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Disclaimer

The information in this study is intended for general use only. The use of any
part of this study with respect to any specific application must be done so based upon an
independent examination and verification of the data to determine if the application of
the information is suitable. Any use or reliance upon the material contained in this
study is done so with the understanding that the full liability and risks arising from the
application rests with the person or persons using the information.
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Abstract

The study investigated the removal of pyrite and ash from a Bituminous coal
using a coal/oil agglomeration and flotation process. The test coal is classified as High
Volatile A Bituminous, (Illinois No 6), containing a calorific value of about 33,000
ki/kg, and 6.6 total sulphur % dry ash free basis (TS (% daf)) and 33.0 ash % dry basis
(ash (% db)).

The washability analysis, which defines the theoretical cleaning potential of the
test coal, indicates the TS (% daf) can de reduced to 3.5 % at a combustible matter
recovery (CMR (%)) of 90 %. The washability results indicate a theoretical ash (% db)
of 11.0 % at a CMR(%) of 90 % can be achieved.

The process performed from poor to fair with respect to TS (% daf) removal,
providing product at 4.6 % TS (% daf) for a range of CMR (%) of 75 t0 90 %. The
process performed very good in terms of ash (% db) removal, reducing ash to 14 % (%
db) ata CMR (%) of 90 %.

The experisnent used a 25 factorial design:

xl  oil (% daf),
x2 frother (% daf),
x3  energy (JIL),

x4  temperature (C), and

x5  size (dspin micronms).

Two other factors varied during testing:

x6 % solids in the product (%), and

x7  sample age after preparation (days).

The CMR (%) regression indicated oil, frother, and temperature are predominait
factors. Energy input and sample age have less impact, and the CMR (%) tested
independent of size and % solids at a probability of 0.01. The interaction between oil



and frother indicates that a single pathway fe:r CMR (%) exists. Recovery by hydraulic
entrainment and natural flotation appears non-existent.

The TS (% daf) regression indicated that oil, frother, and temperature are
predominant factors. Energy input had minimal impact, and variations in size and age
had more substantial impact. Per cent solids tested insignificant ata probability of 0.01.

The interaction between temperature and frother indicated a different regression
equation exists when compared to CMR (%). The interaction indicated that the
liberated pyrite reports to the product by capture within agglomerates, or via natural
flotation.
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1.0. Introduction

The combustion of high sulphur coals creates specific forms of air and water
pollution. Air pollution can be in the form of carbon, sulphur and nitrogen dioxides as
well as volatile metals and organics, and some radioactive emissions. Sulphur and
nitrogen dioxides are identified as precursors of acid rain, and many countries are
experiencing serious problems associated with air, water, and soil pollution as a result
of the deposition of their acidic forms. (Effer, 1981; Likens etal., 1979; Males, 1981;
Gorham, 1981; Leaf, 1990)

It is generally agseed among scientists about the world, that the atmospheric
concentration of carbon dioxide is increasing (Moses and Dahlman, 1981). Anincrease
in the carbon dioxide cohcentration has been proposed to have adverse long term effects
on the overall environntent of the earth, such as global warming. The release of volatile
metals and organics, and the emission of some radioactive materials have also been
attributed to the combustion of coal and may bicaccumulate in the environment over time
(Gorham, 1981; Freedman, 1981).

Acid mine drainage associated with coal utilization creates both chemical and
physical water pollution which is capable of adversely influencing both soil and aquatic
environments. Heavy metals and some soluble organics are also released with acid
mine drainage waters, increasing the severity of the pollution. The tailings stream from
any process designed to selectively remove pyrite from bituminous coals will have
potential management problems associated with acid mine drainage.

Coal utilization has been identified as a major cause for the increase in acidity of
both rain and snow. The combustion of high sulphur coals creates large quantities of
both sulphur and nitrogen oxides. When these oxides equilibrate in the atmosphere,
they form sulphuric and nitric acids which lowers the acidity of precipitation. Iaa
natural atmosphere, the acidity is largely influenced by the concentration and pressure of
carbon dioxide, and at standard conditions, carbon dioxide will equilibrate to form
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carbonic acid, which lowers the pH to approximately 5.6. This has been termed as the
natural pH of precipitation. However, additional factors can influence the acidity of
precipitation, for example: ionic species present and their concentration, type and
atmospheric loading of solid particles, temperature, and the surrounding geology.
(Likens et al., 1979; Effer, 1981)

Measurements over the past 200 years from the eastern United States and
western Europe have indicated that overall pH of precipitation has decreased from near
neutral to a slightly dilute concentration of sulphuric and nitric acid. Some regional
examples have indicated extreme conditions, such in Scotland, where the precipitation
during a storm reached a pH of 2.4. Ice pack measurements in Greenland indicated that
pH has decreased over the past 180 years from 7.6 to 6.0. Other studies indicate the
acidity of rain and snow is five to thirty times lower in industrial regions compared 0
virgin lands. (Likens etal., 1979)

The natural pH of precipitation has been defined as 5.6 (Likens et al., 1979;
Effer, 1981). This value is derived from the pH expected when carbon dioxide is in
equilibrium with water at standard conditions. However, the definition of acid rain can
be misleading as it ignores global and localized acidizing and neutralizing abilities of the
environment, and the specific weather and land-uses of the related areas (Effer, 1981).
The acidity of precipitation depends upon many factors, none of which can be
overlooked when assessing whether a region is experiencing abnormally low acid rain.
Prior to the industrial revolution, the pH of precipitation already demonstrated
substantial variations depending upon the surrounding geology and the natural events
which may have occurred during the period. Such natural modifiers of pH include:
volcanoes, tidal flats, marshes, oceans, regional land uses, surrounding geology, forest
fires, and the weather. Because of the relatively low concentration spread over vast
areas, an assessment of the giobal emissions from natural sources poses some

difficulties. However, estimates of global contributions suggest 50 per cent of all
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sulphur precursors, and 90 per cent of all nitrogen precursors, are released from natural
sources, although these estimates vary widely (Effer, 1981). Regardless, the evidence
suggests that industrial activity has substantially increased sulphur emissions, globally
doubling levels. The complex interactions of the environment demands that each region
receive individual assessment to define the sources of all emissions, the potential
environmental impacts, and the sensitive components which required higher levels of
protection.

In the United States of America (USA), legislation in 1990 was developed to
help reduce the problem of acid rain by imposing restrictions on sulphur dioxide
emissions. The United States (US) Congress, through efforts of the Environment
Protection Agency (EPA), have amended the Clean Air Act requiring utilities to reduce
sulphur dioxide emissions from 17.9 to 8.9 million tonnes per year by the year 2000.
(Leaf, 1990; Corocoran, 1991)

The US Congress has also proposed a plan which permits the granting of
tradable allowances for polluting. The policy was intended to promote a cost efficient
method of minimizing the release of sulphur precursors by transferring the design of
control strategies to the independent operators (Corocoran, 1991). Utilities can buy or
sell allowances to help meet the emissions requirements that the EPA will switch on in
1995. Those unable to balance their sulphur dioxide emissions and allowance ledgers
will be charged hefty fines. Congress has provided another deterrent, top officers must
assume personal liability and may be prosecuted for jail sentencing if their company's
violate. Because utilities must also conform to state emission limits, no region is likely
to wind up as a sulphur dioxide dumping ground. (Corocoran, 1991)

It is evident that methods for reducing sulphur dioxide emissions are desperately
needed in all parts of the world. Efforts have been extended in response to investigate
advanced coal cleaning technologies which will mediate acid rain problems. Flotation
processes are considered as advanced coal clcaning technologies and some examples
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which relate to this study are: froth flotation, bulk or spherical agglomération ficsation,
and emulsion flotation. (Mishra and Klimpel, 1987)

Froth fiotation involves separating mineral matter irom combustible material by
promoting the surface hydrophobicity of combustible particles with chemical additions,
and separating these activated particies with a chemically stabilized bubble system as the
buoyant transport medium. Froth flotation generally uses low concentratiors of
reagents, (several kilograms per ton of raw feed coal or less) and for coal possessing
natural hydrophobic surfaces, only a frother addition of several tenths of a kilogram is
necessary. (Mishra and Klimpel, 1987)

Spherical agglomeration flotation combines large quantities of oil and intensive
encrgy to cause the formation of macro-sized agglomerates after which flotation is used
to separate the desired combustible agglomerates from the waste constituents. The
concentration of oil varies with process conditions, ranging from 2 to 30 per cent based
on the raw coal feed rate. (Mishra and Klimpel, 1987)

Emulsion flotation is essentially a cross between froth flotation and oil
agglomeration and requires a combination of oil and chemical emulsifiers at a dosage
level intermediate between froth flotation and agglomeration. Emulsion flotation
involves emulsification of the oil phase prior to additica to the coal and water slurry.
(Mishra and Klimpel, 1987)

Selective coal and oil agglomeration for desulphurization is « physio-chemical
process which has been recognized as a process to remove pyrite and ash from
bituminous coals (Hucko, et al., 1989). The process investigated in this study is
similar to emulsion flotation as it combines both the agglomeration process and froth
flotation together to facilitate the beneficiation of the feed stock coal. However, no
chemical emulsifiers are employed, instead, high energy mixers are used to both
disperse the oil into tiny droplets and provide for the collisions between the
carbonaceous particles and oil droplets. The oil concentration levels investigated in this
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study are among the lowest reported in the literature. The process configuration is
described in Figure 1.1 and consists of four steps:

® coal grimding or pyrite liberation,

® slurry comditioning or water wetting,

° selective coal and oil agglomeration, and

i pyrite and ash separation.

