect of different reagents and particle size

on the recovery-grade curve for a run-of-mine
Pittsburgh No. 8 seam coal.

Yield

Recovery 98.49 97.95
Product Ash 9.63 7.22
Reject Ash 81.72 80.92
Product Sulfur 4.41 4.12
Reject Sulfur 2.73 3.97

Feed Rate = 5.72, 4.01, 2.54, 7.94 gwmin
Wash Water Rate = 500 ml/min

Aeration Rate = 1200, 2000, 1200, 1600 cc/min
Frother Rate = 2.81, 2.01, 3.17, 1.52 kg/ton
Feed Size = 20 mimute grind

Froth Height = 60.96 am

Colum Height = 152.4 am
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Figure 3.12 A camparison of colum and release analyses for a
processed Pittsburgh No. 8 seam coal.

Yield 99.00 97.30
Recovery 99.20 97.60
Product Ash 7.20 6.60
Reject Ash 24.20 17.40
Product Sulfur 2.66 2.43
Reject sulfur —-— 2.45

Feed Rate = 36.32, 55.24 gn/min
Wash Water Rate = 500 ml/min
Aeration Rate = 1200 cc/min
Frother Rate = 0.68, 0.45 kg/ton
Feed Size = Hammer milled feed
Froth Height = 55.88 am

Colum Height = 152.4 am
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Figure 3.12 A camparison of colum and release analyses for a
processed Pittsburgh No. 8 seam coal.

Yield 91.1 87.4 84.8 59.1
Recovery 94.6 90.9 88.8 61.7
Product Ash 3.3 3.1 3.1 3.0
Reject Ash 43.3 32.9 27.9 12.9
Product Sulfur 1.84 1.84 1.84 1.84
Reject Sulfur 6.73 5.67 4.89 3.18

Feed Rate = 3.03, 3.78, 4.54, 8.32 gw/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 2.95,2.22, 1.77, 0.95 kg/ton
Feed Size = 10 microns

Froth Height = 55.88 amn

Colum Height = 152.4 an

**Results for the 75 micron and 10 micron release curves are shown
**in Tables A-9 and A-10 of Appendix I respectively.



198

Figure 3.13 The effect of particle size on the recovery-grade
curve for a run-of-mine Upper Freeport seam coal.

Yield 87.63 79.74 69.90
Recovery 94.36 86.36 76.30
Product Ash . 5.34 4.95 4.79
Reject Ash 59.95 40.93 31.35
Product Sulfur 1.21 1.16 1.15
Reject Sulfur 7.07 5.21 4.03
pH = 7.7

5 minute grind with 1/8" media

Feed Rate = 3.64, 5.84, 7.74 gn/min

Wash Water Rate = 500 ml/min @ 10.16 an fram top of column
Aeration Rate = 1400 cc/min

Frother Rate = 2.21, 1.38, 1.04 kg/ton

Froth Height = 60.96 am

Column Height = 152.4 amn
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Figure 3.13 The effect of particle size on the recovery-grade
curve for a run-of-mine Upper Freeport seam coal.

Yield 84.36 73.47 68.31 87.92
Recovery 91.22 80.46 75.36 95.10
Product Ash 5.09 4.87 4.69 4.91
Reject Ash 50.73 36.01 32.84 64.33
Product Sulfur 1.25 1.21 1.18 1.22
Reject Sulfur n/a n/a n/a n/a

30 minute grind with 1/8" media

Feed Rate = 2.49, 3.49, 4.61, 2.04 g/min

Wash Water Rate = 500 ml/min @ 10.16 an fram top of colum
Aeration Rate = 1200, 1400, 1500, 1200 cc/min

Frother Rate = 3.23, 2.30, 1.75,3.95 kg/ton

Froth Height = 60.96, 76.2, 73.66, 60.96 an

Colum Height = 152.4 an
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Figure 3.14 The effect of feed rate on the cambustible recovery
and product ash for a grab-and-run high ash tailings
Pittsburgh No. 8 seam sample.

