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(ABSTRACT)

In order to develop a better understanding of the role
of the froth phase in coal flotation, froth stability
measurements have been conducted using a continuous
flotation cell. The results indicate that the mass flow
rate of coal or mineral matter reporting to the product is
linearly related to the flow rate of water reporting to the
product. This relationship has been used to distinguish
the relative contributions of hydrophobic attachment or
hydraulic entrainment to the total product recovery.

Simple mathematical expressions have also been developed to
characterize the cleanability of various coals.

A mathematical model based on first principles has
been developed to provide additional insight into the
complex relationship between the various operating
parameters of a flotation cell and the froth behavior. The

predicted results compare favorably to actual flotation



test data for most conditions. In addition, a simple
method was developed to study the fundamental interactions
of various frothing agents with coal particles. The
results of these studies indicate that the adsorption
behavior of frothers in the presence of coal depends on
both the physical properties of the frothing agent and the

coal.
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CHAPTER 1
INTRODUCTION

1.1 General

The world's major sources of energy, including crude
0il, natural gas, nuclear energy and coal, are now subject
to increasing economic, political and environmental
pressures. Although crude oil and natural gas are
presently our most attractive sources of energy, the
world's reserves of fuels are expected to be depleted
within the next century. In addition, recent disasters in
the nuclear power industries have raised questions
concerning the safety and reliability of nuclear energy.
As a result, considerable attention has been given to the
increased production, preparation and utilization of coal.

The coal resources of the United States are generous,
and have been estimated by the U. S. Geological Survey to
be approximately 1.7 trillion tons. The U. S. Energy
Information Administration estimates that roughly 480
billion tons of these resources are mineable on an economic
basis using existing technologies. 1In terms of energy
content, these 480 billion tons are equivalent to about 2.5
times the existing world oil reserves (Anon, 1984).

In 1984 and 1985, the United States coal production

was approximately 880 million tons. Of this production,



just over 650 million tons were consumed by the utilities
for the generation of electrical power. It is expected
that the utilities and other industrial consumers will
continue to be the prime market for coal, at least in the
near term.

One significant problem with coal as a source of
energy is that it generally contains a large amount of
mineral matter impurities. The most harmful of these are
the sulfur-bearing minerals of pyrite and marcasite.

During combustion, these minerals produce toxic gases which
have detrimental effects upon animal and plant life. To
offset these effects, the U. S. Government proposed a
revision to the Clean Air Act which calls for an 11 million
tons of SO reduction by 1992, an additional reduction of
4.5 millioﬁ tons by 1998, and a further reduction of 1.8
million tons by 2000. A number of other bills are pending
in the Congress, including the Waxman bill which suggests a
50% reduction in sulfur and nitrogen oxide emissions in the
United States.

In addition to the sulfur-bearing minerals, most coal
seams also contain a substantial portion of noncombustible
minerals such as quartz and clays. These ash-bearing
minerals not only contribute to slagging and fouling
problems in industrial boilers and furnaces, but also
reduce the effective heating value of the coal. Strong

incentives exist, therefore, for the development of



advanced coal cleaning technologies capable of producing
high quality coal fuels. According to one recent survey
(Remirez, 1986), these advanced processes must be capable
of producing coal-based fuels containing no more than 2%
ash and less than 30% moisture at BTU recoveries of 80% or
more.

Coal cleaning, or preparation, offers a practical and
economical approach to the removal of ash-bearing minerals
and pyritic sulfur from raw coal. At the beginning of the
1980's, only about 15%-20% of the coal mined and consumed
in the United States was cleaned. This amount has
increased to over 30% in 1988 (Osborne, 1988). Even
greater tonnages are expected to be processed in the future
as a result of more rigid emission limits and increasingly
stringent market specifications.

The coal preparation statistics listed in Figure 1.1
show over half of the coal mined in the U.S. is cleaned by
hydraulic and gravitational processes, while only
approximately 5% is cleaned by froth flotation (Osborne,
1988). However, recent changes in mining methods required
to fulfill growing markets have served to increase the
proportion of fine coal that must be treated by froth
flotation. In addition, new environmental concerns and
utilization trends now require a reduction in the top-size

of coals in order to liberate larger amounts of mineral
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matter. As a result, virtually all new coal preparation
plants now incorporate flotation into their basic
flowsheet.

Fine coal processing has long been a troublesome area
for the coal industry and only flotation has found
commercial success in cleaning coals finer than 74 microns.
Unfortunately, conventional flotation circuits have not
been successful in reducing the ash and sulfur content of
fine coal to meet current environmental standards. One of
the primary causes of this shortcoming is that fine coals
contain disproportionate amounts of ultrafine minerals,
such as clay, that are easily carried into the froth
product by hydraulic entrainment. As a result, low
throughput and high product ash values are common when fine
coal is treated by conventional flotation processes.

The future responsibility of the coal industry to
produce ultra clean coal points to the need to develop a
better understanding of hydraulic entrainment and flotation
froth behavior. Despite current widespread attention, very
little is known regarding the hydrodynamics within a
flotation froth. Most of the product cleaning action
occurs in this phase of the flotation process. A thorough
understanding of the behavior of a flotation froth will
lead to the optimization of the flotation process, thereby

producing a cleaner, more marketable product.



1.2 Objectives

The primary objectives of the present investigation
have been to identify the fundamental characteristics of
the flotation froth and to determine their importance to
the cleaning of fine coal. This study was carried out on
the basis of developing fundamental relationships between
the principal operating variables of the flotation
process, the resulting froth characteristics, and the
flotation response. Operating parameters such as reagent
type and dosage, feed rate, froth height, aeration rate,
bubble size, particle size, and hydrophobicity were varied,
and their effects on froth stability were examined. 1In
addition, interactions of frothing agents with coal
particles were investigated in order to characterize
frother efficiency.

The results obtained in these fundamental studies were
essential in developing a mathematical model of the
flotation froth. This model, which is based on first
principle considerations, is the first step in the
development of a simulator for describing froth flotation
behavior. This simple model can be coupled with more
detailed mathematical models of fine coal flotation
developed in recent years in'order to achieve a better

understanding of the column flotation process.



1.3 Organization of the Report

The present research and its conclusions are described
within the body of this report as three separate subjects.
Chapter 2 relates the fundamental characteristics of froth
stability to specific operating parameters of the froth
flotation process. By studying the effects of particular
coal seams on the stability of a froth, a coal
characterization technique has been developed which will
predict a coal's cleanability.

The characterization of various frothers commonly used
in the coal flotation industry is the focus of Chapter 3.
The frother characterization is based on surface tension
and adsorption behavior in the presence of different coals.
The effects of various operating conditions such as pH,
frother concentration, and coal oxidation on frother
adsorption have been investigated. Frother adsorption and
surface phenomena can be directly related to froth
stability. By characterizing frothing surfactants by their
interfacial tensions and adsorption behavior, appropriate
coal/frother combinations can be identified which will
characterize conditions for particle-bubble attachment.

The development of a population balance model
describing the froth phase of flotation is the subject of
Chapter 4. The model is based on fundamental flotation
rate expressions previously reported in the literature.

However, this model is unique in that it focuses on the



first principles of the fundamental behavior of a two-phase
froth. Simulations have been performed which describe the
behavior of pulp and froth air fractions and product mass
flow rate of liquid under a variety of operating

conditions.



CHAPTER 2
FROTH STABILITY STUDIES

2.1 General

Froth flotation remains, by far, the most widely
utilized method for upgrading particles in the minerals and
coal industries. Conventional flotation equipment has been
successful for treating particles in the 10-100 micron size
range. However, the efficiency of the flotation process
drops significantly for ultrafine particles of less than 10
microns in diameter. 1In recent years, theoretical and
experimental studies of the selective flotation of fine
particles have become a growing priority in mineral
processing and coal preparation research.

Because a thorough understanding of the reasons for
the decrease in the selectivity when floating ultrafine
particles has not been reached, further investigations of
fine particle flotation are necessary. Warren (1985)
studied the effect of particle size on flotation and
concluded that the major causes of poor selectivity for
fine particles can be attributed to:

a) surface energy effects,

b) froth stabilization, and

c) hydraulic entrainment.

The importance of froth stability was also emphasized in
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studies conducted by Lovell (1976) and Livshitz and
Dudenkow (1957). These investigators demonstrated that in
some cases the stability of the flotation froth is the
controlling factor which determines the effectiveness of
separation. Despite these important findings, the froth
phase of the flotation process has received relatively
little attention in the field of mineral processing

research.

2.2 Literature Review

2.2.1 Froth Stability

A flotation froth is generated when a large volume of
gas is dispersed in a suitable medium. The dispersion
medium is designated as the continuous phase and generally
consists of a liquid containing a frothing agent. The
first investigations of the characteristics of flotation
froths were concerned with studies of froth stability and
formation mechanisms. 1In 1880, Quincke (1937) established
that pure liquids do not froth. Bartsch (1925) followed
with a study of the frothing of aqueous solutions of
alcohols and fatty acids. He concluded that the best froth
was formed at a specific concentration of the frothing
agent.

In 1925, Ostwald and Steiner attempted to relate
formation characteristics and stability behavior of

flotation froths to the viscosity and surface tension of
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the frother solution. Later, Venstrem and Rehbinder (1931)
concluded that the stability of a froth is determined only
by substances forming molecular dispersions, and not by
polycolloidal and colloidal solutions. That same year,
Talmud and Sukhovolskaia (1931) related the stability of
the surface film of a froth to the hydration of polar
groups in the adsorbed layer.

The role of frothing agents on froth stability was
initially studied by Yerchikovsky (1939). Among other
findings, Yerchikovsky reported that the action of
monohydric alcohols depends on the length of the
hydrocarbon chain. Klassen (1963) and Trushlevich (1932)
also examined the influence of reagent concentration and
type on two-phase froth stability. They showed that there
is an optimum concentration of frother needed to produce a
stable froth. ‘At this concentration, frother surface
tension is decreased sharply, allowing for a maximum
mobility of frother molecules at the air/liquid interface.
Also, frother molecules are able to move readily froth the
bulk solution to the surface, preventing stretching and
collapse of the surface film. These studies also showed
that at very high concentrations, the surface tension at
the air/liquid interface was so low that the froth formed
was completely unstable and collapse occurred. Klassen and

Trushlevich attributed this collapse to the formation of
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micells. Booth and Freyberger (1962), however, attributed
this latter phenomenon to the low solubility of the frother
molecules, noting that this does not occur with the soluble
polypropylene glycol ethers. Later, Woodburn-and Flynn
(1984) studied the effect of frother-collector combinations
on the stabilities of some flotation froths. In addition,
several studies have shown that the chemical structure and
concentration of frother employed in froth formations have
marked influences on frothing power and froth stability
(Posner et. al., 1952).

A final aspect of frothing important in determining
froth stability is evaporation. Rehbinder et.al.,
(1949) concluded that the evaporation of liquid and frother
into surrounding air bubbles decreased the stability of the
froth phase. However, Klassen and Mokrousov (1963) found
that the amount of water and frother evaporating into the
air bubbles is small and that most of the evaporation

occurs to the external atmosphere.

2.2.2 Froth Structure
Research in the area of the structure of unmineralized
and mineralized stable froths has been the most extensive.
Unmineralized two-phase froths have been described by many
as polyhedral. A froth of this type would contain large
bubbles of the same size having 14 faces each. 1In

contrast, Lord Kelvin (1887) considered the most likely
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structure of a bubble in a froth to be a tetrakaidecahedron
consisting of polyhedrons of six cube faces and eight
regular hexagon faces. Matzke (1946) considered a
compromise of these two theories and proposed a froth
structure consisting of an arrangement of bubbles stacked
as polyhedrons of slightly variable shapes and number of
faces. A froth structure of this description is shown
schematically in Figure 2.1. More recently, Klassen and
Mokrousov (1963) have described froth bubbles as strongly
deformed consisting of nearly planar walls and curved only
at the corners in contact with other bubbles.

The structure of two- and three-phase froths can be
described through the combined effects of froth drainage
mechanisms and froth mobility. The drainage of water from
the froth was initially described by Arbuzov and
Grebenshchikov (1937). Water drains from the froth through
thick films of liquid which separate the bubbles. This
flow, which is due to gravitational forces, continues until
the boundary hydrated layers surrounding each bubble are
brought into contact with each other. This phenomenon is
shown schematically in Figure 2.2. Stage 1 illustrates
run-off of water. The water layer between two bubbles (d2)
is bounded on both sides by solvated envelopes (dl). These
two liquid layers possess different properties. Water
drains from the inner layer due to gravitational forces,

bringing the hydrated layers (dl) into contact (stage 2).
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Figure 2.1 Schematic representation of
a group of regular tetrakaidechahedrons.
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As more drainage occurs, thinning of the two contacting
boundary layers (d3) causes the film to become unstable.
Any movement or drainage beyond this point will cause
rupture (d4).

Klassen and Mokrousov (1963) developed expressions
which describe the drainage of liquid through a two-phase
froth. Their analysis was based on the hydration of a
surface bounded by capillaries. They have stated that the
thickness of the solvated water envelope, as indicated by
the magnitude of the electrokinetic potential, strongly
affects the drainage rate. This analysis has also been
used by Rehbinder et al. (1949) who has studied the
drainage of a froth after the hydrated envelopes of the
bubble walls come into close contact. He attributed the
further thinning of the liquid layers, referred to as
Plateau Borders (Figure 2.2, d3), to the difference in
capillary and film pressures. Leonard and Lemlich (1965)
calculated the flow profile for a Plateau border with
perfectly rigid surfaces and with mobile surfaces. .Rates
of liquid drainage through a froth were studied by numerous
researchers including Rehbinder et al. (1949), and Koczo
and Racz (1987). These studies indicated that the drainage
of water from the froth decreases with time and with an
increase in height through a froth column. In addition, the

flow through a plateau border was found to be a
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characteristic of the frother in solution due to changes in

surface tension.

2.2.3 Three-Phase Froths

The significance of the presence of mineral particles
in determining the behavior of froths was investigated by
Rehbinder et al. (1949), Lubman (1932) and Bartsch (1925).
They discovered that the presence of flocculated particles
in the froth layer greatly increases froth stability. 1In
addition, Klassen and Mokrousov (1963) were able to relate
the stability of flotation froth to the size of mineral
particles in the froth phase. They concluded that fine
particles are more strongly hydrated and are more easily
washed out of the froth by drainage.

Livshitz and Dudenkov (1957) also investigated the
effect of mineral particles and collectors on froth
stability. They discovered that in the presence of
particles there is a critical concentration of collector
for each frother addition that leads to complete
suppression of the three-phase froth. Plaskin (1963) later
related the stabilizing effect of minerals in the froth to
their hydrophobicity and size. Cutting and Devenish (1975)
developed a method to provide a picture of the state of
material suspension in a froth column.