The pyrite and ash rich matter is liberated from the combustible matrix by
grinding the coal. The degree of grinding required depends upon the size distribution of
the pyrite and ash matter within the coal matrix, and will vary for different coals. Figure
1.2 below helps describe the operation.

% T

Coal Matrix Prior to Grinding Coal Matrix After Grinding
- (Pyrite and Ash Liberation)

W Combustible Rich Matter
SENNNR A ch Rich Matter
[SSSXI Pyrite Rich Matter

Figure 1.2 Pyrite and Ash Rich Matter Liberation

Conditioning of the coal may involve water wetting the particle surfaces. Indry
grinding operations water wetting is an important step, however, in wet grinding
operations, most water wetting occurs during the grinding operation (Weiss, 1985). In
more conventional flotation processing, conditioning provides for the dispersion of
reagents, and contact time with the desired solids material. Conditioning tanks are also

used as equalization vessels to dampen variations in the feed stock.



Pyrite and Ash
Liberation (Grinding)

y

Slurry. Conditioning

v

Selective
Agglomeration
(High Shear Mixing)

'

Separation Stage
(Flotation Cells and
Pyrite Separator)

:

Ash and Pyrite
Rich Tailings

:

Combustible Rich
Solids Product

Figure 1.1 Selective Coal and Oil Agglomeration Process




Figure 1.3 helps to describe the selective coal and ol agglomeration process.
Oil concentration influences the product quality in terms of pyrite removal because of
several mechanisms. The potential for pyrite entrapment with this process is most
probable when operated at high oil concentrations, where secondary and tertiary
agglomeration prevails (see Figure 1.3). In the primary agglomeration regime, where
only a few discrete particles are combined, the process is operated at high energy levels
and low oil concentration to promote the selective oil wetting of the combustible solids.
The oil concentration is limited to discourage pyrite entrapment within the agglomerates,
or oil wetting of their surfaces. High energy levels are used to promote maximum
dispersion of the oil and contact with the carbonaceous surfaces (Liu, 1982). Capes et
al. (1985) also discusses a similar concept for improving the oil agglomeration process
by operating at lower oil levels to increase impurity rejection, yet high enough to
maintain reasonable recovery. When low levels of oil are used (eg. 1 to 2 per cent or
less) only the highest quality carbonaceous particles are expected to be captured by the
process. The structures formed would be floc-like in nature, and would not respond to
conventional agglomerations separation methods, such as screening. However, air
flotation could be used to recovery these floc-like agglomerates, by adding a washing
stage to ensure any entrained or trapped extraneous material is rejected before recovery.

The newly formed combaustible flocs are hydrophobic in nature and larger in size
and can be separated from the ash and pyrite rich matter by conventional flotation.
Despite the selectivity of the primary agglomeration regime, pyrite and ash rich particles
can report to the product phase during flotation by several mechanisms, thus lowering
the product quality. Hence, the following study was undertaken to investigate the
cleaning potential of the process.



Primary Agglomeration

Microagglomerate

with pyrite solids
re-liberated by

washing action

Secondary Agglomeration
Additional Oil

Final Secondary Agglomerate
with Entrapped Pyrite or Ash
Particle

Further Oil Wetting of
Combustible Surfaces

Microagglomerates

Fynte Secondary Agglomerate
ndary , |

Forming with

Tertiary Agglomeration
@ Oil Phase

S ryriee
. Ash Rich Solids

@ conbusiibie solics

Tentiary Agglomerates
With Entrapped Pyrite
and Ash Particles

Entrapped Pyrite
figure 1.3 Primary, Secondary, and Tertiary Agglomeration



1.1 Purpose and Scope of Work

The study was undertaken in four phases to evaluate the process of selective coal
and oil agglomeration as a method of reducing the sulphur and ash contents of a high
volatile Bituminous A coal (Illinois No. 6) coal from the eastern United States.

Phase 1 involved the commissioning and construction of a bench scale
continuous pilot plant (S kg/hr) suitable for testing and evaluating the process.

Phase 2 involved the development of the experimental method with specific
attention focused to apparatus design modifications to ensure test reliability and
optimum process performance, and the economy of testing.

The Phase 3 objective was to perform a 2° factorial design to investigate how
main and interactive effects impact recovery and cleaning efficiency. The following
main factors were investigated:

* coal particle size,

° oil concentration,

° high shear energy input,

° temperature, and

* frother concentration.

Two additional factors which varied during the testing program are percent
solids in the product phase and sample age.

Phase 4 involved developing linear regression equations to help describe how
main factors and interactions impact CMR (%), TS (% daf) content of the product coal,
and the ash (% db) of the product coal.



2.0 Sulphur Reduction
2.1 Strategies

In general, there are four key strategies to reduce sulphur dioxide emission

levels during the combustion of coal.

o Switching to low sulphur coals as an alternative fuel source represents a
longer term solution to reduce acid rain precursors. Although this strategy appear to be
a straightforward solution, it has some economic and social limitations. Many low
sulphur coals are lower in energy content, which would result in boiler derating.
Furthermore, complete fuel switching in many cases would results in loss of local
mining jobs. Blending of feed stocks of coal, oil and gas, may help to smooth the
transition into the use of low sulphur coals. (Maronde and Deurbrouck, 1985)

In regions of the world such as China, where the domestic consumption of high
sulphur coal is a major contributor of sulphur emission, fuel switching, or energy
conversion using centralized systems where higher efficiencies and better control
strategies can be implemented, would help reduce sulphur emission levels dramatically.

® Flue gas scrubbing systems are costly and difficult to economically
justify when the life expectancy of the boiler is less than 10 years. The disposal of the
sludge generated from the operation also presents some unsolved problems. (Maronde
and Deurbrouck, 1985)

In developing countries, the transfer of advanced sulphur emission control
technologies presents greater difficulties because of the complexity of operation, and the
generally less favorable economic conditions. Livengood, et al., 1984, performed a
comparative economic evaluation using computer simulation and data from over 20
operating plants in the USA and concluded that physical methods are more cost effective
compared to flue gas scrubbing systems for 50 percent of the operations investigated,
and had comparable costs for another 25 percent.
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Despite any economic disadvantages, flue gas scrubbing can achieve very high
sulphur reductions and can more easily accommodate changes in feed stock, and
changing technology and environmental legislation is creating more favorable economics
(Maronde and Deurbrouck, 1985). Hence, flue gas desulphurization will likely become
a major environmental operation in the future opcration of power plants.

o Increasing combustion efficiency and improving control and
conservation strategies offers an opportunity for reducing sulphur emissions by
lowering the overall amount of coal required for combustion. In less developed
countries, where notably low combustion efficiencies are experienced, improvements of
over 15 percent in combustion efficiency could be achieved by transferring to more
efficient combustion technologies. This would reduce the coal required for combustion
by almost one half, hence reducing the sulphur emission quantities respectively.
‘ However, in more technologically developed countries such as the USA, these high
improvements margins cannot be expected, although more stringent power conservation
measures might be implemented.

o Conventional and advanced coal cleaning processes are the simplest and
most cost effective method to reduce the sulphur content of US coals, particularly those
of the midwest and Appalachian regions. The general benefits of coal cleaning are
described below. (Maronde and Deurbrouck, 1985)

-reduced transportation costs,

-reduced boiler maintenance,

-increased boiler capacity and efficiency,
-increased in plant availability,

-reduced in ash disposal costs, and

-initial segregation of sulphur rich particles.