Yield 49.4 46.0 46.7 44.9 35.4 27.2 41.3
Recovery 81.2 77.8 74.9 77.1 62.9 51.2 74.1
Product Ash 6.7 5.7 4.3 5.6 4.8 4.0 6.4
Reject Ash 78.9 77.0 71.9 77.2 69.2 65.7 77.1
Back Calculated

Feed Ash 43.2 44.2 40.3 45.1 46.4 48.9 47.9

Product Sulfur l.1 1.1 1.1 1.1 1.1 1.1 1.1

Reject sulfur 1.1 1.1 1.1 1.1 1.1 1.1 1.1

-100 mesh as received slurry sample @ 8% solids

pH = 7.7

Feed Rate = 28.75, 43.13, 33.29, 35.56, 63.56, 69.61, 33.29 gw/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1000 cc/min
Froth Height = 53.3, 50.8, 45.7,50.8, 50.8, 50.8, 45.7 an

Frother Addition = 0.28, 0.19, 0.14, 0.22, 0.25, 0.23, 0.47 kg/ton
Colum Height = 152.4 am
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Figure 3.15 The effect of feed rate upon ash rejection for a
grab-and-run high ash tailings Pittsburgh No. 8
seam sample.

Cambustible Recovery Ash Rejection Feed Rate (gn/min)
81l.2 92.48 28.75
74.1 93.99 33.29
77.1 94.29 35.56
77.8 94.04 43.13
74.9 95.44 57.51
62.9 96.14 63.56

51.2 97.53 69.61
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Figure 3.16 The effect of feed rate on the cambustible recovery
and product ash for a classifying cyclone overflow
stream (-100 mesh Coalburg seam).

Yield 47.94 39.05 35.51
Recovery 83.87 72.63 71.58
Product Ash 13.40 8.43 8.95
Reject Ash 84.66 77.90 64.49
Back Calculated

Feed Ash 50.50 50.78 54.83
Ash Rejection 87.15 93.42 93.64

Feed Rate = 16.12, 32.68, 27.82 gn/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 0.48, 0.24, 0.28 kg/tan
Froth Height = 45.72 am

Column Height = 152.4 am
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Figure 3.17 The effect of froth height and aeration rate on cam-

bustible recovery and product ash for a run-of-mine
Pittsburgh No. 8 seam coal.

Summary of Operating Conditions

Test Wash Alr Froth Yield Combustible Ash sSulfur
No. wWater Rate Height Recovery
(ml/min) (cc/min) (in.) (%) (%) (%) (%)
1.1 S00 1300 14 64.63 70.89 3.37 2.11
35.17 29.11 26.86 6.87
1.2 500 1000 17 62.38 68.25 3.34 2.05
37.62 31.75 25.44 6.50
1.3 500 750 20 38.42 43.02 3.08 2.01
61.58 56.98 19.91 ©5.66
1.4 500 1000 20 62.90 72.26 3.35 2.05
37.10 27.74 37.10 6.97
1.5 500 1300 20 71.01 78.17 3.49 2.11
28.99 21.83 33.97 8.57
1.6 s00 1300 17 69.07 76.12 3.45 2.07
30.93 23.88 32.35 8.72
1.7 500 750 14 43.03 47.46 2.97 1.89
56.97 52.54 18.86 §5.81
1.8 500 750 17 47.92 52.35 3.05 1.95
52.08 47.65 18.80 5.70
1.9 S00 1000 14 54.73 60.23 3.01 1.96
45.27 39.77 22.59 6.52
Feed 11.85 4.29

*3 1lb/ton kerosene was added during all tests
*1 lb/ton DF 1012 was added during all tests
*Tailings flowrate = 620 ml/min for each test
*Feed rate = 120 ml/min for each test

*Feed percent solids was 8.6
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Figure 3.18 The effect of froth height and aeration rate on cam-

bustible recovery and product sulfur for a run-of-
mine Pittsburgh No. 8 seam coal.

Summary of Operating Conditions

Test Wash Air Froth Yield Combustible Ash Sulfur
No. Water Rate Height Recovery
(ml/min) (cc/min) (in.) (%) (%) (%) (%)
1.1 500 1300 14 64.63 70.89 3.37 2.11
35.17 29.11 26.86 6.87
1.2 500 1000 17 62.138 68.25 3.34 2.05
37.62 31.75 25.44 6.50
1.3 500 750 20 38.42 43.02 3.08 2.01
61.58 56.98 19.91 5.66
1.4 500 1000 20 62.90 72.26 3.35 2.05
37.10 27.74 37.10 6.97
l.5 500 1300 20 71.01 78.17 3.49 2.11
28.99 21.83 33.97 8.57
1.6 500 1300 17 69.07 76.12 3.45 2.07
30.93 23.88 32.35 8.72
1.7 500 750 14 43.03 47 .46 2.97 1.8%
56.97 52.54 18.86 5.81
1.8 500 750 17 . 47.92 52.35 3.05 1.95
52.08 47.65 18.80 5.70
1.9 800 1000 14 54.73 60.23 3.01 1.96
45.27 39.77 22.59 6.52
Feed 11.85 4.29