Mineralized three phase froths were characterized

into three groups by Gaudin (1957). The first group
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consists of heavily mineralized froths. Froths of this
type contain small fully mineralized bubbles which retain
their spherical shape and appear overflocculated. The
second group consists of froths whose bubbles are small but
only minimally mineralized. Froths in this group develop a
polygonal structure and are said to be very stable. The
final group consists of froths which have little or no
mineralization. These froths are identified by the
presence of a watery foam which forms as mineralization
decreases.

Perhaps the most recent detailed study of mineralized
froth behavior was performed by Sablik and Pawlik (1983).
Their study was primarily directed at examining the
behavior of froths in column flotation cells. In this
investigation, the influence of particles on froth
stability was determined by the measurement of frothability
of a column of'froth. They concluded that smaller, more
hydrophobic particles in froth had a positive impact on
froth stability. Sablik and Pawlik did not, however,
attempt to relate these measurements to column flotation

parameters or performance efficiency.

2.3 Objectives

Although a number of investigators have considered the
subject of flotation froths, few have specifically

addressed the effects of various operating parameters on
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flotation froth behavior. Even fewer articles have been
published which provide a complete understanding of the
role of the flotation froth in the separation process.
Much of the work published to date has been related to the
behavior of two-phase froths. Although this information is
useful from a qualitative point of view, it does not
adequately describe the complex phenomena which occur in
three-phase flotation froths.

The objective of the present work has been to develop
a better understanding of the role of the froth (cleaning)
phase in flotation separations. 1In order to obtain this
objective, froth stability measurements have been conducted
over a wide range of flotation operating conditions. The
recovery rate of water to the froth phase has been used as
an indicator of froth stability. Froth stability
measurements have been correlated with various operating
parameters, in hopes of determining how various operating
parameters can be manipulated in order to better control
froth behavior. In addition, characterization studies have
been performed in order to predict the ultimate

cleanability of coals by flotation.

2.4 Experimental '

2.4.1 Samples
Coal samples used for froth stability studies were

obtained from the Elkhorn No. 3 seam of Kentucky, the Upper
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Cedar Grove and Lower Cedar Grove seams of Virginia, and
the Blair seam of West Virginia. Table 2.1 lists these
coal seams and their respective feed ash and sulfur
content. As soon as each sample was received, it was
crushed to minus 1/4-inch using a laboratory jaw crusher.
The crushed coal was then split into 1500 gram
representative lots, placed in air-tight containers, and
stored in a freezer at -20°C to minimize oxidation. Prior
to flotation, the coal samples were dry-pulverized in a

laboratory hammermill and screened to obtain a minus 100

nmesh size fraction.

2.4.2 Experimental Apparatus and Procedure

For each flotation test, 350 grams of coal were
diluted to 5% solids in a sump. The sump was well agitated
to ensure that all the coal particles were completely wet.
A specified dosage of Dowfroth M150 flotation frother
(usually 3 1lb/ton) was then added by means of a microliter
syringe, and the agitation was continued for approximately
three minutes. No other reagent was added to the coal
slurry.

The column-type flotation cell used in the froth
stability measurements is shown in Figure 2.3. The coal
slurry was then fed to the 3.5 inch diameter cell via a
peristaltic pump at a rate of 150 ml/min. Nitrogen gas was

introduced through a fritted glass plate at the bottom of
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Table 2.1 EXPERIMENTAL COAL SAMPLES

FEED ASH (%) FEED SULFUR (%)
Elkhorn #3 8 0.68
Blair 13 1.70
Cedar Grove Med. Ash 10 unknown

Cedar Grove Low Ash 7 unknown



22

CONCENTRATE

TAILUNGS

Figure 2.3 Apparatus employed for froth stability
studies.
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the column. Various gas flow rates, ranging from 150 to
2500 ml/min, were used during the test work. Prior to
sampling the product and reject streams, the feed slurry
and nitrogen gas were fed to the column for 15 minutes to
allow the process to reach steady state conditions. During
this time, the microbubbles rose to the surface of the
pulp, carrying coal particles and forming a stable froth.
The froth concentrate was permitted to flow naturally over
the top of the column via an overflow lip. The flotation
tailings were removed through a tailings port at the bottom
of the column. The level of the froth-pulp interface was
controlled by means of a variable height weir.

The experimental flotation column employed for the
froth stability studies was designed to allow both the
froth height and bubble size to be easily varied. To
obtain bubbles of different sizes, a range of fritted glass
discs were used. A special detachable fritted disc holder
was mounted in the bottom of the flotation column as
illustrated in Figure 2.4. The standard pore sizes of each
glass frit used in the experimental test work are listed in
Table 2.2. To facilitate variations in froth height, the
column was fitted with Plexiglas sections which could be
added or removed to the cleaning zone of the column.

The circuit arrangement used in the flotation testing

is shown in Figure 2.5. As shown, both the froth product
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Figure 2.4 Apparatus employed for froth
stability studies - bubble
sparger system.
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Table 2.2 FRIT PORE SIZES

Frit Identification Pore Diameter (um)
A 159.29
C 35.36
D 14.14
E 5.66
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and reject streams were recycled back through the system in
order to continuously provide a feed slurry with a
concentration of coal and ash particles comparable to that
of the initial feed. 1In addition, this recycling procedure
dramatically reduced the amount of slurry needed to perform

each test.

2.5 Parameter Characterization

2.5.1 Effect of Reagent Addition

Dowfroth M150 was the frother used in the froth
stability experiments. Dowfroth M150 is one of the most
widely used flotation agents used in the United States. It
is a polypropylene glycol known to produce small compact
bubble structures.

The effect of the addition of Dowfroth M150 on
flotation product recovery and grade was studied by varying
the concentration of frother in the feed slurry. The coal
slurry used in these tests consisted of a 5% solids
suspension of minus 100 mesh Elkhorn No. 3 seam coal. The
gas and feed slurry flow rates were held at 1300 and 150
ml/min, respectively. For each concentration of frother in
the slurry, timed samples of froth concentrate and tailings
were obtained. The samples were then weighed, filtered,
dried, and reweighed to determine the water recoveries, and
then assayed for ash content to determine coal and ash

recoveries. Combustibles and mineral matter have been
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represented in the following figures as coal and ash.

Figure 2.6 shows the effect of various frother
concentrations on product ash content and combustible
recovery. An increase in frother concentration from 1.5 to
6 lbs/ton produced only a slight increase in recovery.
These results agree with those presented by Yoon (1984) for
the microbubble column flotation of fine coal. On the
other hand, the product ash content is relatively sensitive
to changes in frother addition. At low frother dosages,
the product ash content decreases with increasing frother
concentration until a minimum ash content is obtained.
Beyond this value, ash content slowly begins to increase
with frother concentration. Similar findings have been
obtained from conventional coal flotation studies and in
model predictions of column froth behavior (Luttrell,
1986) .

The minimum in product ash content with frother dosage
can be explained in light of the froth stability
measurements. It is generally recognized that an optimum
frother dosage exists for obtaining maximum froth
stability. As shown in Figure 2.7, the maximum stability
of the froth (i.e., maximum water recovery) occurs at the
same critical dosage as the maximum rejection of ash.

These results show that the product quality is largely

controlled by froth characteristics.
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2.5.2 Effect of Feed Rate

The effect of increasing the feed rate of coal slurry
to the flotation cell on the froth stability, product
recovery and grade, was also studied. The test procedure
was similar to that of the frother dosage studies, except
that feed rate was varied from 150 ml/min to 400 ml/min and
the concentration of Dowfroth M150 in the slurry was held
constant at 3 lb/ton.

Figures 2.8 and 2.9 show the effects of increasing
feed rate on product recovery and grade, and on mass rate
of water and ash reporting to the product, respectively.
Figure 2.8 reveals that as the feed rate is increased, the
product recovery decreases. The recovery decreases from
97% to 85% over the range of feed rates examined. Similar
results were presented by Weber et. al. (1988) which were
explained by a decrease in slurry retention time with
increasing feed rate. Increasing feed rate appears to have
a detrimental effect on product ash content. An increase
in feed rate from 150 ml/min to 375 ml/min increased the
product ash percent from 2.5% to 3.0%. The increase in ash
content can be explained by an increase in the amount of
ash recovered due to entrainment. According to general
knowledge regarding the relationship between the recovery
of coal and ash, a reduction in the amount of coal
recovered in the product should coincide with a decrease in

the amount of ash recovered. However, increasing the feed
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rate not only affects particle-bubble attachment processes,
but also affects entrainment. Therefore, a new coal
recovery versus ash recovery relationship is generated.
This type of froth behavior has been previously recognized
by Gaudin (1957).

Figure 2.9 shows that an increase in feed rate
produces a similar increase in the mass rate of water and
ash reporting to the product. Previous studies by Luttrell
et al. (1987), have shown that an increase in feed rate
will result in an increase in bubble size in a flotation
column. They attribute this increase to a depletion of
frother by adsorption. As bubbles increase in size due to
increasing feed rate, there is more bubble surface area
available to carry water into the froth, creating a wetter,
more stable froth. As Figure 2.9 reveals, as the rate at
which water reports to the froth increases, the rate at

which ash reports to the froth also increases.

2.5.3 Effect of Froth Height
The importance of froth height in a conventional
flotation cell has been realized for many years (King,
1973; White, 1973; Thorne, 1975). This study was performed
to assess the role of froth height on froth stability and
flotation performance. Tests were performed on the Elkhorn
No. 3 coal using 3 lbs/ton of Dowfroth M150. The coal

slurry feed rate was maintained at a rate of 150 ml/min and
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nitrogen gas introduced at a rate of 1300 ml/min. Froth
height was varied from 0 to 30 centimeters via the addition
of Plexiglas column sections above the pulp level. All
other operating parameters were held constant.

Figures 2.10 and 2.11 illustrate the effect of
increasing froth height on flotation performance. As shown
in Figure 2.10, combustible recovery decreases as the
froth height increases. The results also indicate a
significant decrease in product ash content with increasing
froth height. Without the addition of wash water through
the froth, this type of result is to be expected, as was
found by Englebrecht and Woodburn (1975) in their studies
of conventional flotation, and by Luttrell (1986) in his
model predictions.

As in the two previous cases, the changes in flotation
performance can be explained by the froth stability
measurements. It is well known that a flotation froth
becomes less stable as the froth height increases and
bubble coalescence occurs. As discussed in the literature
review, this behavior is due to an increase in amount of
time available for liquid to drain from the froth phase
back into the pulp. An increase in froth height,
therefore, produces a decrease in feed water reporting to
the froth product which, in turn, causes a decrease in the

amount of entrained particles in the froth product. Since



Recovery (%)

36

100 5
) ) = 5
R
80 - -4
60 - 13
B
e T
40 - 12
20 71
O Combustible Recovery
O Product Ash
O ' ) ! | O
0 5 10 15 20 25 30
Froth Height (cm)
Figure 2.10 Froth height versus combustible

recovery for Elkhorn #3 seam coal.

Product Ash (%)



Mass Rate of Water (gm/min)

25

20

15

10

Figure 2.11 Froth height versus mass rate of ash

37

O  water
O Ash

1 | 1 |

0.5

S 10 15 20 25

Froth Height (cm)

and water for Elkhorn #3 seam coal.

Mass Rate of Ash (gm/min)



38

both valuable and non-valuable particles can be entrained,
this phenomena can be used to explain both the decrease in
recovery and product ash content with increasing froth
height. Similar flotation performance results have been
obtained by other investigators for various mineral
flotation systems (Englebrecht and Woodburn, 1975; Bisshop
and White, 1976; Warren, 1985).

2.5.4 Effect of Aeration Rate

Variations in the flow rate of nitrogen gas to the
flotation cell were investigated by following the same
procedure as described in the previous sections. In this
particular series of tests, the aeration rate was varied
from 0 to 2500 ml/min. The froth height was kept constant
at a value of 4.5 cm and all other process parameters were
held at their constant values.

It is evident from the results shown in Figure 2.12
that an increase in gas flow rate causes an increase in
combustible recovery. Weber et al. (1988) have explained
this phenomenon for a flotation column as due to the
increase in number of bubbles available for particle
attachment. Laplante et. al. (1983) attempted to model
this phenomenon for a conventional flotation cell,
attributing the effect of air flow rate on product recovery
to the increase of the flotation rate constant.

Figure 2.12 also illustrates the effect of increasing
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gas flow rate on product ash recovery. It appears that a
greater gas flow rate produces an increase in the percent
ash recovered in the product. Englebrecht and Woodburn
(1975) attribute this phenomenon occurring in conventional
cells to an increase in water recovery with aeration

rate. The froth stability measurements shown in Figure

2.13 also support this suggestion.

2.5.5 Effect of Bubble Size

In addition to the previous parameter investigations,
studies were also performed in an attempt to determine the
effect of bubble size on froth stability. The experiments
were performed under the following test conditions: 165
ml/min slurry feed rate, 1300 ml/min gas flow rate, 4.5 cm
froth height, 5% solids pulp density, and 3 lb/ton dosage
of DowFroth M150. The size of bubbles in the pulp was
varied using interchangeable fritted glass plates of
different pore sizes. The actual bubble sizes were
calculated with a methodology similar to that of Mankosa
(1990) .

The results of increasing bubble size on froth
stability and flotation performance are shown in Figures
2.14 and 2.15. As shown in Figure 2.14, a decrease in
bubble size produces a corresponding increase in
combustible recovery and product ash content. One

explanation for the increased recovery is the higher rate
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of bubble-particle collisions which take place as the
bubble size decreases. Entrainment mechanisms can also be
used to explain the higher recovery of combustibles as well
as the increase in ash recovery, since smaller bubbles
produce a more stable froth. As shown in Figure 2.15, an
increase in the mass rate of ash and water reporting to the
product occurs with decreasing bubble size. As bubble size
decreases, and the number of bubbles increases, there is
more surface area available to carry water and entrained
ash particles into the froth. These results demonstrate
the importance of froth behavior in determining separation
performance when operating conditions, such as bubble size,

are changed during flotation.