Advanced physical cleaning processes offer the opportunity for initial
segregation of sulphur rich matter. These processes often complement the transfer of
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the technology to existing mining and processing facilities and power plants, which
generally utilize similar equipment,

Selective coal and oil agglomeration technology has been recognized throughout
the literature as an advanced physical coal cleaning process with excellent potential for
producing a superclean coal. The process relies on the differences in surface properties
between the carbonaceous matter, and the ash and pyrite rich matter. The salient
features and limitations of the process are listed below. (Hucko et al., 1989; Killmeyer,
1985; Capes et al., 1985; Pawlak et al., 1989; Knight, 1989; Nguyen et al., 1983,
Armstrong et al., 1979; Mehrotra and Sastry, 1980; Baur, 1981; Chen and Nguyen,
1981; Brooks and Miles, 1987; Laurila, 1985)

Salient Features

® Selective in rejecting ash and pyrite rich matter, yet able to maintain high

levels of combustible matter recovery.

® Reduced mass of tailings solids because of increased recovery of fines,

thereby reducing waste treatment and handling costs.

®  Modem, liigh-production mining techniques such as continuous miners

and long wall miners produce a greater fraction of fines in the as-mined
coal. Hence, coal and oil agglomeration provides for a potential
reduction in the loss in heating value from tailings streams, thereby
potentially improving the raw material economics.

® Advances in coal slurry technology may dramatically increase the

demand for fine coal products.

° Relatively unaffected by the size and size distribution of the feed stock.

° Relatively unaffected by the degree of feed stock oxidation.

° Agglomeration jxoduces a stable feed stock for the flotation process,

reducing the impact of feed variations.
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° Relatively eesy technology transfer. Similar applications have been
successfully tesiné . demenstration scale sizes as the process uses
conventional uinit so¥4s8¢s and operations.

4 Favorable ¢ ercenics «when & - enlargement processes are not

Limitations

* Naturally hydrophobic susf2% « e pyrits surfaces causing inherently
less process selentivity fos i -xife 7+’ 4 at high oil concentrations
because of the increasty! 3+ suabilizy x estrapment or oil coating of the
pyriie particles.

. Hisiorically, the process has been cripplec & 7 > costs associated with
tdgh oil costents and capital intensive peocesses required to produce a
finaj hewdable product.

4 Unabik: to sepazate ocganic sulphur components.

]

Water intensive process.

To enhance the process selectivity in terms of pyrite rejection, a combined

process of agglomeration and flotation was investigated in this study. The test coal was
finely ground to liberate the pyrite and ash impurities. Oil and high mixing energy were
added to cause the selective agglomeration of combustible rich particles with pendicular
shaped bonds forming between the surfaces of the particles. These combustible rich
structures were then separated using conventional flotation. Operating with the lowest

oil concentrations possible, termed as primary agglomeration, allows for higher

selectivity in terms of both ash and pyrite rejection.

Low shear mixing systems, and further oil addition, can be used to promote size

enlargement and strength, however, because of the inherent economic disadvantages of

the secondary and tertiary agglomeration regimes, and the large scope associated with
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the selective portion of the process, low shear mixing and higher oil additions were not
considered in this process evaluation.

Work performed at Ontario Hydro has addressed the problem of high oil
requirement for secondary and tertiary agglomeration by examining a process of
pelletization rather than the traditional low shear mixing to enlarge the agglomerates
from the cleaning circuit. The results were promising indicating a reduction of oil
requirement of over S0 percent from the more traditional low shear mixer. However,
the econommics are not completely established as addition reagents such as emulsifiers
and ashphalts were required, in addition to thermal drying and curing systems to ensure
the adequate product handability criteria are satisfied. (Chen, 1981)

Hence, for the purposes of this study, one process configuration was selected
whereby the mining operation, the oil agglomeration and flotation circuit, and the power
plant were all in adjacent positions, thereby eliminating the requirement of any
secondary or tertiary agglomeration. Only minimal oil additions are required, in the
range of 0.5 to 1.5 percent dry basis (% db); where the process demonstrates the higher
selectivity for pyrite rejection. Figure 2.1 depicts the overall process configuration,
which also includes provision for flue gas scrubbing to remove the organic sulphur
component. Locating the power plant operations adjacent to the mine site eliminates the
expensive transportation costs, and dramatically reduces the overall oil addition levels
by removing the stringent transportation criteria from the product handability
characteristics. (Chen, 1981)

The optimum process configuration for sulphur removal will depend upon many
factors. The site specific coal cleaning characteristics and the existing plant operations
will influence the technologies selected. Regional economics, including the market
conditions for sulphur rich byproducts, and the availability and cost of the raw
resources required for the selected process, may also be major design factors. Regional
technological capacities, and the socio-economical climate, are also factors wizch
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require careful consideration. For most coal fired power plants with high sulphur coal,
the final process design requiring high removal levels for sulphur dioxids will involve a
combination of both physical type processes to initially segregate ash and inorganic
sulphur rich matter, followed by flue gas scrubbing or control systems to remove the
remaining, sulphur dioxide.

2.2 Coal and Oil Agglomeration Process Description

The circuit configuration considered in this study is presented in the block
diagram Figure 1.1, and consists of four steps:

] impurity liberation,

® water wetting,

° ail and coal agglomeration, and

° coal and oil phase separation.

In conventional operations, impurity liberation is achieved during the
comminution operations. The impurities are typically disseminated within the coal
matrix with a certain frequency and size distribution, or deposited in cleats within the
coal. Crushing and grinding circuits are used to reduce the size of the feed stream such
that the impurities, namely the pyrite and ash components, are liberated from the
carbonaceous component. The level of grinding required depends upon how finely the
ash and pyrite is disseminated in the coal matrix. Washability analyses are normally
performed in parallel with grinding tests to determine the theoretical cleaning potential,
and minimum grinding required.

In wet grinding operations, a water conditioning stage is not required as it
occurs during the grinding operation. In this study, because a dry grinding system was
used in this study, a water wetting stage was necessary. This mixing vessel also served
as equalization for water and coal flowrate variations.

High shear mixing is responsible for the selective agglomeration of the
combustible rich particles from the ash and pyrite rich particles. A pair of high shear
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reactors were used to supply the turbulence and time to disperse the oil phase, and
provide mixing for sufficient collisions between the oil droplets and the combustible
particles to ensure the combyi§itide surfaces became oil wetted and agglomerated. Low
levels of oil addition were used to improve the selectivity of the process, hence, the
process was operated in the primary agglomeration regime, where orily pendular shaped
bonds are thought to exist and combustible solids are only loosely agglomerated or
fflocculated.

The flocculation of the combustible particles causes an increase in size, and the
oil wetting enhances of the hydrophobic nature of the surface characteristics. Flotation
systems rely on the same hydrophobic differences in surface characteristics to facilitate a
separation. Hence, flotation was selected as a logical method for the recovery and
separation of the combustible rich flocs from the ash and pyrite rich solids.

Further size enlargement promotes further deashing of the product, and ensures
good dewatering capabilities. When the historically conventional method of low shear
mixing for size enlargement is employed, addition oil, and mixing energy and time,
must be provided to promole secondary and tertiary agglomeration.
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2.3 Agglomeration
2.3.1 Fundamentals

The process of coal and cil agglomeration relies on the addition of an immiscible
hydrocarbon which is preferentially aitracted to carbonaceous rich particles causing the
oil to wet the carbonaceous surfaces. Sufficient mixing energy is required to initially
disperse the oil phase and promote collisions between the oil droplets and the
combustible rich solids. The oil wetted combustible solids will continue to collide under
mixing conditions, forming agglomerates, or floc type structures. Depending upon the
specific attachment forces and the operating conditions, the newiy formed agglomerate
may be sufficient in size and strength to permit their separation and recovery. Coal and
oil agglomeration is well recognized to preferentially wet carbonaceous matter resulting
in the formation of agglomerates of various sizes depending upon processing
parameters, whilz the mineral matter, which is typically hydrophilic in nature, remains
in the water phase to be subsequently rejected. (Khoury, D., 1981; Mishra and
Klinipel, i987; Botsaris and Glazman, 1987; Liu, 1982)

Thermodynamics

Thermodynamic driving force for coal and oil agglomeration may best be
described by the reduction in the total surface energy of the system. Thermodynamics
of agglomeration. optimum when the following irierface energies are predominant:

o solid-water interface energy is high;

o solid-oil interface energy is low; and,

° the oil-water interface energy is high (Mishra and Klimpel, 1987).

The system of internal forces responsible for the minimization of the surface
energy can be related to either chemical and physical adsorption forces, chemical
reactions between the oil and coal surface, or by the resolution of the surface energies
where even weaker adsorption forces exist.
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Kinetics

The kinetics of agglomeration are influenced by many factors, however, in most
operative regimes, the following factors are of primary influence:

o the thermodynamic driving forces present,

o the concentration of oil added, and,

o the optitﬁum selection of agitation and slurry concentration.