*3 1b/ton kerosene was added during all tests
*x1 1b/ton DF 1012 was added during all tests
*Tailings flowrate = 620 ml/min for each test
*Feed rate = 120 ml/min for each test

*Feed percent solids was 8.6
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Figure 3.19 The effect of pH and aeration rate on the recovery-
grade curve for a run-of-mine Upper Freeport seam

coal.
Yield 30.39 59.29 44.39 62.84
Recovery 33.60 65.89 51.92 72.37
Product Ash 9.21 8.52 5.09 5.43
Reject Ash 21.70 31.05 29.84 38.93
Feed Ash 18.18
Product Sulfur 1.58 1.56 1.14 1.18
Reject Sulfur 2.60 3.26 3.18 3.80
Feed Sulfur 2.40
pH 4.0 4.0 10.4 10.4
Eh 269 mv 269 mv

Feed Size = 4 microns (15 mimute grind with 1/8" media)
Feed Rate = 6.20, 3.73, 3.39, 2.28 g/min

Wash Water Rate = 500 ml/min

Aeration Rate = 1000, 1100, 1000, 1000 cc/min

Frother Rate = 3.97, 2.40, 2.28, 3.43 kg/ton

Froth Height = 45.72, 48.26, 50.8, 45.72 an

Colum Height = 152.4 am
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Figure 3.19 The effect of pH and aeration rate on the recovery-
grade curve for a run-of-mine Upper Freeport seam

coal.

Yield 52.28 71.95 64.95 45.01 61.37
Recovery 59.48 79.88 72.66 51.45 69.47
Product Ash 6.58 7.64 7.43 6.06 6.58
Reject Ash 30.26 28.05 35.05 27.44 34.79
Feed Ash 18.18

Product Sulfur 1.31 1.43 1.39 1.27 1.35
Reject Sulfur 3.43 4.27 3.88 3.14 3.75
Feed Sulfur 2.40

pH 7.0

Eh 350 mv

Feed Size = 4 microns (15 mimute grind with 1/8" media)
Feed Rate = 2.96, 2.08, 2.92, 3.69, 3.21 gw/min

Wash Water Rate = 500 ml/min

Aeration Rate = 1000, 1000, 1200, 1200, 1200 cc/min
Frother Rate = 2.58, 3.68, 3.06, 2.42, 2.79 kg/ton
Froth Height = 43.18, 43.18, 50.8, 40.64, 45.72 an
Colum Height = 152.4 am

Kerosene Addition = 0.45 kg/ton
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Figure 3.20 The effect of pH and aeration rate on product ash for
a run-of-mine Upper Freeport seam coal.

Canbustible Recovery Product Ash (%) o3
33.60 9.21 4.0
65.89 8.52 4.0
59.48 (1000 cc/min) 6.58 7.0
79.88 (1000 cc/min) 7.64 7.0
51.45 (1200 cc/min) 6.06 7.0
69.47 (1200 cc/min) 6.58 7.0
72.66 (1200 cc/min) 7.43 7.0
51.92 5.09 10.4

72.37 5.43 10.4
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Figure 3.21 The effect of pH and aeration rate on the percent
sulfur rejection for a run-of-mine Upper Freeport

seam coal.
Cambustible Recovery Sulfur Rejection (%) jo 2!
33.60 79.04 4.0
65.89 59.11 4.0
59.48 70.94 7.0
79.88 53.81 7.0
51.45 75.22 7.0
69.47 63.60 7.0
72.66 60.35 7.0
51.92 77.63 10.4

72.37 65.58 10.4
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Figure 3.22 The product sulfur percent of a run-of-mine Upper
Freeport seam coal as a function of pH for a 4 micron

feed.
vield 59.29  64.63  60.85  65.16  62.84
Recovery 65.89  73.23  70.65  74.58  72.37
Product Ash 8.52 6.37 6.01 5.74 5.43
Reject Ash 31.05  37.44  39.33  39.90  38.93
Product Sulfur 1.56 1.25 1.22 1.18 1.18
Reject Sulfur 3.26 3.93 4.08 4.15 3.80
pH 4.0 7.4 8.4 9.4 10.4
Eh (mV: SHE) 435 596 346 316 269