2.6 Determination of Ultimate Cleanability

2.6.1 Characterization Methods

The results of the previous test work indicated a
strong relationship between coal cleanability and water
recovery. In light of this realization, an additional
series of a flotation tests were performed to determine
whether froth stability behavior could be used to
quantitatively characterize the cleanability of various
coal seams. The objectives of these tests were (i) to
develop a method for characterizing the cleanability of
coal by flotation and (ii) to improve flotation performance

by means of characterization studies.
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The coal seams used in these characterization studies
are listed in Table 2.1. All test samples were at a
particle size of minus 100 mesh. A procedure identical to
that outlined in the parameter characterization studies
(see Section 2.5) was used for all tests. Variations in
the rate of water recovery were achieved by varying the
flow rate of nitrogen to the cell. Aeration rate was
chosen as the manipulated variable in these tests since it
was found to produce a linear variation in water recovery
and could be easily monitored/controlled during testing.
All other operating parameters were maintained at their

constant values.

2.6.2 Charactérization Results

Figures 2.16 through 2.19 illustrate the results of
coal characterization tests for the four coals examined in
the present work. The relationship of the mass rate of
water reporting to the product versus the mass rate of coal
and ash reporting to the product was found to be
approximately linear. A best-fit line was established for
each coal seam using a linear regression analysis.

The mass rate of coal and ash reporting to the pro&uct
in each case could be attributed to either the selective
attachment to bubbles or the nonselective entrainment in
the liquid films in the froth. The contribution of

entrainment to product recovery can be eliminated by
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extrapolating each of the lines determined in Figures 2.16
through 2.19 to a zero water recovery. At this point,
particles can only be recovered by bubble-particle
attachment or through entrapment.

In all of the coal samples tested, the y-intercept of
the regression line passed through a value greater than
zero. This indicates that ash-bearing particles are still
being recovered by mechanisms other than entrainment.
Under these conditions, the recovery of ash-bearing
particles is most likely due to the attachment of locked
particles or to the inherent ash of the coal itself. 1It is
also possible that particles are being trapped within
particle-particle or bubble-particle aggregates.

Figure 2.20 is a composite of the mass rate of ash
recovered with the product versus the mass rate of water
recovered with the product curves for each coal tested in
the present work. All four lines intercept the y-axis at
different values, showing that each coal will recover a
different amount of ash when entrainment is eliminated.
Thus, the ultimate cleanability, attributed to selective
bubble-particle attachments, appears to be a specific
characteristic of each coal seam. Under normal water
recovery rates, ash-bearing particles are recovered by
hydraulic entrainment and the Blair seam coal appears to be
more difficult to clean.

Figures 2.21 and 2.22 indicate similar coal
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characterizations can be made based on the relationship
between the percent of sulfur recovered in the product and
the percent of ash recovered in the product. The linear
relatiohship between percent ash and percent sulfur tells
us that as the product grade decreases the sulfur content
increases. Figures 2.21 and 2.22 show this increase to
vary with coal seams. These figures also indicate that, at
zero percent ash recovery, sulfur is still recovered in the
product. Because the pyritic sulfur is in the form known
as mineral matter, we have predicted the organic sulfur
contents of these three coals. As a result of the
behavior, it is possible to use these characteristic curves

to "fingerprint" coals according to their cleanabilities.

2.6.3 Effect of Grinding on Cleanability
Figures 2.23 and 2.24 illustrate the effects of

grinding on the water recovery curves for the Elkhorn No. 3
and Cedar Grove seams. The results indicate that,
theoretically, the quantity of particles containing ash
collected in the froth product at zero water recovery
decreases after additional grinding. This suggests that the
particles contained in the slurry are not fully liberated
at minus 100 mesh, but approach full liberation when
micronized. Thus, for these particular coal seams, the
separation appears to be significantly improved if grinding

is used to increase liberation.
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Figure 2.25 demonstrates the effect of grinding on the
relationship between sulfur and ash recovery for the Cedar
Grove seam coal. The data shown in this figure indicates
that the recovery of sulfur is directly related to the
recovery of ash-bearing particles. This result should be
expected since pyritic sulfur also contributes to the ash
content of the coal. The data also shows that the recovery
of sulfur is independent of particle size. Using this
data, the maximum rejection of sulfur by flotation can be
determined at zero ash recovery. Thus, the y-intercept of
this plot should represent the organic sulfur content of
the coal. The organic sulfur content of this Cedar Grove
seam coal sample is 0.3%, which corresponds closely to
the value predicted by the y-intercept of the plot shown in
Figure 2.25.

2.6.4 Effect of Stages on Cleanability
Figure 2.26 illustrates the effect of multiple

cleaning stages on the cleanability of the Elkhorn No. 3
seam coal. The data shows that multiple cleaning stages
reduce the concentration of ash particles in the flotation
pulp and, hence, reduce the amount of ash-bearing particles
recovered by entrainment. The second flotation stage
decreased the amount of ash recovered at all water recovery
rates, thereby decreasing the slope of the ash recovery

line. The lower slope of the ash recovery line should
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produce a cleaner flotation product. However, it should be
noted that the two lines intersect the y-axis at the same
point indicating that the ultimate cleanability of each
coal is a characteristic of the coal and not of the
flotation process. Thus, the recovery of ash-bearing
particles at zero water recovery rates can be attributed to
either the recovery of ash-particles locked within
hydrophobic particles that are recovered by bubble-particle

attachment or to the inherent ash content of the coal.

2.7 Discussion

2.7.1 Parameter Characterization

The experimental studies show the effects of flotation
operating parameters on the separation efficiency of a
flotation froth. The results provide a better
understanding of froth behavior. From these results, it is
noted that froﬁh stability controls the effectiveness of
product separation, and therefore, it is important to
determine how operating parameters influence froth
behavior. The operating parameters and their effects on

froth stability can be related to coal and ash recovery.

a) Coal Recovery
The results obtained from froth stability studies
show how various operating parameters will change

flotation response by affecting froth stability.
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As demonstrated in Figure 2.12, an increase in aeration
rate will result in a large increase in coal recovery.
Since we know that an increase in coal recovery can be
directly related to an increase in the probability of
collection of a coal particle to a bubble in the pulp, we
can relate the increase in coal recovery to the flotation

rate constant k (Luttrell, 1986):

6PQ
k = [2.1]

D D 2

bc
where P equals the probability of collection, Q the gas
flow rate, D the bubble diameter in the pulp, and, D the
diameter of :he flotation column. From this relationghip,
it is obvious that an increase in gas flow rate will result
in a higher flotation rate and, hence, a higher coal
recovery (Tao, in preparation).

An increase in reagent addition will produce similar
results, as shown in Figure 2.6, but to a lesser degree.
Again, one can relate this phenomena to an increase in the
probability of collection of the coal particles in the
pulp. In addition, a direct correlation can be made with
increasing froth stability. When high-molecular compounds

and colloidal-solution forming reagents are employed,

bubble-surface films are formed with high structural and
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mechanical properties. The froth produced becomes more
stable with an increase in the concentration of these
reagents, as fewer bubbles coalesce.

Figures 2.8 and 2.10 illustrate how a decrease in
froth height and feed rate will produce a larger coal
recovery. Thorne (1975) and Engelbrecht and Woodburn
(1975), found that the decrease in recovery with increasing
froth height is due to an overloading of the bubbles as
liquid draining through the froth forces hydraulically
entrained coal particles to become attached to remaining
bubbles. As froth height is further increased and fewer
coal particles are present between bubbles, virtually all
liquid slurry is drained from the froth, and coalescence
occurs more frequently. At this point, a shedding of the
valuable component from the bubbles becomes evident. Thus,
an optimum froth height must be established in which some
mineral particles are allowed to cover each air bubble,

preventing their coalescence and producing a stable froth.

b) Ash Recovery

Once operating conditions producing the maximum
possible recovery are determined, improvements to the
product grade must be reached. For a feed slurry
consisting of relatively pure coal particles, mineral
matter and locked particles of both coal and mineral

matter, the product recovery of ash-bearing particles can
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be attributed to the selective attachment of locked
particles to pulp bubbles or to non-selective hydraulic
entrainment. Mineral particles become entrained in the
liquid rising into the froth and occupy spaces between
froth bubbles. Previous work by Jowett (1966) suggests
that the recovery of ash due to hydraulic entrainment
correlates linearly with the recovery of water into the
concentrate. Various operating parameters can be optimized
to reduce the entrainment process and their combined
effects on ash recovery and coal recovery are important.

The height of the froth phase appears to have the
greatest influence on froth entrainment. As the froth
phase height is increased, the volume available for froth
drainage increases. As liquid drains down through the
froth, entrained ash particles flow back into the pulp,
where they are removed as tailings. Thorne (1975) has
obtained better relationships between grade and recovery
with increasing froth height in a conventional flotation
cell. However, in order to increase coal recovery in the
flotation column, it has been shown that a low froth height
is needed. This points to a required optimum froth height
to maximize selectivity at a specified recovery.

The amount of reagent added to the coal slurry also
has a great influence on ash recovery. At low concentra-
tions, an increase in the frother dosage produces a lower

ash recovery. (Figure 2.6). As the frother concentration is
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further increased, the stability of the froth approaches a
constant value, allowing for further froth drainage without
bubble coalescence. However, as Figure 2.6 illustrates, a
frother addition that is too high will result in an
increase in ash recovery. At very high concentrations,
froths become increasingly stable. Therefore, when a large
amount of liquid has drained from the froth, bubbles come
together but do not coalesce. This results in fewer locked
particles becoming detached from froth bubbles, increasing
the amount of ash recovered as product.

The recovery of ash particles due to hydraulic
entrainment can also be decreased with the addition of
countercurrent wash water to the froth. By applying a
steady stream of water through the froth, ash particles
trapped between bubbles are free to flow downward into the
pulp with the force of gravity.

King (1973), and Engelbrecht and Woodburn (1975) have
determined that the rate of water recovery is linearly
related to the aeration rate if the size distribution of
bubbles is relatively independent of aeration rate. 1In
their analyses, they assume that each bubble carries with
it a constant thickness of water into the froth.

Therefore, a decrease in aeration rate would result in a
direct decrease in water recovery and, likewise, in ash

recovery. The results shown in Figure 2.13 demonstrate
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this phenomena. However, the curvilinear relationships
indicate bubble sizes may be affected by aeration rate.
Woodburn and Flynn (1984) have observed a linear increase
in water recovery with froth stability, proving that a more
stable froth does not necessarily produce a higher grade
product. Unfortunately, a decrease in aeration rate will
also result in a lower coal recovery, and thus, an optimum
aeration rate must be determined for a particular coal

recovery.

2.7.2 Ultimate Coal Cleaning

a) Coal Characterization

In order to fully understand the importance of coal
characterization in the analysis of flotation efficiency,
the aspects of froth behavior must be known. Consider a
bubble that has been carried into the froth phase from a
flotation pulp containing only particles of pure mineral
matter and coal (Figure 2.28). Under these conditions,
hydrophobic particles would be carried into the froth by
selective attachment to bubbles in accordance with fheir
relative hydrophobicity. On the other hand, a significant
quantity of hydrophobic and hydrophilic particles would
also.be recovered by hydraulic entrainment in the water
films surrounding the bubbles. Therefore, total recovery
from the froth concentrate would consist of recovery of

attached hydrophobic particles, and recovery of entrained
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hydrophobic and hydrophilic particles, i.e.,

R = Ratt + Rent [2.2]

R = total recovery
R = recovery by attachment
att
= recovery by entrainment
ent

For a perfectly liberated feed coal, a plot of the
mass rate of water versus coal and ash would be linear with
the y-intercept at zero. At a zero mass rate of water no
ash-bearing particles would be recovered. Coal, however,
would still be recovered due to selective attachment.
Previous work has been done concerning the entrainment of
hydrophilic gangue particles showing how their recovery
correlates linearly with the recovery of water into the
concentrate (Jowett, 1966; Johnson et al., 1974;
Engelbrecht and Woodburn, 1975; Goodman and Trahar, 1977;
Hemmings, 1980, 1981; Trahar, 1981).

In industrial flotation practice, however, a feed coal
slurry generally consists of relatively pure coal
particles, particles of mineral matter, and locked
particles of both coal and mineral matter (Figure 2.29).

In this case, recovery is still due to selective attachment

and non-selective entrainment, although both recovery

mechanisms may include pure and locked particles.
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Therefore, it is expected that at a zero mass rate of
water, some ash would still be recovered as locked
particles due to selective attachment to bubbles. Warren
(1985) determined that the collection rate of gangue was
linearly related to that of water, but the regression lines
did not pass through the origin. Attempts have been made
to correlate these values with the concentration of locked
particles in the feed slurry, and with the inherent ash
characteristics of a particular coal. Unfortunately, past
attempts have met with little success.

Because the froth product recovered in a coal
flotation test consists of air, water and solid particles,
the particles may be recovered due to selective attachment
to air bubbles or by non-selective hydraulic entrainment.
The results presented in Figures 2.16 through 2.26
illustrate how recovery due to selective attachment and
hydraulic entrainment is related to the amount of water
recovered, the concentration of locked particles in the
pulp, and most importantly, to the inherent ash
characteristics of the coal itself.

As these figures illustrate, there is a linear
relationship between the mass collection rate of coal and
water. There also exists the same relationship between the
collection rate of ash and water, which can be described
mathematically as:

C =C (M) + B [2.3]
a w a a
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C =C (M) + B [2.4]
C w Cc (o]

where C , C , and C are the mass flow rates of ash, coal

a c w

and water to the product, respectively. M and M are the
a c

respective slopes and B and B are the respective y-

a c
intercepts of the mass flow rate of ash and coal versus

water plots. The parameters M and M are both measures of
entrainment as they describe tﬁe amougt of ash and coal
reporting per unit of water reporting in the froth product.
The parameters B and B , on the other hand, are measures
of selective att:chmentcas they refer to the amount of ash
and coal reporting in the absence of hydraulic entrainment.

We can now use these equations to calculate the total
amount of ash that will be recovered in the product and,
more importantly, to predict that amount of product ash
that is inherent to the coal. Consider a general product
ash equation:

Mass Rate of Ash

Ash % =100 [2.5]
Mass Rate of Ash + Coal

= 100 a [2.6]

Substituting equations [2.3] and [2.4] for the ash and coal

collection, Equation [2.6] becomes:
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Ash % = 100 [2.7]

The amount of product ash recovered in the product due to
the inherent characteristics of the coal can be calculated
if we consider only the ash recovered at zero water
recovery (i.e., no entrainment). By substituting C =0 into
Equation [2.7], the expression for the inherent ashwof the

coal becomes:

Ash % = [2.8]

Using Equation [2.8] and the data given in Figures 2.16 to
2.19, the ultimate cleanabilities for the four coals under
investigation have been predicted for a particle size of
minus 100 mesh. These values are shown in Table 2.3, and
suggest that the Elkhorn No. 3 coal seam is capable of
producing the cleanest coal (i.e., 0.73%) under conditions
of very low water recovery. The Upper and Lower Cedar
Grove seam coals display similar cleanabilities, with
ultimate ash contents of 2.13% and 1.97%, respectively.
The Blair seam coal has an ultimate ash of 4.24% and,

therefore, displays the worst potential for producing a low
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Table 2.3 PREDICTED ULTIMATE CLEANABILITIES FOR
VARIOUS EASTERN COAL SEAMS (100 MESH X 0)

Predicted

Feed Ba Bc Ultimate
Coal Sean Ash (%) (gm/min) min Ash (%)
Elkhorn #3 8.1 0.025 3.38 0.73
Upper Cedar Grove 10.6 0.085 3.91 2.13
Blair 13.0 0.119 _ 2.69 4 .24

Lower Cedar Grove 6.2 0.072 3.59 1.97
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ash coal.