If extremely strong attachment forces exist between the type of oil selected and
the carbonaceous particle surface characteristics, the process kinetics are intuitively
increased because of the reduced probability of detachment, and increased rate of
diffusion that the process will experience. Hence, for the coal and oil agglomeration
process, if surface energy minimization forces are extremely high, the process kinetics
will usually be rapid. However, it is theoretically possible, that even if strong forces of
attachment between the oil and coal particles exist, forces of repulsion such as the
electrostatic charges associated with both the oil and solid carbonaceous components
may also exist. Studies have indicated that the forces of attachment for most
agglomeration processes strongly counteract any electrostatic forces of repulsion which |
may be present (Labuschagne, 1986; Fan etal., 1982; Yang etal., 1988).

Mixing energy is a primary variable influencing the kinetics of the process, as
sufficient energy is required to transport the oil droplets to close proximity of the
carbonaceous rich particles so that the forces of agglomeration may become operative
(Vanangamudi, 1984). The mixing energy, combined with the concentration of both the
oil and solids, controls the rate at which agglomerates form and defines their final size.
The shearing action of the mixer causes both agglomerate formation and rupture,
allowing any captured hydrophilic ash particles to be released back to the tailings stream
as the agglomerates are re-dispersed and reworked. However, the high shear mixing
limits the agglomerates to relatively small sizes. (Mishra and Klimpel, 1987) The
slurry density &g oil concentration influences the kinetics of the process by ensuring a
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sufficiently high number of collisions within the system (Liu, 1982; Khoury, 1981,
Mishra and Klimple, 1987).

Agglomerate Structure

Agglomerate structure is dependent upon the concentration and type of oil used.
Figure 2.2 describes the expected response of increasing the oil concentration in terms
of agglomerate structure. Various structures of agglomerates are predicted to exist over
a range of oil addition levels, and in general, these structures demonstrate an increase in
both size and strength as the oil concentration is increased. Lower levels of oil addition
cause the formation of pendular bonds between the carbonaceous solids which can be
best described as a loosely formed floc structure, somewhat two dimensional in shape.
As the concentration of oil is increased, the flocs strengthen and consolidate, developing
a funicular structure which could best be described as the transition into a distinctively
three dimensional funnel like agglomerate. As the oil concentration is further increased,
limited spherical agglomeration can be observed and a transition begins as the funicular
flocs begin to form spherical agglomerates (Botsaris and Glazman, 1989; Mishra and
Klimpel, 1987). As the mixing time and oil addition is further increased, the
agglomerates will increase in size and reach a peak size and strength once the capillary
region is approached, where 100 per cent of the pore volume is occupied by the oil
phase. If the oil concentration is further increased, reverse agglomeration will prevail,
and the agglomerates will exist as pasty lumps and the carbonaceous solids are held in
suspension within the bridging liquid without any distinct individual agglomerate
structures. (Liu, 1982)
2.3.1.1 Transport Mechanism

Agglomeration can be described in terms of transport and attachment
mechanisms. Within each regime of the agglomeration process, different forces may

dominate. Figures 2.3 a & b describe the possible forces responsible for the transport
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Figure 2.2 is Restricted by Copyright

Figure 2.2 Structural Formation During Agglomeration
(After Botsaris and Glazman)
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of ol to the combustible surfaces (Weber, 1972; Alberty and Daniels, 1980; Botsaris
and Glazman, 1989).

The transport mechanism begins with the dispersion of the oil binder into tiny
droplets (see Figure 2.3 a.). The immiscible nature of the oil and its surface energy
characteristics, combined with highly turbulent mixing regime, results in the formation
of tiny oil droplets. The final droplet size is a function of the existing intermolecular
adhesive forces holding the oil together, and the shear forces of the mixing system
tending to tear the oil droplet apart. The final size of the droplets is dependent upon
several physical and chemical factors. Physical factors may include: oil viscosity,
temperature, mixing characteristics, and the slurry rheology. Chemical or physio-
chemical factors may include: emulsion stabilizers present, pH, water chemistry, and
the surface energy makeup of the slurry. The rate of dispersion is also influenced by
similar factors, the most predominant factor being the mixing characteristics. Studies
investigating the effect of pre-emulsification of the oil phase on agglomeration have
indicated that the largest portion of the high shear energy input is consumed in
dispersing the oil phase (Bensley, et al. 1977; Capes etal., 1985).

The remaining portion of the energy input is utilized primarily to transport the oil
droplets to the carbonaceous surfaces. The transport of the oil droplets can be described
by considering the fundamental forces responsible for liquid to solid transport (see
Figure 2.3.b.). Listed below are the four main transport phenomena which are active if

any similar mixing system:
o Brownian motion,
° gy,

o inertia impact, and

o diffusion.
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Brownian Motion

Brownian motion is observed when dispersed colloids demonstrate random
movement by bombardment from molecules of the dispersing medium. When this
random motion creates collisions and subsequent agglomeration, it is sometimes called
perikinetic flocculation. For particles typically less than 1 micron is size, Brownian
motion can be a predominant factor, however, above 1 micron in size, other factors are
usually predominant (Weber, 1972). The impact of Brownian motion as a transport
mechanism can be considered to be fairly limited because the particles are larger and
mixing is turbulent.

Grayvity

Gravity can be classified as a transport factor in systems where differential
settling is a dominant potential. Larger, or denser particles may overtake and collide
with one another in settling systems, or in fixed bed or counter current reactors, where
gravity may cause particle and collector/reactor grain collisions. In the agglomeration
process, gravity will be of minimal influence because of the turbulent mixing.

Inertia Impact

The transport factor related to agitation can be best termed as inertia impact.
Agitation has been attributed with increasing the rate of collisions between particles in
many systems. In mixing systems, velocity profiles are designed to promote variations
in both spatial and temporal aspects. Particles and droplets will be effected by these
hydraulic patterns, and the variations will cause and increase in intraparticle contacts.
(Weber, 1972). The frequency of collisions of individual particles will depend upon the
resolution of forces related to the particle momentum, imparted as a result of the mass
and velocity due to the turbulence of the mixing regime, and the hydraulic drag forces
created by the mixing of the sluiry, and the particle shape.

Within the coal and oil agglomeration system strong attackment forces exist
between the oil droplet and carbonaceous surfaces, permitting the use of high mixing

24



velocities. Kinetic modeling of agglomeration has indicated that the process kinetics are
strongly dependent upon mixing energies imparted on the slury (Ahmed and Jameson,
1983). Furthermore, in highly turbulent mixing regimes such as these, inertia impact is
known to be the predominant contributor to the transport of oil droplets and
carbonaceous particles (Weber, 1972; Gilchrist, 1984).

Diffusion

It is possible that diffusion may be responsible for the transport of oil droplets to
the coal surface. Within the mixing regime, there will exist instantaneous resolutions of
forces where impact inertia alone will not be sufficient to cause the collision of oil
droplets and solids surfaces. Furthermore, forces of repulsion may exist due to the
electrochemical nature of the particles. In this case, the transport of the oil droplet may
occur as a result of diffusion across a boundary layer. The gradient of the system is
related to the minimization of surface energy of the system, or any other attractive forces
present in the system. Likely, both the solid particies and oil droplets will demonstrate a
similar electrochemical charge in a water solution, and hence, some forces of repuision
will exist phenomenally defining a boundary layer related to these forces. The attractive
forces between the coal surfaces and oil droplets represents the theoretical gradient of
attraction whereby the oil droplet is caused to diffuse across a boundary layer to
hydrophobic surfaces of the combustibles solids.

Inertia impact is thought to be the predominant force contributing to the transport
mechanism, however, in weakly agglomerating systems, diffusion across a boundary
layer may be a contributing component.
2.3.1.2 Attachment Mechanisms

The attachment of the oil droplet to a combustible solid surface depends upon a
number of possible forces. Figure 2.4 describes the possible forces acting in the
system, and they are also listed below:

° minimum surface energy,
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Oil Contact Water Second Combustible Surface
Phase

Combustible Surfaces Combustible Surface
a. Oil wetting of surfaces: b. Formation of coal & oil contacts
* minimum surface energy, * surface energy,
. adsor?hon. * repulsive forces,
* repulsion, and * adsorption,
* shear forces. e chemical bonding,

* shear forces and entrapment.
Water Water
Pt Phase
¢. Pendular and Funicular Floc Formation d. Agglomerate formation

Figure24  Attachment Mechanisms
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e  adsorption,

L repulsive forces,

® chemical bonding,

° entrapment, and

® ghear forces.