Feed Rate = 2.39 gwmin
Wash Water Rate = 500 ml/min
Aeration Rate = 1000 cc/min
Frother Rate = 2.82 kg/ton
Froth Height = 50.8 am

Colum Height = 152.4 am
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Figure 3.23 The effect of pH and conditioning time upan the
recovery-grade curve for a run-of-mine Pittsburgh
No. 8 seam coal.

vield 31.83 31.91 66.60 81.24
Recovery 35.07 35.23 72.81 88.34
Product Ash 2.65 2.58 3.12 3.86
Reject Ash 15.84 16.05 27.88 45.05
Product Sulfur 2.03 1.94 2.06 2.23
Reject Sulfur 5.21 5.38 7.80 11.96
pH 7.0

Conditioning Time 0.0 hours

Feed Rate = 12, 22.5, 32, 12 gw/min

Wash Water Rate = 500 ml/min

Aeration Rate = 1300 cc/min

Frother Rate = 0.45 kg/ton

Kerosene Addition = 1.36 kg/ton

Residence Time was fixed at 5 mimutes for all tests
Feed Size = -325 mesh
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Figure 3.23 The effect of pH and conditioning time upon the
recovery-grade curve for a run-of-mine Pittsburgh
No. 8 seam coal.

Yield 76.24 59.48 46.94
Recovery 83.00 65.41 51.68
Product Ash 2.95 2.71 2.54
Reject Ash 36.21 24.48 19.40
Product Sulfur 1.94 1.88 1.88
Reject Sulfur 8.46 6.55 5.65
pH 9.0

Conditioning Time 0.0 hours

Feed Rate = 5.89, 12.51, 13 gnw/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1250 cc/min

Frother Rate = 1.71, 1.54, 1.48 kg/ton
Kerosene Addition = 0.45 kg/ton

Feed Size = -325 mesh

The sample was also ground at pH 9
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Figure 3.23 The effect of pH and conditioning time upon the
recovery-grade curve for a run-of-mine Pittsburgh
No. 8 seam coal.

Yield 78.73 42.59 79.81 49.34
Recovery 86.00 46.91  86.64 53.60
Product Ash 3.39 2.27 2.89 2.56
Reject Ash 41.80 17.95 40.83 17.85
Product Sulfur - 1.86 1.73 1.88  1.84
Reject Sulfur 9.63 4.97 9.33  5.02
pH 9.0 9.0 9.0 9.0
Conditioning Time 5.0 5.0 5.0 5.0
(hours)

Kerosene Addition 0.00 0.00 1.36 1.36
(kg/ton)

Feed Rate = 5.74, 15.73, 5.58, 22.05 gw/min
Wash Water Rate = 500 ml/min
Aeration Rate = 1200 cc/min
Frother Rate = 1.75, 1.31, 1.77, 0.61 kg/ton

Feed Size = -325 mesh

The sample was also ground at pH 9 prior to conditioning
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Figure 3.24 The effect of pH adjustment and conditioning time
on the recovery-grade curve for a run-of-mine
Pittsburgh No. 8 seam coal.

Caombustible Recovery Ash (%) pH Conditioning Kerosene
Time (hours) (kg/ton)

86.00 3.39 9 5 0.00
46.91 2.27 9 5 0.00
86.64 2.89 5 1.36
53.60 2.56 9 5 1.36
83.00 2.95 9 0 0.45
65.41 2.71 9 0 0.45
51.68 2.54 9 0 0.45
35.07 2.65 7 0 1.36
35.23 2.58 7 0 1.36

72.81 3.12 7 0 1.36
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Figure 3.25 The effect of different reagents on the recovery-
grade curve for a processed Pittsburgh No. 8 seam

coal.
Yield 59.13  84.84  87.38  91.06
Recovery 61.72  88.26  90.90  94.55
Product Ash 2.96 3.13 3.12 3.31
Reject Ash 12.93  27.88  32.86  43.29
Product Sulfur 1.84 1.84 1.84 1.84
Reject Sulfur 3.18 4.89 5.67 6.73

Feed Rate = 8.50, 4.55, 3.64, 2.73 gw/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 0.95, 1.77, 2.21, 2.95 kg/ton
Froth Height = 48.26, 45.72, 53.34, 48.26 an
Colum Height = 152.4 am

Kerosene Addition = 0.00

Feed Size = 8 microns (10 minute grind with 1/4 " media)
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Figure 3.25 The effect of different reagents on the recovery-

grade curve for a processed Pittsburgh No. 8 seam
coal.