Because coal ash varies greatly in its chemical
composition, it is often important to determine the
percentage of ash which is pyritic sulfur. The term
pyritic sulfur refers to either of the two dimorphous forms
of ferrous disulfide (FeS ) - pyrite or marcasite. Sulfur
is the most important sinéle element impeding the
utilization of coal as a clean fuel and, therefore, the
reduction of sulfur in coal is critical. Sulfur in coal
can occur as sulfate sulfur, pyritic sulfur and organic
sulfur. Organic sulfur is chemically bonded to the coal
and thus cannot be removed unless the chemical bonds
holding it are broken. Sulfate and pyritic sulfur,
however, may be removed by mechanical cleaning in the form
of ash. By knowing the amount of sulfur removed as sulfate
and pyritic sulfur, one can determine the amount of
inherent (organic) sulfur existing within the coal and,
consequently, one can characterize coals according to their
sulfur cleanability.

Figures 2.21 and 2.22 illustrate the linear
relationship between a coal's sulfur content and ash
content for the Elkhorn No. 3, Cedar Grove and Blair seam
coals. According to this diagram, at a product ash content
of zero, a small amount of sulfur is still being recovered.

Since at zero percent ash all of the pyritic sulfur is
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removed from the sample, the y-intercept should represent
the organic sulfur content of the coal. With this
analysis, a predicted organic sulfur percentage can be
determined for each coal. The results of this analysis are
given in Table 2.4 along with experimentally measured
values for each coal seam. As shown, a very good
correlation exists between the predicted and experimental
values. These results indicate that the Blair seam coal
has a higher organic sulfur content than the Elkhorn No. 3,
Upper Cedar Grove, and Lower Cedar Grove coals.

In addition to predicting the ultimate cleanability of
each coal, Equations [2.2], [2.3] and [2.4] can be used to
calculate the relative contributions of bubble-particle
attachment and entrainment to recovery. ' The total recovery
of combustibles (R ) can be expressed as the mass flow
rate of combustiblzogaterial reporting to the product (Cc)

divided by the mass flow rate of combustible material in

the feed (F ), i.e.,
c

C
R = c [2.9]
tot F.
R = C /[F(1-A )] [2.10]
tot c f

where F is the mass flow rate of solids in the feed and, A
f
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Table 2.4 PREDICTED PERCENT ORGANIC SULFUR FOR VARIOUS
EASTERN COAL SEAMS (100 MESH X 0)

Predicted Measured
Coal Seam Organic Sulfur Organic Sulfur
Elkhorn #3 0.66% 0.68 %
Upper Cedar Grove 0.78 % unknown
Lower Cedar Grove 0.78 % unknown

Blair 1.83 % 1.70 %



76

is the fraction ash content of the feed coal. Recalling
that the total coal recovery rate consists of recovery due
to selective attachment (R ) and recovery due to
hydraulic entrainment (R a?? this equation can now be
considered as two separasgtentities, each related to

different process parameters:

R

B /[F(1-A )] [2.11]
att c b
and,

o
]

cC (M)/[F(1-a )] [2.12]
ent w c f

Using Equations [2.11] and [2.12], a comparison of
recovery due to attachment and recovery due to entrainment
has been made for each of the four coals being examined in
the present work. The results of these calculations are
given in Table 2.5. An initial look at the total
recoveries of these four coals leaves the impression that
the Blair and Upper Cedar Grove coals will produce the
highest recoveries in flotation practice. However, a
closer investigation of the percentage of recovery due to
attachment and entrainment shows that nearly 46.1% of the
recovered Blair coal was due to hydraulic entrainment.
Under conditions of very low water recovery, the
combustible recovery of the Blair seam coal would be

dramatically reduced.
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Table 2.5 COMBUSTIBLE RECOVERIES DUE TO ENTRAINMENT
AND ATTACHMENT

Recovery (%) (%)
Coal Seam Attachment Entrainment Entrainment
Elkhorn #3 44.6 27.9 38.5
Upper Cedar Grove 53.0 32.4 37.9
Blair 37.5 46.1 55.1

Lower Cedar Grove 46.4 13.0 21.9
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b) Size Reduction Studies

As already established, the expressions for the
ultimate cleanability of a coal is based on its ash
characteristics and liberation size. In order to lower the
product ash of a coal, the amount of ash recovered under
conditions of zero water recovery must be reduced. As
illustrated in Figures 2.16 through 2.19 this would mean
lowering the value of the y-intercept of the ash recovery
line. The most promising method for accomplishing this
would be to further pulverize the coal to improve
liberation (i.e., reduce the quantity of locked particles).

Figure 2.23 illustrates the effects of grinding the
Elkhorn No. 3 seam coal. The results indicate that the
amount of attached ash particles that are recovered does
decrease with increased grinding, suggesting that a
slurry at minus 100 mesh has not been fully liberated, but
nears full liberation at micronization. Figures 2.24 and
2.25 show similar results for the Cedar Grove and Blair
seam coals.

Table 2.6 lists the predicted cleanabilities for the

Elkhorn No. 3 coal and the Cedar Grove coal at various size

distributions. As indicated, predicted ultimate product ash

the Elkhorn No. 3 coal decreases from 0.73% to 0.44% by
ball mill grinding and to 0.29% by micronizing. The Cedar

Grove coal, however, does not appear to exhibit as dramatic

of
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Table 2.6 PREDICTED CLEANABILITY VERSUS PARTICLE SIZE
Hammermill

Coal Feed Ball Mill Micronized

Elkhorn #3 0.73 % 0.44% 0.29%

Upper Cedar Grove 1.83 % 1.68 %
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liberation characteristics. The results indicate that
there is only a slight reduction in ultimate ash content
with additional grinding. Therefore, the lowest product
ash attainable for this coal is 1.68%. No tests were
conducted after micronizing. The difference in the
behavior for each coal is most likely due to their inherent
ash characteristics. Therefore, this characterization
method may prove useful for predicting the cleanability of

a coal based on its inherent ash characteristics.

c) Water Recovery Optimization

The predicted cleanabilities reported above are based
on recoveries that would be obtained from a completely dry
froth. This condition is a hypothetical one since a real
froth must contain water. Thus, at higher water
recoveries, the grade of the floated product must be
improved by a combination of achieving full liberation and
decreasing the recovery of ash due to hydraulic
entrainment. Multiple staged flotation has been used in
industrial practice as a method of improving flotation
grade. By reducing the concentration of ash particles in
the feed slurry, the amount of ash recovered due to
entrainment is also decreased. Figure 2.26 illustrates
this result for flotation of the Elkhorn No. 3 coal. The
second stage of the flotation has resulted in decreasing

the amount of ash recovered at all water recovery rates,
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thereby decreasing the slope of the ash recovery line (M ).
The two lines intersect the y-axis at the same point, 2
however, indicating that multiple stage flotation does not
affect recovery due to selective attachment. Another
technique for reducing the product ash content would be to
decrease the recovery due to entrainment by adding a
countercurrent flow of fresh wash water to the froth phase.
This is exactly the principle used in column flotation to
improve flotation performance. Table 2.7 summarizes the
effects of decreasing various flotation operating
parameters on the recovery of water. The effect of

hydrophobicity is hypothetical, as it was not directly

studied in this work.

2.8 Summary and Conclusions

1) Guidelines have been developed for improving flotation
performance. Froth stability measurements have been

used as the basis for developing these guidelines.

2) Froth stability has a major influence on flotation
column performance. Optimization of the process
operating parameters is important in producing stable
froths necessary for high grade products and high

product recoveries.

3) A method has been developed to characterize the

floatability of coal. A simple batch column flotation
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Table 2.7 EFFECTS OF VARIOUS OPERATING PARAMETERS
ON WATER RECOVERY RATE

Parameter WRR
Bubble Size +

Aeration Rate -

Feed Rate +
Frother Addition +/=
Froth Height +
Particle Size +

Hydrophobicity +



4)

5)

6)
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test can determine coal recovery rate, ash recovery

rate, and water recovery rate for a particular coal.

Using this method, the ultimate cleanability of a

coal can be predicted. The ultimate cleanability can
then be used as the basis of process optimization and
efficiency analysis. This analysis is also useful for
predicting which coal seams are suitable candidates

for producing low ash coal fuels.

A method has been presented by which the relative
contributions of selective bubble-particle attachment
and non-selective hydraulic entrainment to product

recovery can be estimated.

For some coals, recovery due to entrainment can be
quite substantial. The knowledge of this value is
important in determining which coals will produce high

recoveries when cleaned by column flotation.



CHAPTER 3
ADSORPTION STUDIES

3.1 Introduction

One of the most important parameters describing a
surface interaction is the surface tension. Surface
tension can be defined as the free energy (W) required to

increase a unit surface area (A), i.e.

Y = dw/dA (3.1)]

The surface tension is also referred to as the surface free
energy.

Surface tension phenomenon is important in predicting
conditions which provide a suitable surface for flotation.
Surface tension measurements of liquids can be made and,
from thermodynamic relationships, surface free energies can
be determined. Evaluations of surface free energies are
then used to predict adsorption densities which can be used
to quantify the likelihood of bubble-particle attachment.

The degree of adsorption of surface active molecules
or surfactants at a surface is related to the decrease in
interfacial surface tension through Gibb's adsorption
equation. This expression relates the surface excess

concentration of surfactant per unit area (I ) to the

84
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activity (a) of the solute through the relationship:

-1 d 7
r=__ [3.2]

RT d In a
where R is the universal gas constant and T the absolute
temperature. Since most surfactants used in flotation
processes are at concentration levels below 10-3 M, the
substitution of bulk concentration for activity in the
above expression is generally acceptable (Booth and
Freyberger, 1962).

The Gibb's adsorption equation can be used in
flotation systems to describe the behavior of frothers. It
expresses the qualitative change in surface tension due to
the adsorption of surface-active agents. Therefore, Gibb's
adsorption equation provides a thermodynamic basis for the
variation of surface tension with frother concentration.
From this equation, the adsorption density can be
calculated from the slope of a surface tension versus log
concentration plot. The sign of the surface excess
concentration may be either positive or negative depending
on the slope. A negative value indicates a lower
concentration of frother molecules at the interface as
compared to the bulk solution, whereas a positive value
indicates an excess concentration at the interface.

The adsorption of frothers onto the hydrophobic

surfaces of a coal may occur through interactions between
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the hydrophobic part of the frother molecule and the coal
surface. Active sites consisting of various functional
groups can also interact with the polar head of the frother
molecule, thereby contributing to adsorption. The nature
of the frother and the coal surface are, therefore,
important. It has been shown that individual frothers
exhibit strong interactions with coal surfaces (Burdon and
Mishra, 1980). Other investigators have also studied the
adsorption kinetics and selectivity of various flotation
frothers (Tsai, 1985; Klimpel et. al., 1987; Hansen and
Klimpel, 1987). Parameters examined in these studies
included pH, slurry density, particle size, as well as many
other physical and chemical variables. These studies have
been used to suggest reasons why a specific frother may be
more desirable than others in a given coal flotation

system.

3.2 Literature Review

The literature contains a wide diversity of studies
related to the effects of reagent characteristics on
interfacial surface tension. Posner et al. (1952) examined
the relationship between surface tension and concentration
for aqueous solutions of some alcohols similar to those
used as frothers. Their data showed that for a series of
aqueous solutions of n-pentanol (CSHIIOH), n-hexanol

(C H OH), n-heptanol (C H OH), and n-octanol (C H OH),
6 13 7 15 8 17



87

the surface tension increased more sharply with increased
concentration as the number of carbon atoms in the alcohol
was increased. Adams (1941) discovered that, in accordance
with Traube's rule, the change in surface tension with
concentration for a series of alcohols is threefold greater
for each added CH group. The dynamic adsorption of
various frothers 3as related to surface tension through
studies conducted by Adams (1941).

The relationship between interfacial tension and two-
phase froth stability has been examined by a number of
investigators. Early studies conducted by Brown et al.
(1953) showed that froth stability increases with
increasing viscosity and decreasing permeability of the
liquid films present in the foam. Later, Booth and
Freyberger suggested that maximum froth stability occurs in
a region where the surface tension is capable of rapid
change with concentration.

Experimental evidence was presented by Leja (1957)
demonstrating that frother molecules are adsorbed at a
collector-coated or hydrophobic solid surface. The
adsorption was reported as taking place through the
formation of weak, inter-molecular bonds between the
collector or hydrophobic mineral surface and the frother
molecules. Several studies have also been conducted which

have examined the adsorption of common frothers at the
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coal/water interface (Eveson et al., 1957; Klassen, 1966;
Allum and Whelan, 1954; Jowett, 1958). Fuerstenau and
Pradip (1982) investigated the effects of time, pH and
concentration on frother adsorption on coal. The frothers
examined in this study included terpineol, methyl isobutyl
carbinol (MIBC) and cresol. Adsorption was studied through
UV spectrophotometric and gas chromatographic techniques.
The results indicated that adsorption occurs through
hydrophobic interactions between the frother molecules and
the coal surface. Their results compare to those of
Coughlin and Ezra (1968), and Weber and Morris (1964)
concerning studies of adsorption on activated-carbon
surfaces. The effect of coal hydrophobicity on frother
adsorption was also researched by Brown (1962), Aplan
(1976), and Coughlin and Ezra (1968). These studies showed
that the adsorption of frothing agents decreased with
decreasing hydfophobicity.

The effect of coal rank on surfactant adsorption was
examined by Esumi et al. (1982). These studies showed no
correlation between the adsorption of surfactants and the
carbon content of the coal. It is important to note that
none of the previous investigations have attempted to
determine the direct impact of frother/coal adsorption on
froth stability. The importance of surface tension to
froth flotation performance has only recently become a

topic of much investigation. The relationship of surface
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tension to bubble-particle attachment was reviewed in
depth by Mackenzie and Matheson (1963) in their discussion
of the effects of surface tension on the induction time
required for a particle-bubble attachment. Finch and Lyman
(1975) concluded that the probability of attachment of a
particle to a bubble is directly related to the surface
tension at the solid/liquid interface due to the Marangoni
effect. In addition, Wrobel (1953) investigated the effect
of frother additions on the power required by a
conventional laboratory flotation machine. In this study,
a decrease in power requirement was found with increasing
frother concentration. Wrobel also found that an increase
in frother concentration increased the concentrate grade,
but had an opposite effect on the water content of the
froth.