Surface Energy

Molecules at the surface of a liquid are attracted to the bulk of the liquid because
of cohesive forces within the liquid are greater than the adhesive forces at the interface.
The inward attraction gives rise to surface tension because the outside layer of molecules
is tending to contract. Examples of the effect of surface tension are the formation of
spherical droplets, the rise of fluids in capillary tubes, the migration of liquid through a
porous solid, and the spreading of oil on the surface of a carbonaceous particle.
(Alberty and Daniels, 1980)

By definition, the surface tension of a liquid is the interfacial force that opposes
the expansion of surface area. For example, a drop of mercury resists spreading on a
steel plate and tends to retain its spherical shape. The resistance to spreading is related
to the surface energies at each of the interfaces of the drop. The mercury drop
minimizes its total surface energy by maintaining its spherical shape. "Because
molecules of mercury are attracted to one another by cohesion forces more strongly than
they are by adhesion forces to molecules of the solid plate or molecules of air at the
liquid-solid and liquid-gas interfaces, respectively, those molecules of mercury at the
surface will be pulled mainly toward the interior of the drop" (Alberty and Daniels,
1980). The drop tends to decrease its exposed surface area because of the strong
intramolecular attractions, and enlarging the surface area would require overcoming the
attachment forces within the liquid phase. (Alberty and Daniels, 1980; Weber, 1972)

Depending upon the resolution of the relative molecular cohesion and adhesion
forces in a system, different surface systems will be formed. Figure 2.5.a-¢. depicts
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Where:

Uso=Surface Tension Solid/Oll Interface
Usw=Surface Tension Solid/Water Interface
Uow=Surface Tension Oil/Water Interface

e. Uso< Usw + Uow

Figure 2.5  Surface Tension Phenomena
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five different minimum surface tension regimes possible in a liquid and solid syster.
Because the system is a resolution of interfacial forces, the forces of attraction and
repulsion within the system cannot be distinguished. However, the consideration of
these cases is useful in demonstrating the fundamentals of coal and oil agglomeration,
and the later, the flotation process.

Figure 2.5.a represents a system where the intermolecular cohesion forces of the
oil phase are prevalent. The repulsion forces between both the oil/water and the solid/oil
could be also be large, resulting in high surface tensions between these components.
Attractive forces between the solid/water may also be large, resulting in a low surface
tension at this interface, effectively inhibiting the attachment of oil droplets to the solid
particles. Some examples of this system may include clay solids, which are known to
adsorb water, low rank coals such as lignite, which demonstrate significantly higher
equilibrium moisture contents, or oxidized coel, whereby the surface functional groups
demonstrate increased hydrophilic behavior. The equation helps define the force system
by indicating that the surface tension of the solid/oil interface exceeds the combined
surface tension of the both the solid/water and oil/water interfaces. Hence, the
minimization of the surface enesgy of the system indicates that the immiscible oil phase
will formulate small droplets within the water phase without attaching to the solid
surfaces. The final size distribution of the oil droplets will depend upon the resolution
of the intermolecular cohesive and the mixing shear forces.

Figure 2.5.b represents the case where the attraction at solid/il interface may be
large enough to cause the attachment of the oil droplet. The large contact angle indicates
other forces may also be predominant. Hence, the small contact area at the solid/oil
interface may be a result of pl:edominnnt attractive forces at the solid/water or oil/water
interfaces. The equality summarizes the possibilities by indicating that the solid/oil
surface tension is equivalent to the resolution of the solid/water and the oil/water
interfacial surface tensions. Attachment angles such as these are typical of conveational
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flotation systems, where the bonds are somewhat weaker than those xperienced in the
agglomeration process.

In Figure 2.5.c, the degree of oil wetting has increased. The equality provided
indicates the surface tension between the solid/oil, and the solid/water interfaces, are
equivalent. The surface tension between the oil/water interface is higher than both other
interfaces, resulting in the attachment of the oil droplet onto the solid surface to satisfy
the minimization of surface energies.

Stronger attachment forces at the oil/solid interface exist in Figure 2.5.d The
equality indicates the largest surface tension exists at the solid/water interface. Hence,
the predomiment forces acting in this system are likely the repulsive forces at the
solid/water interface, and perhaps, the oil/water interface, resulting in comparatively
high surface tensions. A relatively lower surface tension at the solid/oil interface, or the
existence of adsorption forces, would cause the droplet to effectively further flatten, or
spread about the solid. The forces disgram suggests the particle may be highly
hydrophobic as the surface tension of the solid/water interface is higher than the
resolution of the solid/oil and oil/water interfaces.

In Figure 2.5.¢, the surface tension at the solid/oil interface is lower than the
combined surface tensions of both the solid/water and oil/water interfaces. In this force
diagram, strong attractive forces between the solid and oil likely exist, ang both: these
components are also likely to be hydrophobic, indicating extremely high surfuce tension
would exist at the solid/water and oil/water interfaces. Hence, the ail droplet completely
flattens and wets the entire solid surface.

The attachment forces typical of coal/oil agglomeration would be best
represented by force diagrams 2.5.c,d, and e, where extremely strong attachment forces
between the coal and oil can develop, and the oil phase wets the carbonaceous surface
very well.
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Adsorption

The action of adsorption results in the concentration of a substance ar the surface
or interface of another. Adsorption can involve a variety of interfaces, including:
liquid-liquid, gas-liquid, gas-solid, or liquid-solid interfaces. The absorbate is the
substance being concentrated, and phase absorbing is the adsorbent. When molecules
of one phase interpenetrate to form an almost uniform concentration within the second
phase is defined as absorption. (Weber, 1972)

In coal and oil agglomeration, absorption of the oil phase onto the combustible
solid surface is unlikely because of the visious nature of the oil, and that the
thermodynamic driving force is related to surface energies. Agglomeration processes
which utilize light hydrocarbons may exhibit limited potential for intraparticle
penetration via chemical bonding.

Adsorption forces exist between the carbonaceous surfaces and the oil droplets.
However, these forces are highly interactive with surface energy interactions, as the
combined attractive forces between the combustiblle surfaces and the oil droplets, and
the repulsive forces between the water, solid, and oil phases will tend to cause the oil
droplet to spread over the carbonaceous surface. For example, when the oil
concentration exceeds a critical level, the carbonaceous solids become dispersed in the
oil phase, not as spherical agglomerates, but as discrete particles. The free mineral
matter subsequently agglomerates within the water phase (Liu, 1982).

There are several types of adsorption. The forces of adsorption may be related
to the solvent-disliking (lyophobic) character of the solute relative to the solvent, or the
strong atraction for the solid phase. Many systems will involve a combination of such
molecular forces. (Weber, 1972)

The first factor influencing the level of adsorption is the solubility. For
adsorbents which are extremely hydrophilic in nature, the forces of adsorption can be
considered to be minimal. However, if the solute is extremely hydrophobic, the

31



substance will likely demonstrate potential for adsorption interactions (Weber, 1972).
Such is the case for coal and oil agglomeration. The oil and carbonaceous phases are
both considered to be hydrophobic in nature, and the oil is immiscible in the waior
phase. Hence, with both the combustible solids and the oil phase demonstrating a
hydrophobic nature, the potential for adsorption forces to exist are very high.

Adsorption may be solely dependent upon the direct attraction or affinity of the
solute for the solid. Three principal types of adsorption mechanisms: electrical
attractions, Van der Waals forces, or forces as a result of chemical attractions. Electrical
attraction is sometimes termed as exchange adsorption, and has been used to describe
ion exchange systems (Weber, 1972).