Yield 73.81 79.82 84.34 89.90
Recovery 77.05 83.25 87.90 93.40
Product Ash 2.89 2.80 3.00 3.01
Reject Ash 18.49 22.66 28.09 39.01
Product Sulfur 1.85 1.87 1.87 2.31

Feed Rate = 6.71, 4.55, 3.64, 2.73 gw/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 1.20, 1.77, 2.21, 2.95 kg/ton
Froth Height = 48.26, 45.72, 53.34, 48.26 am
Colum Height = 152.4 am

Kerosene Addition = 0.68 kg/ton

Feed Size = 8 microns (10 minute grind with 1/4 " media)
Sodium Silicate = 1 kg/ton

Sodium Carbonate = 1 kg/ton

Sodium sulfide = 1 kg/ton



216

Figure 3.25 The effect of different reagents on the recovery-
grade curve for a processed Pittsburgh No. 8 seam

coal.
Yield 51.25 84.99 93.32
Recovery 53.89 88.59 96.48
Product Ash 2.86 3.18 3.5
Reject Ash 12.65  29.42  50.90
Product Sulfur 1.79 1.83 1.87

Feed Rate = 8.50, 3.64, 2.73 gwmin

Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 0.95, 2.21, 2.95 kg/tan

Froth Height = 53.34 an

Column Height = 152.4 an

Kerosene Addition = 0.45 kg/ton

Feed Size = 8 microns (10 mimute grind with 1/4 " media)
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Figure 3.26 The effect of dispersants/depressant on the recovery-
grade curve for a run-of-mine Upper Freeport seam

coal.
Yield 87.63 79.74 69.90
Recovery 94.36 86.36 76.30
Product Ash 5.34 4.95 4.79
Reject Ash 59.95 40.93 31.35
Product Sulfur 1.21 1.16 1.15
Reject Sulfur 7.07 5.21 4.03

Feed Rate = 3.64, 5.84, 7.74 gw/min

Wash Water Rate = 500 ml/min

Aeration Rate = 1400 cc/min

Frother Rate = 2.21, 1.38, 1.04 kg/ton
Froth Height = 60.96 am

Colum Height = 152.4 an

Feed Size = 5 minute grind with 1/8 " media
pH = 7.7
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Figure 3.26 The effect of dispersants/depressant on the recovery-
grade curve for a run-of-mine Upper Freeport seam

coal.
Yield 84.36 73.47 68.31 87.92
Recovery 91.22 80.46 75.36 95.10
Product Ash 5.09 4.87 4.69 4.91
Reject Ash 50.73 36.01 32.84 64.33
Product Sulfur 1.25 1.21 1.18 1.22

Feed Rate = 2.49, 3.49, 4.61, 2.04 gwmin
Wash Water Rate = 500 ml/min

Aeration Rate = 1200, 1400, 1500, 1200 cc/min
Frother Rate = 3.23, 2.31, 1.75, 3.95 kg/ton
Froth Height = 60.96, 76.20, 73.66, 60.96 an
Colum Height = 152.4 amn

Feed Size = 30 mimute grind with 1/4 " media
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Figure 3.26 The effect of dispersants/depressant on the recovery-
grade curve for a run-of-mine Upper Freeport seam

coal.
Yield 92.21 88.33 85.08
Recovery 92.62 88.85 85.57
Product Ash 4.31 4.32 4.09
Reject Ash 9.73 9.12 7.74
Product Sulfur 1.15 1.15 1.15

Feed Rate = 1.64, 2.08, 2.38 gn/min

Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 4.91, 3.87, 3.38 kg/ton

Froth Height = 60.96 an

Colum Height = 152.4 am

Feed Size = 30 minute grind with 1/4 " media
Second stage feed fram previous 30 mimute grind
pH=17.4
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Figure 3.26 The effect of dispersants/depressant on the recovery-
grade curve for a run-of-mine Upper Freeport seam

coal.
Yield 90.14 88.24 75.20 44.65
Recovery 97.03 95.87 82.00 48.73
Product Ash 4.40 4.36 4.17 3.34
Reject Ash 73.23 69.08 36.23 17.99
Product Sulfur 1.27 1.27 1.22 1.13
Reject Sulfur 7.58 7.27 4.29 2.75

Feed Rate = 2.54, 3.64, 5.97, 7.75 gw/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 3.17, 2.21, 1.35, 1.04 kg/ton
Froth Height = 60.96 an

Colum Height = 152.4 an

Feed Size = 30 mirute grind with 1/4 " media
Sodium Silicate = 1 kg/ton

Sodium Carbonate = 1 kg/ton

Sodium sulfide = 1 kg/ton

Kerosene Addition = 0.68 kg/ton

pH = 9.8
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Figure 3.29 The effect of different pyrite depression techniques
on the recovery-grade curve for a processed Pitts-
burgh No. 8 seam coal.