The effects of interfacial tension on frothability was
not investigated until 1983 when Meyer (1983) correlated
the magnitude of the air-water interfacial tension and
time-related behavior, i.e., adsorption and drainage in the
froth, to flotation performance. The frothers included in
this study were polypropylene glycol methyl ethers, short-
chain alcohols such as MIBC, frother combinations, and
collector-frother combinations common to coal and sulfide
flotation. Meyer concluded that the surface activity

played a large role in determining froth flotation
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recovery. Finally, Strydom et al. (1983) studied the
relationship between froth stability, frothing efficiency
and fine coal recovery in the presence of high
concentrations of fine inorganic mineral matter. They
discovered that an increase in concentration of certain

frothers affected froth stability and concentrate recovery.

3.3 Objectives

Previous studies have attempted to relate the
adsorption of various frothers to parameters such as
concentration, pH, time, and temperature. Studies have
also been conducted to examine the influence of frother
and collector surface activity on froth stability.
However, the influence of frother/coal adsorption on froth
stability has been given relatively little attention.

The present investigation characterizes a few of the
frothers widely used in the coal preparation industry
according to their chemical make-up and relationship to
specific coal types. In this study, measurements of
interfacial tension have been made in the presence and
absence of coal particles. These measurements have been
used to determine the impact of various coals on the
residual surfactant concentration. By determining which
frothers are most effective in reducing surface tension in
the presence of a particular coal, the most desirable

frother-coal combinations have been found.
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3.4 Experimental

Surface tension measurements were performed on the
frothers methylisobutal carbonyl (MIBC), polyoxlysorbitan
monolaurate (PSM), Dowfroth M150, and Nalco 8836. With the
exception of PSM, all of these frothers are commonly
utilized in the coal preparation industry. A Fisher
surface tensiometer was used to measure the surface tension
of water containing various concentrations of each frother.
In addition, surface tension measurements were made of the
supernatent solution which had been contacted with finely
pulverized coal for a fixed period of time.

The Fisher surface tensiometer is a torsion-type
balance of the type specified by the American Society for
Testing Materials in Methods D-971 and D-1331. This device
employs the method originated by Dr. Pierre Lecomte du
Nouy, determining the surface tension by measuring the
force required to detach a ring or loop of wire form the
surface of the liquid. The ring is made of platinum-
iridium and is usually passed through a flame before use.

All surface tension experiments involved the same
cleaning procedures for the platinum-iridium ring and all
glassware employed. The ring was first dipped in benzene,
then washed with acetone, and then passed through a flame.
This procedure has been found to be very effective in

removing surface contaminates, such as hydrocarbons, which
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may produce biased results. The ring was cleaned before
each surface tension measurement was made. Prior to use,
glassware was initially washed with distilled water four to
six times and soaked in a chromic acid solution for one
hour. The glassware was then washed with distilled water
four to six times and soaked in alcoholic potassium
hydroxide for one hour. Finally, the glassware was washed
in distilled water ten to twelve times and rinsed with

double distilled water three to four times.

3.4.1 Frother Surface Tension
The liquid/air interfacial tensions of frother

solutions were determined using the surface tensiometer.
Frother concentrations were varied from 10-6 M to 10.-2 M.
The surface tension value was determined from the average
of four individual experimental measurements. In addition
to examining the effect of frother concentration, tests
were also conducted to determine the effect of pH on the
surface tension. The pH of each frother solution at each
concentration was varied through the addition of hydrogen
or hydroxide ions. Again, an average surface tension value
was taken from four test results. Each measurement was

conducted as a function of time so that the kinetic effects

of frother adsorption could be monitored.

3.4.2 Frother Adsorption onto Coal Surfaces

Finely pulverized coal particles were added to 1 liter
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of the frother solution in amounts of 1, 5, and 7 grams to
study the adsorption of the frothers MIBC, PSM, Dowfroth
M150, and Nalco 8836. The coal seams under investigation
were the Cedar Grove and Elkhorn #3 seams. Each sample was
pulverized to minus 100 mesh using a laboratory hammer mill
prior to testing. Coal particles were conditioned in a
well-mixed beaker for 5 minutes with the frother solution
to guarantee complete wetting. The solution was then
centrifuged for 3 minutes and the surface tension of the
remaining liquid was measured via the surface tensiometer.
In addition to the above measurements, the effects of
oxidation on frother adsorption were examined by heating
the Cedar Grove coal in an oven for 24 hours at 70°F. A
suspension containing 25 grams of coal and 0.5 liters of
PSM solution was prepared at various concentrations. Each
sample was conditioned for 5 minutes and then centrifuged

for 3 minutes. The surface tension of the remaining liquid

was then determined using the Fisher tensiometer.

3.5 Surface Tension Measurements

3.5.1 Effect of Frother Type
Figure 3.1 shows the effect of increasing frother
concentration on surface tension for the Dowfroth M150,
MIBC, PSM, and Nalco 8836 frothers. The decrease in the
surface tension with increasing frother concentration is

due to the nature of the frother molecules which
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Chemical Type

Alcohols

Hydroxylated
polyethers

Alkoxy
substituted
paraffins
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3.1 PROPERTIES OF SELECTED FROTHERS

Type Formula

Representative Frothers

ROH

HO(RO) H
X

(R’0) R
X

MIBC

PSM, Nalco 8836
DowFroth M150

Triethoxybutane
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preferentially adsorb at the air-liquid interface. It is
important to note that a lower concentration of Dowfroth
M150 is required to obtain a decrease in surface tension
than for the other frothers.

The surface tension of the frother solution is a
measure of froth stability, i.e., the maximum stability
occurs where the surface tension is capable of rapid change
with concentration which gives an elastic quality to the
froth. This phenomenon, known as Gibb's Elasticity, occurs
in the steeply sloping regions of the surface tension
plots. Various investigators have shown that the frothing
power and froth stability rise dramatically as the frother
concentration is increased. For example, Brown et al.
(1953) have reported a correlation between the stability of
two-phase froths formed using lauryl alcohol.

Despite these findings, Lekki and Laskowski (1975)
have noted that frothers of higher surface activity tend to
increase the foaminess of the slurry and actually diminish
the selectivity of flotation. Their explanation pointed to
the observation that this decrease in selectivity was due
to mechanical entrainment of gangue particles. This would
therefore have to be related to an increase in water
recovery with these particular frothers.

For the four frothers examined in the present study,

Dowfroth M150 appears to exhibit the best frothing
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properties and will most likely produce the most stable
froth. 1In the past, as shown in Figure 3.1, frothers such
as PSM of limited solubility were found to decrease froth
stability as their concentrations increased. This behavior
is most likely due to the froth-breaking ability of the
insoluble components of the frothing agent (King, 1982).
The effect of pH on frother surface tension was also
observed. Figures 3.2 and 3.3 show there is only a slight
effect of pH on surface tension due to the neutrality of
the PSM and Nalco 8836 frother molecules. Various authors
have described a slight increase in surface tension to the
effects of decreasing solubility when increasing pH. This
is known as the salting-out effect. The solubility of an
organic frother in an aqueous solution depends on the pH
and, therefore, the ionic strength of the solution. As pH
is increased, the solubility of the frother will decrease
very slightly, or salt-out, thereby lowering the effective
concentration of the frother. A decrease in concentration

will consequently result in an increase in surface tension.

3.5.2 Effect of Coal Addition
Figures 3.4, 3.5, 3.6, and, 3.7 also show the effect
of coal addition on frother surface tension. Coal samples
of -100 mesh Elkhorn #3 were added to the solution in
amounts of 1, 5 and 7 grams per liter of frother solution.

The negative slopes indicated in these figures show
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positive adsorption of the frother molecules on the
coal/air interface. All four frother solutions show an
increase in surface tension with the addition of coal
particles. This is most likely due to a lowering of
frother concentration as frother molecules adsorb onto the
coal surface, thereby decreasing the amount of frother
molecules available at the air/liquid surface. Generally,
as more coal is added to the frother solution, the
magnitude of the surface tension at a particular frother
concentration is decreased. This indicates that more
frother is therefore being adsorbed on the coal surface, in
contrast to the findings of Strydom et al. (1983), in which
little or no MIBC adsorbed on the surface of a West
Virginia Upper Kittanning coal seam. This data also
contradicts the findings of other studies which indicate
that MIBC does not adsorb at the coal/water interface of
both a western bituminous coal from the Lower Sunnyside
Seam, Utah, and an eastern anthracite coal from Wilkes-
Barre Pennsylvania (Aplan, 1976; Fuerstenau and Pradip,
1982).

Little or no dependence of frother adsorption at the
liquid/air interface on time or pH was found in the present
investigation. However, the addition of the Elkhorn No. 3
coal had a large impact on the adsorption behavior. Thus,
additional adsorption studies were performed using a Cedar

Grove seam coal at minus 100 mesh to determine whether this



105

behavior was coal specific. These studies were conducted
using the frothers PSM, Dowfroth M150, MIBC and Nalco 8836.

As shown in Figures 3.8 - 3.11, all four frother
solutions show an increase in surface tension with the
"addition of coal particles. As previously shown in Figures
3.4 - 3.7, as more coal is added to the frother solution,
the magnitude of the surface tension versus concentration
curve is decreased, a result which can be directly related
to increased adsorption at the coal surface. From Figures
3.8 - 3.11, a comparison of the three frothers can be made.
Results show that PSM and Nalco 8836 are less likely to be
adsorbed onto either of the surfaces of the Elkhorn No. 3
or Cedar Grove coals. Therefore, in flotation practice, we
are likely to get the same flotation results with a lower
addition of PSM and Nalco 8836 than of the other frothers.
Another important observation is that the Elkhorn No.3 coal
appears to be adsorbing more frother than the Cedar Grove
coal. For the case of Nalco 8836, however, both the Cedar
Grove coal and the Elkhorn No. 3 coal exhibit the same
adsorption characteristics. Thus, adsorption of these
frothers onto these coal surfaces is not only due to coal
surface characteristics, but also to the various frother
surface activities.

The adsorption behavior of frothers as related to coal

characteristics was further studied by observing the
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effects of coal oxidation. Figure 3.12 illustrates the
adsorption performance of PSM onto Cedar Grove coals. The
hydrophobicity of the coal was varied by oxidizing the coal
by heating. The results shown in the figure indicate that
oxidation has only a slight effect on the degree of
adsorption at higher concentrations. Frothers adsorb onto
coal surfaces due to hydrophobic interations. When a coal
is oxidized, the hydrophobicity decreases, and therefore,
less frother adsorbs. These results appear to agree with
those of Fuerstenau and Pradip (1982) who concluded that
oxidized coals adsorb less non-ionic surfactants.

Kinetic studies were performed on the adsorption of
frothers on the Elkhorn #3 seam coal. Because the rate of
coal flotation is usually high, and the time of contact
with reagents short, it is important to employ a frother
having adsorption behavior that has little dependence on
time. As shown in Figures 3.13 and 3.14, time dependence
is not a factor in the adsorption of PSM and Nalco 8836 on
the coal surface. This was not the case for MIBC adsor
ption, as reported by Fuerstenau and Pradip (1982),
where substantial adsorption of MIBC on coal required a
period of several days for completion. Similar kinetic
studies of the adsorption of o-cresol onto anthracite and
HF-treated anthracite coals show that the time dependence
of adsorption onto both coals was great as has also been

found with highly porous activated-carbons (Weber and
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Morris, 1964).

3.6 Discussion

3.6.1 Effect of Reagent Type

The behavior of the frothers employed in coal froth
flotation, and specifically their relationship to flotation
recovery and grade, can be attributed to their surface
activity and solubility. Both of these properties are
related to the chemical structure of the reagents. The
chemical structure of the frother molecules greatly
influences froth volume and stability which, in turn,
directly affect flotation performance. Frothers are
surface active agents which have the ability to adsorb onto
the surfaces or interfaces of a system, thereby reducing
the surface or interfacial free energies of those surfaces.
By decreasing the interfacial free energy at the interface
of a bubble, the bubble is able to stretch or compress when
subject to the high mechanical stress common to flotation
froths. At high concentrations, however, many frother
molecules begin to associate, forming micelles, and the
liquid/air surface tension is not further reduced. The
concentration at which this association occurs is termed
the critical micelle concentration (CMC), where Van der
Waals forces of attraction between the hydrocarbon chains
of the frother become dominant.

The general types of compounds used as frothers in
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flotation are alcohols, hydroxylated polyethers, and alkoxy
substituted paraffins (Booth and Freyberger, 1962).
Alcohols, such as methyl isobutyl carbinol (MIBC), are
heteropolar and contain a single polar group, hydroxyl
(OH) . They are limited in their solubility in water, with
decreasing solubility as hydrocarbon length increases, but
are easily dispersed. These aliphatic alcohols (ROH) have
been known to produce fine-textured, selective froths.
Hydroxylated polyethers include polypropylene glycols
of low molecular weights such as Dowfroth 250, 200, and
M150. These polypropylene glycols contain two hydroxyl
groups which tend to induce water solubility. They are
low-viscosity liquids which generally produce froths that
are fine and fragile and have no collecting properties.
High bulk viscosities of the liquid forming the foam may
hinder its formation. High viscosities of the surface
layer may, however, contribute to foam stability. Brown,
Thurman, and McBain (1953) related foam stability to
the surface viscosity of the film forming the foam, finding
that froth stability increases with increasing viscosity.
Likewise, Bikerman (1953) noted that a high surface
viscosity of the bubbles in a foam results in retarded foam
drainage and bubble surface deformations preliminary to
bubble bursting. This would suggest that polypropylene

glycols form weakly stable foams and froths, and would
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negatively affect the cleaning efficiency of a flotation
process. Fuerstenau and Waymen (1958) showed that the
degree of selectivity of the froths produced is inversely
related to the molecular weight of the frother. Dowfroth
M150 should thus produce a fairly selective froth.

Another hydroxylated polyether common to flotation
systems is composed of polyoxyethylene chains attached to
alkyl chains giving compounds with the general formula
given in Table 3.1. These surfactants are polymerized
synthetic multipolar surfactants derived by condensing a
given number (n) of ethylene oxide molecules onto alcohols,
carbocylic acids or amines. One such example is
polyoxyethylene sorbitan monolaurate (PSM), a polymer whose
molecular weight varies according to the number of
oxyethylene units in the polyoxyethylene chain. Most
frequently, this value ranges from 3 to 30. It has been
shown that as the number of ethylene oxide groups condensed
onto an alcohol increases surface tension rises,
suggesting a lowering of surface activity of the frother.