Physical adsorption has been classified as synonymous with Van der Waals
forces, used to describe with the molecule is attached but is allowed to undergo some
movement on the surface without detaching. Van der Waals forces are normally found
at low temperatures, and is characteristically have low energies related to the bonding.
(Weber, 1972; Capes et al., 1985; Nelson, 1989; Botsaris and Glazman, 1989)

When molecules are affixed to a specific site on the surface or interface they are
considered to be chemically adsorbed, and undergo direct chemical interaction. These
chemical reactions exhibit higher energies of adsorption, as the strong local bonds are
formed. (Weber, 1972)

Characterizing the adsorption forces in coal and oil agglomeration as either
physical and, or, chemical; or determining to what extent combined adsorption forces
may exist, has not been clearly defined. Furthermore, because surface tension
phenomena also interacts, determining the predominant components i3 further
complicated. However, based upon the nature of the system, and the nlative
spontaneous agglomeration tendencies only under specific conditions, indicates the
adsorption forces are predominantly physical in nature.
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Repulsive Forces

The surface chemistry of coal may possess active sites which are either
hydrophobic or hydrophilic in nature. Oxidized coal sites, ash swaps within a
combustible rich surface, and the coal rank, all provide examples which demonstrate the
hydrophilic characteristics causing forces of repulsion to exist between the oil and
carbonaceous rich particles. Coal surfaces develop electrochemical charges in a water
suspension. These electrochemical charges can be responsible for the development of
forces of repulsion inhibiting the collision of coal particles and oil droplets.
Investigations describing the point of zero charge have indicated that the electrochemical
characteristics can influence both the kinetics and thermodynamics of agglomeration.
These forces of repulsion may effect the kinetics of the process by inhibit the collision
between the oil and coal and tend to increase the energy input requirements. Systems
demonstrating high attractive forces of adsorption, the electrochemical characteristics
may tend to inhibit the kinetics, while the final equilibrium oil wetting, or
thermodynamics or agglomeration, will be reached provided sufficient energy and time
are permitted (Sadwoski et al., 1988). However, the electrochemical forces of
repulsion can effect the thermodynamics in weakly agglomerating systems, if these
forces of repulsion exceed the attractive forces present between the oil and coal.

Chemical Bonding

Most of the literature in investigating agglomeration technology suggests that
chemical bonding in coal and oil agglomeration is limited. However, it may be possible
that some specific functional groups within the coal and oil phases interact chemically to
form a bond, as it is sometimes difficult to distinguish between strong chemical
adsorption forces and chemical bonding. Furthermore, if the coal and oil agglomeration
process is chemically altered by pH, or ionic strength, chemical bonding may become a
mote significant force. Based on previous in agglomeration studies, chemical bonding

usually is a minor force (Liu, 1982; Mishra and Klimpel, 1987).
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Entrapment

Free particles of either ash or pyrite can be entrapped by the simultaneous
collision and subsequent formation of combustible agglomerates. The potential for
entrapment will depend on many factors, some being as follows: slurry concentration,
oil concentration, shear forces, agglomerate size and shape, and the strength of
attachment responsible for the entrapment of the free ash and or pyrite particles.

The potential for ash or pyrite entrapment is greatest during secondary and
tertiary agglomeration where the oil concentration levels are high, and the least likely
within the primary agglomeration stage where the oil concentration levels are the lowest.
Figure 1.3 helpé to describe these trends and how they relate to oil concentration.

Shear Forces

The shear forces are directly related to the turbulence and intensity of mixing
imparted into the slurry. The mixing action is highly turbulent, possessing high
velocities and rapid changes in direction over relatively short distances, resulting in
maximum particle and oil droplet collisions and shear. The shape and density of the
particles will also influence the shear forces which act upon a agglomerate because of
drag and momentum forces. To maintain successful agglomeration, the mixing energy
must be sufficiently high in turbulence and intensity to ensure rapid particle contact,
however, the mixing energy must be sufficiently low to ensure the shear forces do not
exceed the attachment forces and eventually disrupt the agglomerate formation (Capes et
al., 1985; Botsaris and Glazman, 1989).
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2.3.2 Process Variables

There are many important operative variables in the process of coal and oil
agglomeration, of which the following are considered to be the most important:

° High energy input is first required to disperse the oil phase and supply
the energy to facilitate the contact between the oil droplets and the coal surfaces (Mishra
and Klimple, 1987).

® The addition of heavy oil, either alone or as a blended base to promote
the agglomeration of the carbonaceous solids. Heavy oil is responsible for the
formation of larger agglomerates because of the stronger intraparticle bonds which it
forms (Mishra and Klimple, 1987).

4 Lighter oils play an important role as they are often employed to improve
the selectivity of the process for ash and pyrite rejection (Mishra and Klimple, 1987).

Other process variations and variables influencing agglomeration are
categorizing as feed variations, chemical and physical parameters, and equipment
components.
2.3.2.1 Feed Variations

Surface oxidation and coal rank

Coal .demonstrates unique and varied properties when compared with other
substances. Although coal possesses strong intermolecular forces, it is considered to be
highly unstable and will weather in almost any condition which exposes the material to
the natural environment. Coal's lack of stability creates problems associated with coal
utilization, transport, and storage include self-heating and spontaneous combustion as
well as progressive changes in handling, beneficiation, specific energy, liquefaction,
and carbonizing properties (Nelson, 1989).

In its natural habitat, coal exist underground, in a water saturated and oxygen
free environment. Changing anything rehited to its natural environment such as moisture

content, temperature, or the oxygen partial pressure will surely influence the chemical
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and physical properties of the coal. The change in the coal characteristics is known as
weathering, has been studied thoroughly and is known to adversely affest physical and
chemical properties of coal. The weathering process alters the interpretation and test
methods for coal samples, thereby having important implications with respect to
fundamental research on coal. (Nelson, 1989)

Weathering refers to the air oxidation of the organic and mineral matter (chemical
weathering), microbial oxidation or pyrite (biological weathering), and variation in
moisture content which may alter the physical characteristics (physical weathering).
Therefore, controlling the environment in which coal is exposed prior to utilization is
very importan:. in preventing any adverse alterations to the general propetties of the coal.
(Nelson, 1989)

Air oxidation influences the wetting characteristics of the combustible matter, by
affecting the oxygen content of the organic matter. The newly oxidized components
within the coal's organic matrix are more hydrophilic, reducing the dissimilar
differences between the coal's organic and mineral matter components. The practical
consequence of the reduced dissimilarity as it becomes more difficult to separate mineral
matter based upon surface properties. Hence, the process of oxidation will have some
level of influence on the performance of either the agglomeration or flotation process,
although the later is expected to be more sensitive. Dewatering and drying of coal
becomes more energy intensive and less efficient as oxidation increases. Furthermore,
the surfaces become more polar and acidic and may influence slurry theology, as well as
increasing the potential for corrosion. (Nelson, 1989; Botsaris and Glazman, 1988
Venkatadri et al., 1988; Labuschagne, 1986)

The hydrophobicity of coal is dependent upon its rank, the characteristics of the
mineral matter contained in the coal, and the carbon content. Bituminous coal are
known to be more susceptible to oxidation compared to low grade sub-bituminous coal
and lignite because of the -OH group content of the coal. The inherent moisture content
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of lignite can exceed 30 % and climb up to 40 % by mass, compared to relatively low
values of between 1 to 5 % for bituminous coals. The coalification process gradually
removes the -OH functional group which leads to the formation of semi-bituminous and
eventually bituminous and anthracite coals. Structural changes also contribute to the
hydrophobicity of coal. The carboxyl group is gradually replaced by more hydrophobic
aromatic groups. The maximum angle of contact for an air bubble has been estimated to
be within a range between a low volatile bituminous coal and semi-anthracite coal. The
contact angle becomes lower with the higher rank anthracite coals. The mineral matter
can also impact the hydrophobicity of the coal, and the specific composition and size
consistency within the matrix will impact the hydrophobicity of the coal. The carbon to
hydrogen ratio has been used as a general indicator of coal hydrophobicity, all th:+
factor can only be used as a rule of thumb. Studies have shown that the process of
oxidation, which increases the -OH and -CO functional groups, tends to reduce the
hydrophobicity of the coal. The reduction in hydrophobicity has been attributed to the
increase in oxygen functional groups within the coal structure. (Mishra and Klimpel,
1987) Further support is provided by distinguishing the lower-rank sub-bituminous
and lignites by their greater oxygen content and the hydrophilic nature of their surfaces.
"The light oils which are used successfully with bituminous coals are not able to wet the
lower-rank coals and form only emulsions with no discrete agglomerates when agitated
with them is a water slurry. If heavier oils, such as coke oven tars and pitches as well
as petroleum crude oils and their higher boiling components, are used as conditioners,
distinct agglomerates are formed with the lower-rank coals. Apparently the nitrogen,
oxygen, and sulphur functional groups of these complex oils are able to adsorb
sufficiently well on the relatively hydrophilic surfaces of the lower-rank coals to form
agglomerates" (Botsaris and Glazman, 1988).
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Impurity content, size distribution

The impurity content, type and size distribution directly effects the performance
of oil wetting of the combustible surfaces, as high slimes content has been known to
interfere with the performance of both coal and oil aggiomeration, and froth flotation.
Postulations have been made that some humic materials can be leached from the coal
forming a weak humic acid in the aqueous phase which subsequently can adsorb onto
clay material, rendering then somewhat hydrophobic (Botsaris and Glazman, 1988) If
large amounts of these types of clays are present in the process, ¥*:ich might be the case
in some recycle streams, the hydrophobic clays may compete in the process by
promoting an oil-water clay-stabilized emulsion which interferes with agglomeration and
blinds the separating screen. Removal of these clay components from the process
stream will help eliminate the interference and restores the hydrophobic-hydrophilic
distinction between the organic component and the mineral matter. (Botsaris and
Glazman, 1988) Problems such as these are more typical in the treatment of tailings
pond solids where the mineral matter has extended periods to interact with humic acids
leached from the organic matter. However, excessive mineral matter content also
physically interferes with the coal agglomeration process, resulting in higher energy
levels to ensure a overall high process efficiency.