Yield 72.21 60.25 56.01
Recovery 76.44 63.77 59.29
Product Ash 2.40 2.36 2.44
Reject Ash 21.83 15.92 14.72
Product Sulfur 1.99 2.00 2.00
Reject Sulfur 4.00 3.27 3.27

Feed Rate = 3.65, 6.52, 8.65 gnw/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 2.14, 1.54, 1.29 kg/tan
Feed Size = 4 microns

Froth Height = 43.18, 50.8, 43.18 am
Colum Height = 152.4 am

Hydrazine was added to lower the slurry potential to -269 mV (SHE)
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Figure 3.29 The effect of different pyrite depression techniques
on the recovery-grade curve for a processed Pitts-
burgh No. 8 seam coal.

Yield 69.17 59.49 54.91
Recovery 72.39 62.47 57.92
Product Ash 2.51 2.22 2.30
Reject Ash 16.58 13.72 13.55
Product Sulfur 2.00 1.98 1.96
Reject Sulfur 3.20 3.09 3.08

Feed Rate = 3.65, 6.52, 8.65 gn/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 2.14, 1.54, 1.29 kg/ton
Feed Size = 4 microns

Froth Height = 43.18, 50.8, 43.18 an
Colum Height = 152.4 am

Eh = 461 mvV (SHE)
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Figure 3.29 The effect of different pyrite depression techniques
on the recovery-grade curve for a processed Pitts-
burgh No. 8 seam coal.

Yield 57.70 30.92 42.82
Recovery 60.87 32.71 45.14
Product Ash 2.32 2.12 2.00
Reject Ash 14.33 9.86 10.82
Product Sulfur 1.96 1.96 1.91
Reject Sulfur 3.19 2.64 2.64

Feed Rate = 3.65, 6.52, 8.65 gn/min
Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 2.14, 1.54, 1.29 kg/ton
Feed Size = 4 microns

Froth Height = 43.18, 50.8, 43.18 am
Colum Height = 152.4 amn

The novel pyrite depressant NBQ was added in the amount of
1.54 kg/ton.
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Figure 3.29 The effect of different pyrite depression techniques
on the recovery-grade curve for a processed Pitts-
burgh No. 8 seam coal.

vield 72.99 62.59 43.47
Recovery 76.71 65.89 45.87
Product Ash 2.43 2.50 2.31
Reject Ash 19.98 15.54 11.37
Product Sulfur 1.99 2.01 2.00
Reject Sulfur 3.64 3.13 2.73

Feed Rate = 3.65, 6.52, 8.65 gwmin
Wash Water Rate = 500 ml/min

Aeration Rate = 1200 cc/min

Frother Rate = 2.14, 1.54, 1.29 kg/ton
Feed Size = 4 microns

Froth Height = 43.18, 50.8, 43.18 am
Colum Height = 152.4 am

pH = 7.7

Hydrogen Peroxide was added to raise the slurry potential
to 426 mv (SHE).
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Figure 3.29 The effect of different pyrite depression techniques
on the recovery-grade curve for a processed Pitts-
burgh No. 8 seam coal.

Yield 75.77 72.47 53.24
Recovery 79.60 76.43 56.29
Product Ash 2.73 2.73 2.47
Reject Ash 22.03 21.05 13.76
Product sulfur 2.03 2.07 2.06
Reject sulfur 3.95 3.89 3.22

Feed Rate = 3.65, 6.52, 8.65 gn/min
 Wash Water Rate = 500 ml/min
Aeration Rate = 1200 cc/min
Frother Rate = 2.14, 1.54, 1.29 kg/ton
Feed Size = 4 microns
Froth Height = 43.18, 50.8, 43.18 am
Colum Height = 152.4 am

0.45 kg/ton kerosene was added
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Figure 3.30 The effect of different pyrite depression techniques
on the sulfur rejection of a processed Pittsburgh
No. 8 seam coal. (with hydrazine plus DF 1012)

Canbustible Recovery Sulfur Rejection (%) Ash Rejection (%)