The third non-ionic frother group, triethoxybutane, is
an example of an alkoxy substituted paraffin. This frother
contains no hydroxyl groups and has limited solubility in
water. Triethoxybutane has also been found to produce a
persistent, stable froth over a wide pH range.

The relationship of surface tension to concentration

for flotation frothers can be compared to determine which
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frothers are most effective in reducing the amount of work
required to increase the surface area of the air/liquid
interface, thereby stabilizing bubbles in the froth.
According to Rao et al. (1982), the surface tension and
surface elasticity of the air/liquid interface produced by
a frother can be directly related to foam stability. They
describe a stable foam as one in which liquid drainage
occurs rapidly, a direct result of a rapid decrease in
surface tension.

Referring to Figures 3.1 to 3.5, it is apparent that
Dowfroth M150 decreases the surface tension at the
air/liquid interface to its lowest value at the lowest
concentration for the frothers under investigation. PSM
also decreases the surface tension to a low value, but
requires slightly more frother to produce the same results.
MIBC and Nalco 8836 both appear to exhibit identical
surface tension behavior as frother concentration is
increased. Both frothers require a large concentration to
produce the low surface tension values generated by'
Dowfroth M150 and PSM. According to these results,
Dowfroth M150 and PSM would promote the best conditions for
bubble generation and bubble stability in a froth flotation
operation. It has been reported, however, that a large
decrease in the surface tension due to frother adsorption

may have a detrimental affect on a frother's ability to
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selectively float certain minerals.

Another comparison between the effectiveness of the
four frothers studied in the present work can be made based
on their solubilities. Frothers must exhibit some
solubility in water to allow for an even distribution of
their surface active properties. The most soluble frothers
are those which include in their composition an hydroxyl
group (-OH). By replacing the ordinary carbon-carbon bond
with the hydrogen bond the physical properties of the
molecule change and a high water solubility results. The
critical micelle concentration of a surface active agent
can be directly related to its solubility limit.

The CMC of a hydrocarbon chain surfactant is dependent
on the length of the hydrocarbon chain. As the hydrocarbon
chain length increases, the concentration at which
micellization occurs is reduced. Likewise, as the CMC of a
frother is reduced, the solubility of that frother is
reduced, as is its effectiveness. The data shown in Figure
3.1 suggests that Dowfroth M150 and PSM are less soluble
than MIBC and Nalco 8836. Figure 3.1 also indicates that
the characteristics of MIBC and Nalco 8836 are very
similar. It appears that MIBC and Nalco 8836 may have
similar structures, both being aliphatic alcohols.

The solubilities of polymeric surfactants cannot,
however, be determined by the hydrocarbon chain length

alone. The solubility of polyoxyethylenes, for example, is
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determined by the number of moles of ethylene oxides added
per mole of specific alcohol (Leja, 1982). In the case of
PSM, this ratio is 20. Leja found that these surfactants
with higher ratios, near 30, are completely water-soluble.
In addition, the solubility of polyoxypropylene alkyl
ethers cannot be related to their hydrocarbon chain lengths
because they cannot form micelles. It is therefore
difficult to distinguish the most effective of these four
frothers based solely on their solubilities.

A better method of frother characterization should be
based on the stability of the bubbles it has generated.
Frothers are important in stabilizing bubbles in the pulp
phase of flotation columns and cells, in order to prevent
coalescence. Because they are non-ionic, their adsorption
onto the surface of a bubble has only a minimal effect on
the bubble's surface charge (Yoon and Yordan, 1985). It
has been found that under certain pH conditions, particular
frothers can change the charge of the bubble. Yoon and
Yordan illustrated the effect of pH on the charge of
bubbles formed by the polymers polypropylene glycol and
polyoxyethylene methyl ether. They showed that these
frothers consisting of ethylene oxide groups possess an
affinity toward H+ ions and, therefore, cause a reverse in
the charge of the bubble to positive at low pH values.

Identical results were found with bubbles generated using
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polyoxyethylene methyl ether, although the change in the
sign of charge occurred at higher pH values. This is
important for flotation systems where the pH of the slurry
is known. If the bubble charge is positive, a cationic
collector will have a detrimental effect on flotation
recovery and selectivity. Figures 3.2 and 3.3 indicate
that there is little or no change in surface tension with
changing pH for both Nalco 8836 and PSM. The change in the
zeta potential of the bubbles with pH, as indicated by Yoon
and Yordan, must, therefore, be due to the difference in
hydration energies of H+ and OH- ions, and not to the
surfactant itself. In the case of polymerized frothers,
this charging mechanism will be influenced by the oxygen to
carbon ratio of the frother molecule. With a higher ratio,
like that of PSM, there will be an increase in the
isoelectric point of the bubble. Therefore, under certain
pH conditions, PSM may be detrimental to flotation
selectivity.

Frothers are also important in producing stable froths
necessary for flotation. It has also been shown that the
presence of frother molecules on bubble surfaces enhances
bubble-particle attachment in the pulp (Fuerstenau and
Wayman, 1958). Frother molecules aid in maintaining the
sphericity of the bubbles, necessary for non-violent bubble
rising, thereby reducing the number of particles repelled

by bubble oscillations. 1In view of the above analysis, the
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frothers PSM and Dowfroth M150 should produce the most
stable flotation froths.

3.6.2 Effect of Coal Type

The adsorption of frothers onto coal surfaces occurs
due to hydrophobic interactions between frother molecules
and the coal surface. Because frothers are heteropolar,
organic compounds, they have a tendency to adsorb onto the
hydrophobic coal surface. 1In addition, frothers tend to
adsorb onto coal surfaces due to the existence of pores.
Coal porosity, like other surface properties, tends to vary
with place of origin and rank of coal. It is important to
consider not only the frother interactions at the
liquid/gas interface, but also those interactions at the
solid/liquid interface.

Adsorption at the solid/liquid interface is reported
as an adsorption isotherm - the relationship between the
amount adsorbed at the interface and the concentration of
the adsorbate as obtained under constant temperature. The
surface tension plots illustrated in Figures 3.4 to 3.7
relate the adsorption characteristics for the various
frother solutions onto the surface of the Elkhorn #3
coal. In all cases, as more coal is added to the frother
solution, more frother is adsorbed onto the solid/liquid
interface. It also appears that this adsorption behavior is

frother dependent. As Figure 3.7 shows, less of the Nalco
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8836 frother is adsorbed on the coal surface than of the
other frothers in question. Also Figures 3.4 and 3.5 show
that as Dowfroth M150 and PSM act similarly at the
liquid/air interface, they also exhibit similar surface
activities in the presence of the Elkhorn #3 coal.

The difference in adsorption behavior of each frother
is most likely due to their chemical make-up, i.e., their
solubility, molecular weight, hydrocarbon chain length, and
molecular size. Earlier studies indicate that less soluble
materials will tend to adsorb more strongly at the
solid/liquid interface. As was previously discussed, it is
difficult to distinguish the adsorption behavior of these
frothers based on their solubilities because they are all
fully soluble in water.

Figures 3.8 - 3.11 illustrate the effect of varying
coal type on the adsorption behavior of PSM, Dowfroth M150,
MIBC, and Nalco 8836. Again, the frother Nalco 8836
appears to adsorb less onto the surface of both the Elkhorn
#3 and the Cedar Grove coals. It is interesting to note
that PSM and Dowfroth M150 adsorb even less onto the Cedar
Grove coal than was found for the Elkhorn #3 coal. Surface
properties of the two coals seem to have a pronounced
impact on the adsorption of these three frothers. It is
possible that the pore sizes of the Cedar Grove coal are

smaller than those of the Elkhorn #3 coal or that the
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Elkhorn #3 coal is more hydrophobic. The Nalco 8836
frother shows a similar reaction to the difference in coal
surface properties, although it is indicated that this
frother is almost unaffected by the coal surface. The
frother Dowfroth M150, however, is strongly affected by the
surface properties of these coals. Figure 3.10 shows that
at lower concentrations less Dowfroth M150 is adsorbed at
the surface of the Elkhorn #3 seam coal than is adsorbed at
the Cedar Grove seam coal. This suggests that the
interaction between frother molecules and coal surfaces is
not only due to coal surface characteristics, but also to
the various frother surface activities. 1In addition, the
polymeric frothers exhibit a greater dependency on the

properties of the solid surface.

3.7 Conclusions

1) Several frothers common to the flotation industry have
been compared based on surface activities. Surface
tension measurements have been used to determine these

surface activities.

2) PSM (polyoxyethytene sorbitan monolaurate) has been
found to be the most effective frother in producing
stable bubbles, while minimizing adsorption behavior
on the coal surface. Dowfroth M150 and PSM apparently
produce the most stable froths through their ability

to rapidly decrease the surface tension of the
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liquid/air interface, at low concentrations. However,
PSM's tendency to reverse bubble charge at low pH

values may limit its effectiveness in some cases.

The adsorption behavior of the polymeric frothers, PSM
and Dowfroth M150, have been found to be influenced to
a large degree by the coal surface. The adsorption
behavior of the frothers MIBC and Nalco 8836, most
likely an alcohol, shows little dependency on the coal

surface characteristics.



CHAPTER 4
FROTH MODELING

4.1 Introduction

Froth flotation is used widely for the separation of
valuable coal from unwanted mineral matter. Its low unit
cost and operation simplicity allow for an optimal method
for treating fine particles. The physical and chemical
processes involved in coal froth flotation have been
extensively studied, both theoretically and experimentally.
Consequently, flotation simulators have been developed to
predict process product recovery and grade.

Simulators based on empirical, probabilistic, and
kinetic analyses have been presented in past literature for
predicting flotation response. Empirical models, which
involve statistical correlations, cannot adequately account
for all of the complex phenomena which occur during
flotation. Probabilistic models, which describe the
flotation process in terms of a product of the
probabilities of collision, adhesion, detachment, and
various fundamental events of the flotation process, have
met with more success. Unfortunately, not all of the
fundamental subprocesses which occur during flotation can
be quantitatively described at the present time. The

utility of this approach, therefore, will continue to be
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limited until a better understanding of the elementary
phenomena in flotation becomes available.

Flotation kinetic models are designed to quantify the
recovery of froth product with time. Unlike probabilistic
models, however, kinetic models do not attempt to determine
the fundamental mechanisms responsible for the occurrence
of a particular flotation process. Theoretical development
has been primarily the result of chemical kinetics and mass
transfer concepts. The basic rate equation is of the form:

2
dc/dt = - k C [4.1]

where C is the concentration of a floatable species at time
t, k is the flotation rate constant, and z is the order of
the kinetics. The values of z and k are commonly
determined from laboratory investigations. For most cases,
flotation is considered to be a first-order process (i.e.,
z=1). The magnitude of k is determined by the properties
of the floatable species under consideration.

Using Equation [4.1] as a basis, kinetic models have
been developed which recognize distinct phases with
reversible mass interchange between the phases and the role
of air and water flow in solids transport. Because kinetic
models are based on an analogy to chemical kinetics and use
general rate equations based on experimental rate constants
to specify the rate at which material is transferred

through the flotation cell, they lack a complete
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theoretical justification of their basic form. Although
they provide a reasonable method for flotation simulation,
their parameters should, ideally, be determined through
theoretical analyses for direct predictability.

A population balance model is a form of a mathematical
model commonly used to represent chemical and physical
processes. Population balance models describe a particular
process by monitoring the change in number of a given
species of the process in both space and time. Population
balance models, therefore, they can be dynamic models based
on first principles that can predict the outcome of a
system under various conditions.

Two useful forms of the population balance model are
the microscopic model and the macroscopic model. The
microscopic population balance model allows for the
representation of the distribution of various properties at
any position in a system at any time. Models of this type
have been used to describe processes such as a bank of
flotation cells and a pelletization operation. The
macroscopic form of the model is useful for determining the
correlation between the input and output streams of a
system. Therefore, no internal details are considered and
spatial distribution is lost. Batch grinding, liberation,
and crystallization processes have all been modeled using

the macroscopic approach.
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The microscopic population balance model is based on a
number balance description of a process. The general form
of the model involves accumulation, input, output and

generation terms:
Accumulation = Input - Output + Generation [4.2]

Both property and physical space coordinates are used to
generate terms for this expression.

Continuous or discrete forms of population balance
models are used depending on their applicability to the
specified process. The continuous form of the mathematical
model offers a distribution of properties within the
system. Knowledge of geometrical velocities, property
velocities, and birth and death terms are needed in order
to obtain a solution. The general model equation is given

by:

dy d(Vx ¥) . d(Vy ¥ )

+
dt dx ay
a(v_ %) d(v ) . .
+ z + d +D-A=0 [4.3)]
dz dd
where,
¥ = characteristic of interest,
Vx = geometric velocity in x direction,
V = geometric velocity in y direction,
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= geometric velocity in z direction,

time, and

characteristic velocity (i.e., change in
characteristic with time).

rate of disappearance

rate of appearance

included in Equation [4.3] account for:

the accumulation of material within the systenmn,

continuous changes in the characteristic of
interest,

discrete disappearance from the system of the
characteristic of interest, .

discrete appearance to the system of the
characteristic of interest, and

transport of material through the system.

A population characteristic is a measurable and/or

identifiable feature common to a population such as

particle

size, shape, composition, strength, and so forth.

The state of this population characteristic is reported as

either a

distributed measure, such as a size distribution,

or a collective measure, such as a mean size.

In the present work, the population modeling approach

is to be

utilized to describe the behavior of a two-phase

froth. The terms to be examined in the froth model

include the volumetric flow rates of the air and liquid

phases and the pulp and froth bubble sizes. The model

should provide a better understanding of the relationship

between flotation operating parameters and froth phase
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behavior.

4.2 Literature Review

With the recent development of the flotation column, a
renewed interest in flotation modeling has emerged. 1In the
past, progress in delineating the fundamental physical and
chemical principles involved in froth flotation modeling
has been considerable. However, most of this work has
concentrated on the study of conventional flotation
circuits using empirical kinetic relationships. Few
fundamental relationships have been derived which are
capable of accurately predicting flotation behavior.