Oil agglomeration is considered to be a high recovery process because of the
strength of the coal-oil bond. Carbonaceous particles with non-liberated impurities are
therefore recovered so that impurity particles which are rejected are virtually barren of
coal matter. Oil wettability appears to be unaffected by (or swamps) large areas of
hydrophilic impurity islands in the surface of carbonaceous particles and the high
strength of the coal and oil bonds allows the particies to be recovered with the
agglomerates. (Botsaris and Glazman, 1988) This fundamental process characteristic
influences the ability of the coal and oil agglomeration process to reject finely

disseminated particles of pyrite found in the organic matter. Only if the pyrite is
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sufficiently liberated from the organic matrix will the process be able to reject the pyrite
fraction. Similarly for ash particies, if they coexist with a large fraction of carbonaceous
matier, recovery into the product phase is likely to occur.

Variations in quality

Variations in the feed properties can cause serious process disturbances. For
example, variations in degree of weatkering, or mineral matter content can easily cause
serious disturbances in impurity rejection, and or combustible matter recovery. Feed
variations must be minimized to enable the process to operate at an optimum set of
process conditions without continuous upsets.
2.3.2.2 Chemical Factors

The oil type and concentration are the most important chemical factors in coal
and oil agglomeration. The type of oil used can influence both the physical and
chemical components of agglomeration. In the physical sense, heavier oils tend to
demonsirate a more viscous nature and form stronger intraparticle bonds. Hence, when
agglomerates are formed with heavier oils, the intraparticle bonds between the solid and
oil have more internal strength than those formed with the lighter oils. The viscosity of
the oil will also influence the energy requirements to ensure sufficient dispersion of the
oil phase, and in this manner, wili influence both the thermodynamics and kinetics of cil
wetting. In general, for heavier oils, higher energy levels are required to ensure
sufficient oil dispersion and oil droplet and particle collisions. Bensley et al. (1977)
however, investigated the impact of oil emulsification and found substantial decreases in
energy input can be realized. Despite the energy limitations, heavier oils offer the
advantage of stronger intraparticle bonding. The stronger intraparticle bonds can
influence both the process economics as well as the process selectivity (see Figur:: 1.5}
by reducing the overall oil concentration required.

The chemistry of the oil also plays an imporsai role on both the
thermodynamics and kinetics of agglomeration. Despite the kinetic dependency of the
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process on sufficient energy to supply the transport of the oil to the surface of the
desired particle, if strong chemical attractions between the oil droplets and the
combustible particles exist, the process kinetics can be strongly influenced. Such is the
case with lower rank coals, such as lignite and sub-bituminous coals, which do not
readily agglomerate with the less viscous lighter oils typically used with bituminous
coal, but agglrinerate more readily when heavier oils, substantial higher in viscosity, are
used. The heavier oils have complex functional groups, which are more strongly
attracted to the lower rank coals. Heavier oils are also used with bituminous coal, with
sufficient energy input, and tend to improve combustible matter recovery, however, at
the expense of reduced process selectivity for impurity rejection, such as ash and
pyrite. Studies have indicated, that in general, lighter oil is responsible for improving
the process selectivity for ash and pyrite rejection of bituminous coals, while the heavier
oils tend to be less selective but promote etter combustible matter recoveries when
sufficient energy levels are added tc properly disperse the heavier oil. Investigation into
the impact of pre-emulsification of the oil phase have supported this trend indicating that
heavier oil are capable of high recoveries when sufficient dispersion and collision
between the droplets and carbonaceous particles occur. However, these same studies
found that heavier oil will demonstrate the same levels of ash rejection are possible
provided sufficient energy and time are added to the mixing system. (Bensley et al.,
1977; Mishra and Klimpel, 1987; Liu, 1982)

Lighter oils have been characterized as more selective when compared to the
heavier oils. The lighter oils may include fuel oil, and kerosene, while the heavier oils
may include bunker C, crude oil, or coal tar. The heavy oils are hypothesized to contain
functional groups capable of altering the mineral oxide surfaces to sometimes produce
hydrophobic surfaces, allowing these impurities to report to the product phase (Mishra
and Klimpel, 1987). Other research has indicated differing solids settling rates of the
tailings produced by agglomeration with different oils. Experimental evidence and
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observations indicate that the heavier oil tailings produce flocculation of the tailings
solids, which produced the faster solids settling rates. The residual oil component in the
wailings phase appeared to promote the flocculation of the mineral matter to increase its
settling rate. Hence, the poorer process selectivity may not be necessarily dependent
upon the oil density, as other studies have indicated that the use of pre-emulsification of
heavy oil results in no loss of ash rejection potential as the density of the oil was varied.
They postulated that the impurities present in the heavy oil, rather than the density,
strongly influence the process selectivity for both the ash and pyrite rich particles. Their
investigations demonstrate :>zt the laboratory addition of impurities to the oil phase
reduce selectivity ac iixcvease the ash content of the agglomerate product. Other works
have also indicated similar trends. {%:usley etal., 1977; Mishra and Klimple, 1987)

Lighter oils tend to be more selective because of the efficient dispersion and
higher level of purity than the heavier oils. However, heavier oils demonstrate higher
carbonacecus recovery and dewatering capabilities when sufficient energy input is
added to promote dispersion and transport. The heavier oils also appear to demonstrate
stronger intraparticle bonding, which results in lower il concentration levels required.to
facilitate recovery. The lower oil concentration levels affect the process in terms of both
process economics, as oil costs are often the crippling component of the process, and
process selectivity, as lower oil concentrations, reduce the probability of pyrite and ash
entrapment (see Figure 1.3). (Mishra and Klimpel, 1987; Liu, 1982; Botsaris and
Glazman, 1989)

Oil concentration is an important variable influencing the process in terms of
product quality, and process economics, relating back to the high cost associated with
oil. In terms of traditional coal and oil agglomeration, (see Figures 1.3 and 2.2) an
increase in oil concentration will influence the structure of the forming agglomerant.
Based upon the more traditional process separation steps selected, such as mechanical

screening systems, the agglomerate structure will affect the combustible matter
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recovery, the process selectivity, and the product dewatering. The agglomerate
structure in traditional coal and cil agglomeration process is influenced over a wide
range of oil concentrations (e.g. 5 to 15 % db). (Mishra and Klimpel, 1987; Liu, 1582;
Botsaris and Glazman, 1989)

In this study, primary agglomeration was followed directly by flotation to
separate the combustible matter from the impurities. Hence, the operative range of oil
concentration was reduced to a much lower range of 1.5 to 1.5 % db. When
agglomeration and flotation are employed as a combined process, the concentration of
oil used influences the combustible matter recovery levels dramatically until the local
requirement to established to maintain high combustible recoveries {¢.g. >98 % CMR).
After the operative requirement is met, additional oil will no longer effect the recoveries,
howevei, some structural changes in the froth can be expected and the solids
concentration of the product will increase. The process selectivity continues to be
affected as additional oil is used, particularly in terms of pyrite removal. Atlow levels
of oil addition, only loosely consolidated floc structures will form resembling pendular
and funicular structures. Separation at this time is favored to minimize the oil coating
and entrapment of the pyrite and ash rich particles. High wash nozzles are used to
increase the impurity removal from the combustible flocs prior to recovery. The impact
of froth washing in terms of ash and pyrite removal is documented by the work of
others. (Mishra and Klimpel, 1987; Liu, 1982; Botsaris and Glazman, 1989)
2.3.2.3 Physical Parameters

Solids Concentration

The solids concentration will influence the kinetics of agglomeration, as high
percent solids increases the probability of oil droplet and particle collisioif, While 4
lower percent solids results in a siower rate of collision. The slurry desiily must be low
1o avoid the entrapment and oil coating of impurities, yet sufficiedlly high to maintaim
rapid weting kinetics. The optimum selection is related to the sface characicsiptios of
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the impurities and their relative hydrophobicity, the chemistry of oil, the energy input in
the process, and the agglomeration kinetics. Strongly hydrophilic impurities allow for
higher percent solids to be used, while impurities such as pyrite which are less
hydrophilic, require lower percent solids to be used. Agglomeration processes used
solely for ash rejection can experience solids concentrations as high as 30 to 50 percent,
while for systems designed for pyrite rejection will use a range from 10 to 30 percent.
(Mishra and Klimple, 1987; Liu, 1982)

Size Consistency

Feed stock grinding is employed to ensure an adequate impurity liberation. Size
reduction must be sufficient to cause the liberation of impurities contained in the coal,
otherwise, the impurities will report to the product because they are physically attached
to the combustible rich particles. The desired size range depends upon the breakage
characteristics of the feed stock, the relative size distribution of the impurities within the
feed stock, and the cost of grinding. Some impurities are so finely disseminated within
the coal that liberation reaches a point where increases in grinding produces minimal
increases in impurity liiaeration. Furthermore, the cost of grinding becomes
incrementally more expensive at the finer sizes due to the loss of natural breakage
patterns in the coal, and the somewhat elastic behaviour of coal in these lower size
ranges. These factors define a practical size distribution which can be er.ployed for the
process.