76.44 43.70 77.78
63.77 51.79 81.65
59.29 56.25 82.57

Figure 3.30 The effect of different pyrite depression techniques
on the sulfur rejection of a processed Pittsburgh
No. 8 seam coal. (with DF 1012 only)

Cambustible Recovery Sulfur Rejection (%) Ash Rejection (%)
72.39 41.77 74.65
62.47 51.44 80.80

57.92 56.28 82.36
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Figure 3.30 The effect of different pyrite depression techniques
on the sulfur rejection of a processed Pittsburgh
No. 8 seam coal. (with hydrogen peroxide and DF1012)

Cambustible Recovery Sulfur Rejection (%) Ash Rejection (%)

76.71 40.33 75.26
65.89 48.15 78.80
45.87 63.90 86.49

Figure 3.30 The effect of different pyrite depression techniques
on the sulfur rejection of a processed Pittsburgh
No. 8 seam coal.. (with NBQ and DF 1012)

Cambustible Recovery Sulfur Rejection (%) Ash Rejection (%)
60.87 54.44 81.91
32.71 74.90 91.22

45.14 64.81 87.84
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Figure 3.30 The effect of different pyrite depression techniques
on the sulfur rejection of a processed Pittsburgh
No. 8 seam coal. (with DF 1012 and kerosene)

Cambustible Recovery Sulfur Rejection (%) Ash Rejection (%)
79.60 38.40 72.08
76.43 41.63 74.54

56.29 57.85 83.03
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Figure 3.31 A camparison of the percent sulfur rejection using
different pyrite depression techniques for a Spring-
field No. 5 seam coal. (Test 1)

Yield 88.41 87.06 85.14 81.10
Recovery 91.60 90.41 88.50 84.25
Product Ash 4.56 4.71 5.13 4.80
Reject Ash 33.21 31.99 29.34 23.64
Product Sulfur 2.85 2.96 3.11 3.37
Reject Sulfur 5.83 5.90 6.18 5.46
Sulfur Rejection 21.15 22.86 25.75 27.41

Feed Rate = 5.83, 8.02, 6.96, 15.06 gn/min
Wash Water Rate = 400 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 1.91, 1.40, 1.60, 0.74 kg/ton
Froth Height = 53.34 am

Colum Height = 152.4 am
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Figure 3.31 A camparison of the percent sulfur rejection using
different pyrite depression techniques for a Spring-
field No. 5 seam coal. (Test 2)

vield 82.23 80.85 83.44
Recovery 85.45 84.12 87.14
Product Ash 4.35 4.10 4.71
Reject Ash 24.62 23.54 29.16
Product Sulfur 3.00 2.91 3.08
Reject Sulfur 5.62 5.17 6.05
Sulfur Rejection 28.82 29.62 28.05

Feed Rate = 17.40, 10.52, 12.71 gn/min
Wash Water Rate = 400 ml/min
Aeration Rate = 1000 cc/min

Frother Rate

0.98, 0.85, 0.88 kg/ton

Froth Height = 53.34 am
Column Height = 152.4 am

Kerosene Addition = 0.45 kg/ton
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Figure 3.31 A camparison of the percent sulfur rejection using
different pyrite depression techniques for a Spring-
field No. 5 seam coal. (Test 3)

Yield 72.21 57.76
Recovery 76.18 61.25
Product Ash 3.28 3.22
Reject Ash 21.41 16.29
Product Sulfur 2.69 2.83
Reject sulfur 4.72 4.38
Sulfur Rejection 40.31 53.09

Feed Rate = 6.20, 8.47 g/min

Wash Water Rate = 400 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 5.86, 3.95 kg/ton (2 ethyl hexanol)
Froth Height = 53.34 am

Colum Height = 152.4 an
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Figure 3.31 A camparison of the percent sulfur rejection using
different pyrite depression techniques for a Spring-
field No. 5 seam coal. (Test 4)

Yield 90.69 86.84
Recovery 94.52 90.72
Product Ash 5.03 4.36
Reject Ash 46.32 35.45
Product Sulfur 3.19 3.01
Reject sulfur 7.48 6.98
sulfur Rejection 19.40 26.00

Feed Rate = 15.97, 20.81 gn/min

Wash Water Rate = 400 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 0.30, 0.22 kg/ton (DF 1012)
ISGS Surfactant Rate = 0.98, 0.75 kg/tan
Froth Height = 53.34 am

Colum Height = 152.4 am
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Figure 3.31 A camparison of the percent sulfur rejection using
different pyrite depression techniques for a Spring-
field No. 5 seam coal. (Test 5)