Most of the recent attempts to mathematically model
froth flotation processes have focused on describing the
behavior of column flotation cells. Sastry and Fuerstenau
(1970) based their theoretical analysis of a countercurrent
flotation column using an axially dispersed plug flow
model. They presented a flotation rate equation suitable
for describing the physical situation of the countercurrent
flow of air and water phases in the flotation column. More
recently, Luttrell et al., (1986) developed a population
balance model to describe the flotation process in a
column, deriving a rate expression from the first
principles of bubble-particle attachment. These models
have provided useful criteria for the scale-up and

optimization of column flotation processes.
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Although some extensive work has been performed on
column flotation modeling, very little is known about the
properties of the froth phase. Few researchers have
developed mathematical models describing froth behavior as
it relates to conventional flotation. 1In 1962, Arbiter and
Harris presented a kinetic model of flotation where the
froth and pulp volumes were treated as two distinct phases.
This model was important in recognizing the process of
drainage of particles from the froth back to the pulp as a
cleaning mechanism.

More recently, the froth phase itself has received
some modeling attention (Mika and Fuerstenau, 1969; Moys,
1978; Cutting et al., 1982; Bascur and Herbst, 1982). The
models arising from these studies, however, require
impractical measurements of parameters involved in actual
flotation practice.

The most comprehensive work done in the mathematical
modeling of the froth phase has been based on the
understanding of "two-phase" foams. Foaming is a cémmon
property of many liquids and has considerable practical
importance. The effects of the physical properties of
foams and froths have been studied somewhat by various
scientists. Theories concerning the height, film
thickness, and liquid hold-up fraction of a foam have been

developed based on studies performed by Gardner and MacLean
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(1969), Rennie and Smith (1965), deGoederen (1965), and
Hart and Haselden (1969). As a result of this work, Thomas
and Campbell (1967) proposed a linear equation relating the
gas velocity and liquid flow to foam height of air-
glycerol-water dispersions on a distillation plate. Foam
drainage was also modeled by Miles et al. (1944), Jacobi
et. al. (1956), Haas and Johnson (1967), Leonard and
Lemlich (1965), and Ho and Prince (1971). Leonard and
Lemlich produced a numerical model describing flow down a
Plateau border in a foam closely resembling a "two-phase"
column foam. Hartland and Barber (1974) recently presented
models of a steady-state foam and a dynamic foam, both of
which more closely resemble a column flotation froth.
However, the complex mathematical equations which describe
the foam structure and drainage, and the assumptions and
parameter measurements involved in the use of the models
make them impractical for predicting the behavior of most

two-phase foams.

4.3 Model Development

The two phase froth flotation model has been developed
as a means of fully understanding the relationship between
the characteristics of a foam column and various operating
parameters of the flotation column. It is possible that
the knowledge gained from the modeling of the behavior of a
two-phase froth will lead to the development of a three-
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phase froth model which can describe the additional
contribution of solid particles to froth behavior.

The development of the two-phase froth flotation model
is based on a combination of flow balances around a
particular flotation system and population balance modeling
techniques. The froth flotation cell has been divided into
two distinct regions, the pulp zone and the froth zone. 1In
the present work, flow balance equations are used to
describe the pulp zone and the flotation cell as an entire
system. A combination of population balance model
equations and flow balances around the froth zone have been
used to describe the froth phase. The volume and number
balances around each zone consider only transport terms,
i.e., fluid flow and bubble buoyancy terms. Transport
terms are used to describe the movement of air or liquid
due to volumetric flows, settling or rising velocities, and
entrainment.

The completed model contains three equations and three
unknowns which can be solved simultaneously. In the
present work, a combination of resubstitution and search
techniques have been utilized. The resultant froth model
is capable of simulating the relationship of various
parameters, such as pulp and froth bubble size and
volumetric flow rate, on the air fraction in the pulp and
froth and the water and air mass recovery rates. For

convenience, all model nomenclature is defined in Table
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Table 4.1 MODEL NOMENCLATURE

superficial gas velocity (cm/s)

superficial feed velocity (cm/s)

pulp bubble diameter (cm)

froth bubble diameter (cm)

hindered rise coefficient in pulp

hindered rise codfficient in froth

feed flow rate (cm3/min)

gas flow rate (cma/min)

cross-sectional area (cm2)

pulp air fraction

froth air fraction

total product superficial flow

total tailings superficial flow

superficial velocity of gas to the product (cm/s)
superficial velocity of liquid to the product (cm/s)
superficial velocity of gas to the reject (cm/s)
superficial velocity of liquid to the reject (cm/s)
concentrate air fraction

air flow air fraction = 1.0

velocity of bubble in froth

single bubble rise velocity for free

flow conditions

porportionality constant

concentrate flow rate
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4.1. In the work described, transverse motion and mixing
of the froth has been ignored and all froth streams are

assumed to follow plug-flow behavior.

4.3.1 Total System Volume Balance
The schematic shown in Figure 4.1 represents the
volumetric flows of air and liquid passing through the
overall flotation column. All flow balances are assumed to
be at steady state, and gas and liquid are considered to be
incompressible. This assumption is valid for the liquid
phase and, for the cell geometries considered in the
present work, should also be reasonable for the gas phase.
The total volume balance around the flotation column
requires that at steady state input flows equal ocutput
flows. This can be stated mathematically as:
Q +Q =Q +4Q [(4.4]
£ g c t
where Q , Q , Q@ and Q are the volumetric flow rates of
feed, air, goncgntratetand reject streams, respectively.
Both Q and Q are known operating parameters. By dividing
each tgrm by ghe cross-sectional area of the flotation

column, this equation can be written in terms of

superficial velocities, i.e.,

Vet Vg=V +V, [4.5]

An air flow balance can also be conducted around the
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System

Qf =
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Figure 4.1 Schematic representation of the flow balance
of the flotation column.
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total column system. This balance is given by:

QE +QE =QE + QE + V AE [4.6]
bl gg tt cc b c

where V is the superficial velocity of the air bubbles
b
rising through the froth phase and E , E , E and E are
f g t c
the respective fractional content of air in the feed, air,

reject and concentrate streams. The term V AE represents
b c
the flow of air into the product due to bubble buoyancy in

the froth.
In order for Equation [4.6] to be useful, a value must

be determined for V . Using Richardson and Zaki's (1954)
b
generalized equation for hindered conditions, a standard

expression for the rise velocity of bubbles can be derived

as:
Nc
V =U [1-E] [4.7]
b b c

where U 1is the terminal rise velocity of a single bubble
under f?ee rising conditions and N is the order of the
hindered rise. The value for N ig unknown. For this
model, a value of 2 was used tocrepresent large bubbles.

Luttrell (1986) showed that U can be determined from
b
the expression:
U =2 (D) [4.8)
b b

where Z is a proportionality constant obtained for a given
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set of experimental conditions. For the sizes of bubbles
typically used in flotation, Z can be approximated as 148
when U is given in units of cm/sec and D is given in
units gf cm. The form of the expression given by Equation
(4.8] is similar to that derived for spherical particles
settling in the intermediate region between Stokes and
Newton's conditions.

In order to further simplify Equation [4.6], one can
assume that the air stream entering the cell contains no
liquid and that the feed stream contains no entrained air,
i.e.,

E =0 [4.9]
£

E =1 [4.10]
g

Furthermore, if the cell is assumed to be perfectly mixed,
then the fraction of air leaving the cell should be equal
to the air hold-up within the cell. Mathematically, this
would require that:

E =E [4.11]
t P

Equations [4.9] through [4.11] allow Equation [4.6] to be
simplified to the form:
Q =QE +QE + VAE [4.12]
g tp cc b c
By substitution of Equations [4.4] and [4.7] into Equation

[4.12], the superficial flow rate of concentrate (V ) can
c
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be determined using the expression:

N

Ve + Vg)Ep - Uy E.(1 - E

E - E
c p

The unknown terms which must be solved for in Equation

C

v
c [4.13]

ve =9 !

(4.13] are V , E and E .
c c p

4.3.2 Froth Phase Model Equations

The froth zone can be considered as a steady-state
process with an input stream from the pulp and an output
stream as the flotation product. Internal flows through
the froth zone must be represented with a population
balance model. According to Figure 4.1, only the flow of
the concentrate (Q ) should be considered.

If air fractign in the froth becomes the general
property of interest, the general form of the population

balance model (i.e., Equation 4.3) can be used to show

that:

¥
d¢+d(Vx ¥ ) . d(VV )

dt dx dy
d(v, ) _dA(vy w) .
+ + + D - A= 0. [4.14]
dz dd

In the present work, the following assumptions have been

made for the modeling of the froth phase.
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a) The model system is at steady-state and therefore
can be modeled as a static system where there is no
change in froth air fraction with time.

b) The single characteristic in question is bubble
diameter (4d).

c) The froth phase is completely mixed in the
horizontal (x,y) directions but is plug flow in the
vertical (z) direction.

d) Bubble size does not change continuously with froth
height.

e) The model does not address bubble size changes due
to bubble coalescence and, therefore, there is no
discrete appearance or disappearance of bubbles.

With these assumptions in mind, the population balance

model equation for the froth phase becomes:

da (v, ,E))
2'c’ =0 [4.15]
—_
z
where the total rise velocity in the vertical (z) direction
is:
N
V =V +U [1-E]c [4.16]

z c b c
This equation for the rise velocity of the air phase is a
combination of an overall flow balance and a modified
version of Richardson and Zaki's equation for hindered
settling. The parameter (N ) is an empirical numbér
related to the particular hgndered system. A value of 2

was determined to be a reasonable for the size of bubbles

commonly found in bubble columns. However, further study
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is needed before this value can be fully quantified for the
froth phase. The determination of V is important since it
dictates the net magnitude of the flgw of solid, gas and
liquid to the product stream. This value, combined with
the relative velocity at which particles settle through the
froth, ultimately determines whether particles in the froth
have a net upward or downward velocity (Moys, 1978).

By substituting Equation {4.16] into [4.15] and taking
the derivative with respect to z, it is possible to obtain
a second expression for the superficial flow rate of
concentrate to the product stream, i.e.,

N -1 N
V =U [(NE(L-E)c =-(1-E) c]. [4.17]
c b ccC c c

As with Equation [4.13], this expression includes V and E
as unknown parameters. However, in order to solve ghese ©
expressions, an independent expression must also be derived
for E .

P

4.3.3 Pulp Phase Balance Equations

The description of the pulp phase process as a
perfectly mixed system has become widely accepted in the
flotation research community (Moys, 1978) and will
be employed in this work. In order to determine

the external flows of the flotation column, the internal

flows of the pulp and froth phases must once again be



142

considered. A volumetric flow balance around the flotation
pulp dictates that:

vV +V =V + V., [4.18]
f g c t

An air flow balance can also be conducted around the

pulp system, i.e.,
QE +QE =QE +QE + VAE. [4.19]
ff gg tt ccC b ¢
This expression is helpful in determining the values of the
unknown parameters V and V . As before, it is assumed
that the air fractio: of gag entering the column is unity
(i.e., E =1) and that the feed contains no air (E =0). It
is also gssumed that at the pulp/froth interface,fthe air
fraction in the pulp, tailings, and concentrate are equal
(E =E =E ).
c t p

It is important to note that V is dependent on the
thickness of the liquid film carrieg into the froth by each
bubble. 1In past column flotation models, the amount of
liquid flowing into the froth was considered as a "sheath"
of liquid slurry carried by each bubble, the thickness of
which was determined empirically (Luttrell et. al., 1987).
Due to the nature of the current model analysis, this term
can be eliminated.

Using Richardson and Zaki's equation to describe the

hindered rise of bubbles in the pulp phase, the rise

velocity of bubbles can be derived as:
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Np
V =U [1-E)] [4.20]
b b p

where U 1is the terminal rise velocity of a single bubble
under f?ee rising conditions and N 1is the order of the
hindered rise of bubbles in the pugp. Again, N 1is unknown
and is assumed to be a value of 2 for large bubgles. U

can be determined as a function of bubble size using P
Equation [4.8].

By simultaneously solving Equations [4.18] through
[4.20], the final pulp balance equation can be rearranged
to yield:

E. = 'g ) [4.21]
P ¥ FV U0 (1 -=-E)N
£ g b P P

The expressions which describe the pulp phase, froth phase

and the total system provide us with three equations (i.e.,
(4.13]), [4.17] and [4.21]) and three unknowns (i.e., V , E
and E ). These expressions, which are summarized in Tgblec
4.2, gan be solved simultaneously to calculate the value
for these unknowns for a particular set of column
geometries and operating conditions. It is important to
realize that due to the assumption of no coalescence in the
froth, the froth air fraction will not be a true function

of froth height but will be known only at the pulp-froth
interface and at the top of the froth.

4.4 Parameter Estimation
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Table 4.2 MODEL EQUATIONS

Nc-1 Nc
V =U [NE (1 -E) - (1 -E) ]
c b c c c c
Nc
_ Vg - (Vf +Vg)Ep—UbEC (l—Ec)
E - E
c P
v
E = g

V +V +U (1 -E)Np
f g b p
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The two-phase froth flotation simulator requires a
number of input operating parameters which describe the
column geometry and flow characteristics. The input data
required to run a simulation include:

a) aeration and feed flow rates,

b) pulp bubble size,

c) froth bubble size,

d) hindered rise coefficient for the pulp, and

e) hindered rise coefficient for the froth.

After determining these values, the first step of the
solution procedure is to determine the pulp air fraction

(E ) using Equation [4.20]. Since this is a nonlinear
eqﬁation, a resubstitution technique has been used to solve
this equation. Once the air fraction in the pulp has been
determined, Equations [4.13] and [4.17] must be solved
simultaneously for values of V and E . Figure 4.2 shows a
sample of how these equations ;ay be golved graphically by
plotting the two equations as a function of E and ﬁoting
that the intersection provides the solution. cHowever, this
procedure was replaced with a numerical search technique
which was found to be quicker and more efficient for
solving these expressions. A computer program was written
for this purpose and is included in Appendix I for

reference.
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Equation [4.17]

3r \

2 e
solution
8 I Y SRR RN
Eguation [4.13]
\
O 1
o) 0.2 0.4 0.6 0.8

Ec

Figure 4.2 Initial solution to model equations.
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During the simulations, a set of "standard" conditions

were assumed. These are as follows:

2 (pulp)
2 (froth)

= 0.08 cm (pulp)

O o =z Z

o o 0 v

0.15 cm (froth)

2 cm/s

< <
[ JTe
1

0.5 cnm/s

4.5 Model Predictions

Simulations were performed using the model to describe
general trends in the relationships between air fraction in

the froth and pulp, and water recovery in the product.

4.5.1 The Effects of Superficial Gas Rate
Figure 4.3 shows the predicted results for the

superficial flow rate of air and liquid to the product
stream as a function of aeration rate. As shown, the rate
of both liquid and air reporting to the product increases
with an increase in superficial gas rate. This trend
coincides with the experimental results (Figure 2.13) found
for the three-phase flotation studies described in Chapter
2, i.e., the mass rate of water reporting to the product
also increases with increasing gas flow rate.

Figure 4.4 describes the effects of gas rate on the
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Figure 4.3 Model predictions of superficial gas rate
on superficial product rate of air and

liquid.
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air fraction in the pulp and froth phases. In the pulp, an
increase in superficial gas rate causes an increase in pulp
air fraction. It is commonly known that an increase in gas
flow rate will induce a greater number of bubbles into the

pulp, thereby increasing the amount of air in the pulp. An
increase in superficial gas rate also causes a decrease in

the froth air fraction. 1In practice, as more bubbles rise

from the pulp into the froth, more water is carried upward

into the product stream creating a "wetter" froth.

The results predicted by the simulator, therefore, seem to

reasonably predict trends commonly observed in actual

flotation practice.

4.5.2 The Effects of Froth Bubble Diameter

Figure 4.5 illustrates the effect of increasing froth
bubble size on the superficial product rates of liquid and
air. In general, the model predicts that an increase in
froth bubble diameter causes a decrease in the rate at
which liquid reports to the product. The experimental
results shown previously in Chapter 2 also show that
smaller bubbles result in a wetter, more stable froth.
Although the effects of increasing froth bubble size have
not actually been measured via experimental studies, it has
been shown that as bubbles in the froth coalesce and
increase in size, the rate of drainage of water through the

froth increases. This produces a less stable froth,
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causing a lower mass rate of water and a lower combustible
recovery.

The effects of froth bubble size on the air fraction
in the pulp and froth phases are shown in Figure 4.6.
These results show that the froth bubble size has a
dramatic influence on the air fraction in the froth phase.
As is to be expected, froth bubble size has no effect on
pulp bubble size.

4.5.3 The Effects of Pulp Bubble Diameter

Figure 4.7 illustrates the model's predictions of the
effects of increasing pulp bubble diameter on the
superficial product rate of liquid and air. As shown, an
increase in the size of bubbles in the pulp only slightly
increases the rate at which liquid and air report to the
product. However, experimental studies on a three-phase
flotation system have shown that an increase in pulp bubble
size does cause a decrease in the mass rate of water
reporting to product (Figure 2.14).

As previously discussed, an increase in froth Subble
size would cause a decrease in the amount of water
reporting to the froth. As larger bubbles report to the
froth, coalescence would occur resulting in even less water
reporting to the product. However, because model
simulations were performed by varying pulp bubble size

while keeping froth bubble size constant, the effects of
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increasing pulp bubble size on froth bubble size are not
observed. Therefore, the simulator predicted little change
in liquid and air flow rates reporting to product.

Figure 4.8 shows the effects of increasing pulp bubble
size on pulp and froth air fractions. An increase in pulp
bubble size is shown to decrease the air fraction in the
pulp. This is due primarily to a change in the rise
velocity of bubbles with bubble size. Since pulp geometry
does not change, a increase in bubble rise velocity
produces a fewer bubbles in the pulp and, as a result, a
lower net air hold-up. Since the model equations do not
link the froth and pulp bubble sizes, the simulator
predicts little change in the froth characteristics with

changing pulp bubble size.

4.5.4 The Effects of Superficial Feed Rate

Figures 4.9 and 4.10 describe the effects of
increasing superficial feed rate on superficial product
rate of liquid and air, and on pulp and froth air
fractions. Figure 4.9 shows how both the rates of liquid
and air reporting to the product are reduced when the
superficial feed rate is increased. This can be explained
by an increase in the loss of air to the reject stream when
the volumetric flow of feed to the cell is increased.
Since less air enters the product stream, less water is

carried into the froth. This action has a similar
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consequence as that shown in Figures 4.3 and 4.4 for
changes in aeration rate.

Figure 4.10 shows a similar trend to that found above.
According to the model, an increase in superficial feed
rate produces a decrease in pulp air fraction. This slight
decrease can also be attributed to the increased loss of
air into the reject stream. Once again, little or no
effect is seen on froth air fraction since the pulp and
froth bubble sizes are independent in the present form of
the model.

Unfortunately, the trends shown in Figures 4.9 and
4.10 contradict those obtained in actual experimental
studies (Figure 2.9). In a three-phase flotation process,
an increase in feed rate generally causes an increase in
the mass rate of water reporting to the product. This
discrepancy can be explained by the realization that the
simulation model does not consider particle-bubble
interactions in the pulp and froth phases. It is well
known that particles trapped between bubbles can retard the
drainage of water from the froth and result in a net
increase in the liquid hold-up. At present, there is no
manner in which this type of phenomena can be included into

the simulation model.

4.6 Discussion

4.6.1 Superficial Product Flow of Liquid
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The four parameters varied for the two-phase
simulations have effects on the superficial product flow of
liquid that can be compared to the actual three-phase test
data found in Chapter 2. For many cases, the model trends
predicted for the two-phase system appear reasonable for a
three-phase flotation system. For example, the model
predicts the well known observation that the rate at which
liquid reports to the product increases with increasing gas
flow rate. We have shown in Chapter 2 that in a three-
phase system, an increase in the rate of water recovery can
be correlated to an increase in the rate at which ash
particles are recovered. The simulation results can
therefore be used to provide a mathematical rational for
the decrease in product grade as air flow rate increases.
Through the addition of theoretical equations describing
bubble~-particle attachment in the pulp and coalescence in
the froth, the model should be able to accurately predict
the cleanabilities of various coal seams.

The model also predicts accurate trends for a two-phase
froth flotation process when varying froth bubble size.
Although the three-phase experimental studies did not
involve accurate measurements of the bubble size of the
froth, we can use known froth characteristics to compare
the model predictions to the actual test results. For
example, we know that as the height of a froth increases,

the bubbles in the upper stages of the froth increase in
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size due to coalescence. We can compare the model
simulations for increasing froth bubble size with those of
the three-phase studies on increasing froth height. 1In
general, as froth height increases, bubbles coalesce and,
thus, bubble size increases. The froth then becomes drier
and less water is recovered in the product. Once again,
the model indirectly predicts trends relating to water

recovery and product grade.

4.6.2 Pulp Air Fraction

The results of the model simulations of varying
superficial gas flow rate, feed rate, and pulp bubble size
on pulp air fraction also compare favorably with actual
three-phase test data. In order to compare two-phase
predictions with three-phase results, we must consider the
assumption that an increase in the air fraction in the pulp
will result in an increase in product recovery of coal. A
lower pulp air fraction can be attributed to the presence
of larger or fewer bubbles. This would then cause a
decline in the probability of particle-bubble attachment in
the pulp, and therefore, a lower product recovery.

With the above in mind, it is possible to
qualitatively compare the results of three-phase studies of
coal recovery to model predictions of the effects of
increasing gas flow rate, feet rate, and pulp bubble size

on the pulp air fraction. With all three parameters, the
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model predicts trends that correlate with experimental data
shown in Chapter 2. For example, Figures 4.4 and 2.12
indicate that an increase in gas flow rate will result in
an increase in pulp air fraction and thus, to an increase
in product recovery. Likewise, Figures 4.10 and 2.8, and
Figures 4.8 and 2.14 show that an increase in feed rate and
pulp bubble diameter, respectively, will cause a decrease
in pulp air fraction and thus a decrease in product

recovery.

4.6.3 Froth Air Fraction

The two-phase model predictions for the effects of
increasing gas flow rate and froth bubble size on froth air
fraction also compare favorably to three-phase test data.
In order to correlate two-phase froth air fraction
predictions with actual three-phase data, we must assume
that an increase in froth air fraction is a direct result
of bubble coalescence and froth drainage (Rehbinder et.
al., 1949; Koczo and Racz, 1987). We know from past
studies by Englebrecht and Woodburn (1975) and Luttrell
(1986) that as froth height increases, coalescence occurs
and thus, more liquid drains through the froth. Coal
recovery then decreases due to detachment and to drainage
of entrapped particles. Therefore, an increase in froth
air fraction can be indirectly related to a decrease in

product recovery. Figures 4.4 and 2.12 show the
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correlations as gas flow rate is increased. Figures 4.6
and 2.10 show similar results with increasing froth bubble
size (froth height).

By comparing the simulated results to the experimental
data, it appears that the basic form of the froth model is
sound in that most of the trends observed in actual
practice are predicted. Future improvements in the
predictive capability of the froth simulator will, however,
only be possible after adding terms to account for particle

entrapment and bubble coalescence.

4.7 Summary and Conclusions

1) A theoretical mathematical model based on first
principles has been developed to simulate a two-

phase flotation froth.

2) The froth model derived in the present work is
unique in that it does not require empirically
derived data generally required by past modeling
approaches. In addition, since the model is based
on first principle concepts, the independent
effects of various parameters on froth stability

can be estimated.

3) The froth model predictions agree reasonably well
with experimental results obtained by varying gas

flow rate, froth bubble size, and pulp bubble size.
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The model was unable to predict changes in froth
behavior due to variations in feed flow rate since
particulate phenomena such as particle entrapment

were not considered.

The model is the first step in the development of
a full three-phase model that theoretically
describes the froth flotation process. With the
addition of bubble-particle attachment equations
and bubble coalescence terms, the model should
provide a basis for predicting product recoveries
and grades for various coal seams as a function of

various operating parameters.



CHAPTER 5
SUMMARY

The results of the present investigation can be

summarized as follows:

1)

2)

The role of the froth (cleaning) phase of the
flotation column in the separation process has been
found to be significant, as in come cases the
stability of the flotation froth controls its
effectiveness. Operating parameters such as aeration
rate, reagent addition, and feed rate have had slight
effects on the stability of the flotation froth,
whereas the height of the froth itself has a more

prominent effect.

A method has been developed to characterize the
flotabilities of a number of Eastern United States
coals based on simple batch flotation column tests
providing information on coal, ash and water recovery
rates. Through this analysis, it is possible to
determine the lowest ash obtained for a particular
coal and particle size. 1In addition, combustible
recoveries due to selective hydrophobic attachment and
non-selective hydraulic entrainment can be determined
for individual coals. From this coal characterization

analysis, individual "fingerprints" can be developed
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which will aid in optimizing the flotation process for
a coal, predicting whether column or conventional

flotation will produce the best results.

The importance of the behavior of various frother
molecules, their interactions with coal particles, and
their relationship to coal flotation has been studied
through surface tension measurements. Of significant
importance is the relationship between frother
molecules and the coal surface. 1In the present work,
it has been shown that the polymeric frothers are
highly adsorbant onto coal surfaces whereas alcoholic
frothers show little affinity to coal surfaces. These
differences have been linked to the surface activity
of the frother and to characteristics of the coal

surfaces.

A two-phase mathematical model based on first
principles of liquid and air flow balances has been
developed to simulate the behavior of a liquid/air
flotation column froth. The pulp phase has been
considered a perfectly mixed system whereas the froth
exhibits plug-flow behaviour. Simulations have been
conducted on the effects of various operating
parameters on froth stability as it determines process

performance.
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Flotation simulations presented in this work correlate
well with existing experimental data and provide
additional insight into the characteristic behavior of
the flotation froth. Although equations describing
bubble coalescence in the froth are not incorporated
in the model, parameter effects prove it to exist. Of
significant importance is the predicted influence

aeration rate has on froth bubble coalescence.



CHAPTER 6
RECOMMENDATIONS FOR FURTHER STUDY

The following suggests further investigations as

supplemental to the present work.

1)

2)

The two phase froth flotation model has been developed
as a means of fully understanding the relationship
between the characteristics of a foam column and
various operating parameters of the flotation column.
However, in order to fully describe the foam behavior,
equations describing coalescence must be incorporated.
Bubble coalescence in the froth is a factor in
determining froth stability and thus, the rate of
combustible recovery and the rate of froth liquid
drainage,.and consequently, the rate of mineral matter
rejection. Therefore, mathematical expressions
describing this process based on first principles must
be developed. 1In addition, the development of such
expressions describing bubble coalsescence will
mathematically characterize the role of the frother in

the column flotation process efficiency.

Knowlege of the behavior of a two-phase froth will

lead to the development of a three-phase froth model
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including solid particle interactions. The
incorporation of particle-bubble attachment phenomena
into the froth model will result in accurate
simulations of actual column flotation processes
currently under investigation in the minerals
processing industry. In addition, the accuracy of the

model will become easily validated.

Because the surface tension phenomena is significantly
important in predicting conditions which provide a
stable mineral surface necessary for coal flotation,
adsorption studies similar to those in the present
work should be performed on a number of coals prior to
cleaning through column flotation. In addition, in
order to fully understand the adsorption behavior
between a frother and an individual coal surface, the
coal surface itself should be further analyzed.
Processes such and image analysis and scanning
electron microscopy (SEM) are appropriate for such
studies. Also, the importance of the surface activity
of the frother molecules requires more detailed
studies which will further describe the adsorption
behavior of frother molecules at the air/liquid

interface.

The method developed for coal characterization is most
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beneficial in predicting how well a coal can be
cleaned in a particular flotation process, and in
assessing the performance of that process. It appears
necessary, then, to perform such analyses on a variety
of coals to determine optimun cleaning conditions
prior to flotation. As a complimentary study, image
analysis would provide a means of qualifying the

predictions of the characterization methods.
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cLS
F=.1
INPUT "VG";VG
INPUT "VF";VF
INPUT "DBP" ;DBP
LOCATE 1,40:INPUT "DBC";DBC
LOCATE 2,40:INPUT "NP";NP
LOCATE 3,40:INPUT "NC";NC
UBP=148*DBP~1.14
UBC=148*DBC~1.14
10 EP=VG/ (VG+VF+UBP* (1-EP) ~NP)
IF ((EP-OLDEP)/EP)>0.000000001 THEN OLDEP=EP:GOTO 10
EC=EP
20 EC=EC+F
VC1= (VG- (VF+VG) *EP-UBC*EC* (1-EC) ~NC) / (EC-EP)
VC2=UBC* (NC*EC* (1-EC) * (NC-1) - (1-EC) ~NC)
IF VC1<VC2 THEN GOTO 20
EC=EC-F
F=F/10
IF F<0.00000001 THEN 999
GOTO 20
999 LOCATE 5,1
PRINT "EP =";EP
PRINT "EC =":;EC
VC=(VC1+VC2)/2
PRINT "VC =";VC
VT=VG+VF=-VC
PRINT "VT =";VT
PRINT
LOCATE 5,40:PRINT "VCA =";VC*EC
LOCATE 6,40:PRINT "VCL =";VC*(1-EC)
LOCATE 7,40:PRINT "VTA =";VT+*EP
LOCATE 8,40:PRINT "VTL =";VT*(1-EP)
END
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