Yield 86.84 53.15
Recovery 90.72 57.28
Product Ash 4.36 . 3.07
Reject Ash 35.45 17.99
Product Sulfur 3.01 2.82
Reject sulfur 6.98 4.97
Sulfur Rejection 26.00 60.84

Feed Rate = 11.20, 15.97 gw/min

Wash Water Rate = 400 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 3.09, 2.32 kg/ton (2 ethyl hexanol)
ISGS Surfactant Rate = 0.64, 0.45 kg/ton

Froth Height = 53.34 am

Colum Height = 152.4 am
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Figure 3.31 A camparison of the percent sulfur rejection using
different pyrite depression techniques for a Spring-
field No. 5 seam coal. (Test 6)

Yield 69.08 78.94
Recovery 73.60 82.14
Product Ash 3.81 4.72
Reject Ash 22.90 22.34
Product sulfur 3.08 3.18
Reject Sulfur 5.28 5.24
sulfur Rejection 43.42 30.54

Feed Rate = 15.97, 18.46 gn/min

Wash Water Rate = 400 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 1.54, 1.33 kg/ton (DF 1012)
Froth Height = 53.34 am

Colum Height = 152.4 am
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Figure 3.32 A camparison of the percent sulfur rejection using
different pyrite depression techniques for a Spring-
field No. 5 seam coal.

Yield 89.50 87.21 84.67 83.35 46.78
Recovery 92.97 90.89 88.48 87.03 51.67
Product Ash 4.87 4.84 4.55 4.64 3.18

Reject Ash 38.76 34.96 31.38 28.85 20.40
Product Sulfur 3.10 3.11 2.90 3.02 2.81

Reject Sulfur 6.85 6.45 5.85 6.01 5.04

Feed Rate = 9.71, 11.70, 14.78, 8.91, 13.36 gnw/min
wWash Water Rate = 400 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 1.61, 1.33, 1.06, 1.76, 1.17 kg/ton
Froth Height = 43.18 an

Colum Height = 152.4 am

Hydrazine was added into the slurry after grinding to lower
the potential to -304 mvV (SHE).

pH = 9.5
Feed percent solids = 3.8%
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Figure 3.32 A camparison of the percent sulfur rejection using
different pyrite depression techniques for a Spring-
field No. 5 seam coal.

vield 85.01 83.10 78.46 73.76
Recovery 88.85 86.99 82.20
Product Ash 4.60 4.41 4.26 4.31
Reject Ash 32.09 29.71 24.46 21.39
Product Sulfur 3.00 2.95 2.88 2.90
Reject Sulfur 5.76 5.72 5.05

Feed Rate = 9.71, 11.70, 14.78, 8.91 gn/min

Wash Water Rate = 400 ml/min

Aeration Rate = 1000 cc/min

Frother Rate = 1.61, 1.33, 1.06, 1.76, 1.17 kg/ton
Froth Height = 43.18 am

Colum Height = 152.4 am

Hydrogen peroxide was added into the slurry after grinding to
raise the potential to +446 mV (SHE).

pH = 7.0
Feed percent solids = 3.8%
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Figure 3.34 The effect of feed size on the recovery-grade curve
for an Australian coal.

Yield 67.79 82.46 49.51
Recovery 77.28 92.92 56.96
Product Ash 4.03 4.31 3.73
Reject Ash 40.61  65.70 71.32
Back Calculated

Feed Ash 15.81 15.08 16.33

Feed Rate = 3.56, 2.42, 4.77 gw/min

Wash Water Rate = 500 ml/min

Aeration Rate = 1300, 1200, 1300 cc/min

Frother Rate = 7.54, 11.00, 5.63 kg/tan

Feed Size = S microns (15 mimute grind with 1/8" media)
Feed Ash = 16.50 %
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Figure 3.34 The effect of feed size on the recovery-grade curve
for an Australian coal.

Yield 80.85 57.23 85.62
Recovery 89.63 65.09 94.79
Product Ash 5.38 4.80 5.61
Reject Ash 53.77 31.68 69.14
Back Calculated

Feed Ash 14.65 16.30 14.75

Feed Rate = 5.07, 8.55, 1.44 gw/min

Wash Water Rate = 500 ml/min

Aeration Rate = 1200, 1000, 1200 cc/min

Frother Rate = 2.64, 1.57, 6.08 kg/ton

Feed Size = 10 microns (5 minute grind with 1/8" media)
Feed Ash = 16.50 %
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