Experimental evidence indicates that the agglomeration process demonstrates
continued improvements in ash reje:sion when the feed stock coal is reduced to a mean
particle diameter of 3 microns because of the high process selectivity for ash rejection
and the higher degree of ash liberation at the smaller sizes. (Liu, 1982; Mishra and
Klimpel, 1987, Capes etal., 1981). Capes et al. (1981) performed investigations into
the effect of size on ash rejection and surmised that the additional rejection in ash content
at the smaller sizes may also be dependent upon how the oil concentration interacts with
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feed stock pasticle size. "The reason for this effect of particle size seems to be related to
the forms of agglomerates produced as oil concentration increases and to the increase in
strength of intraparticle bonding which occurs as particle size decreases. With the
lowest oil levels a Joosely consolidated floc (e.g., approximately 100 to 300 microns in
diameter) stryctute is formed which is able o trap ash particles and cause them to report
with the agglomerates. As oil concentration increases, this voluminous two-
dimensional floc structure is replaced more and more by discrete more compact three-
dimensional Jarger agglomerates (e.g., approximately 300 to 800 microns in diameter)
which do not trap ash particles as easily in the inter-agglomerate space" (Capes et al.,
1981). Similar sypportive work describing these effects in terms of pyrite reduction
from the product phase does not exist. Pyrite rich particle attachment and entrapment
within agglomerates occurs in the opposite trend at these lower sizes than ash particles
because of the natural hydrophobicity of the pyrite surfaces. Increasing the oil
concentrations ifito similar ranges (e.g. 10 to 40 % db) would surely result in extremely
low pyrite reductions (Pawlak et al., 1988).

Size consistency also influences the process because of the increase in surface
area of the combystible particles. It is well noted that the robust nature of coal
agglomeration, specifically related to the strength of the oil and coal bonding
mechanisms, sesults in the process being relatively unaffected by the size and degree of
oxidation of the feed stock coal. However, the increase in particle surface area can
result in a higher ojl requirement to maintain high combustible matter recovery. Hence,
although increasing the impurity liberation by extensive grinding allows a high potential
for impurity rejection, the additional oil and other reagents required to maintain a high
combustible matter recovery can reduce the removal potential because of how these
factors affect the process selectivity.



The size consistency and surface characteristics also influence the process in
terms of pathways by which impurities may report with the product phase. Listed
below are the major pathways by which impurities may report to the product phase:

° non-liberated pyrite and ash,

o natural pyrite and ash flotation,

° oil coated pyrite and ash particles,

o impurity attachment or entrapment within combustible agglomerates, and

® hydraulic entrainment.

Pyrite and ash components may still be attached to the combustible rich particies,
and contribution of this pathway will depend upon the size distribution of the impurities
within the ccal matrix and the level of grinding used to promote the liberation of the
impurities. The inherent ash of the coal is a term used to describe the ash component of
the combustible matrix and is considered, practically speaking, as impossible to remove
from the coal by physical processes. Depending upon the deposition of pyrite this
impurity can also be so finely disseminated within the coal matrix that grinding the feed
stock for physio-chemical process removal is limited.

Pyrite, unlike most ash minerals, demonstrates natural hydrophobicity. In coal
flotation and agglomeration processes, this has been a problem as pyrite can naturally
attach to air bubbles, or agglomerate with combustible rich particles. This surface
characteristic of pyrite influences the impurity recovery pathways listed above. Pyrite
can naturally attach to the air bubbles during flotation to be recovered in the product
phase. The size consistency of the impurity within the feed stock coal can influence the
natural flotation of pyrite because of the level of grinding required. The angle of bubble
attachment is influenced by the size of the particle as very fine particles are not easily
attached to large bubbles. The mass density of pyrite influences natural flotation as finer
particles of pyrite have lower gravitational and drag forces effecting their rejection into
the product stream.
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Pyrite and ash particles can become oil coated, entrapped or attached during high
shear mixing resulting in their recovery with the product phase. Much of this potential
is determined by the chemistry and concentration of the oil and the surface
characteristics of the pyrite and ash particles. Oxidized pyrite surfaces demonstrate a
lower tendency for natural flotation, oil coating, entrapment or attachment to
combustible agglomerates. Several studies have investigated the use of selective
chemical depressants, or biological systems for pyrite surface oxidation. However, the
process are often crippled by high costs, and complex chemical, biological and
mechanical system requirements. Ash particles demonstrate a much lower
hydrophobicity, however, some limited data suggests the activation of hydrophobic
tendencies are possible. (Mishra and Klimple, 1987; Capes et al., 1981; Nelson, 1989)

The hydraulic entrainment of impurities is dependent upon the process of
flotation rather than agglomeration. Ash impurities are most influenced by this
pathway, because of their lower density and naturally fine size distribution when clay
minerals are present. Fur}hermore, when feed stock coals demonstrate a significantly
high ash content, the probability of hydraulic entrainment of ash impurities is high;r.
Pyrite particles are typically in lower concentration and significantly higher in density
lowering the probability of hydraulic entrainment.

High Shear Turbulence and Intensity

& distinctive characteristic of the agglomeration process is the strength of the
attachment forces, permitting the use of extremely high mixing energies to ensure the
rapid collision of the particles and oil droplets. The mixiny stage is essential to the coal
oil agglomeration process as it serves to promote the thermodynamic driving forces, and
influences the kinetics of the process (Vanangamudi and Rao, 1984). According to
Bensley (1977) the addition of energy is consumed in the functions listed below, of
which the initial dispersion of the oil into droplets is the most substantial component of
the energy input requirement.
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° Emulsification of the oil phase.

. Entrainment of oil by coal particles.

L Distribution of the oil droplets.

° Coalescence of emulsified droplets with coal particles.

° Pendular flocculation of oil coated coal particles.

® Growth of agglomerates from flocculated nuclei.

Others have provided a similar description as intense mixing initially disperses
the oil phase and then provide additional energy to promote the contacts between the oil
droplets and carbonaceous particles so the pendular bonds are able to form (Liu, 1982).
Investigations into the impact of pre-emulsification of the oil phase prior to addition to
the high shear mixing veésels have demonstrated a significant reduction in energy input
required to complete the contact and agglomeration of carbonaceous material.
Furthermore, these investigations indicate that lower oil requirements are experienced to
maintain high carbonaceous matter recovery, however, the studies also indicate that oil
emulsification has no significant effect on product ash. The increase in recovery of
organic matter when using emulsified oil is attributed to better collection of the ultrafine
coal particles. This is believed to result from more efficient distribution of the oil
throughout the system and the elimination of agglomerates containing disportionately
high amounts of oil phase above that required to maintain adequate strength. (Bensley
etal., 1977)

High shear mixing promotes the modification of the as the coal slurry undergoes
a change, as its appearance reveals a distinct mixture of black agglomerates in a light
colored slurry of clay. This is referred to as slurry inversion and is accompanied by a
distinct change in mixing torque. (Capes etal., 1981)

High shear mixing characteristics are extremely turbulent, with very high tip
speeds in the range of 8 to 30 m/sec, and power consumption in the range of 10 to 40
kW/m3. Increased energies are experienced when high percent solids and agitator
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speeds are used (Capes et al., 1981; Mishra and Klimple, 1987; Nelson, 1989).
Higher energy levels are required when high density and viscous gils are used. This is
substantiated by the work of Beiisley et al., (1977) which indicated the rate controlling
factors for energy input is the dispersion and distribution Of the oil phase into droplets
throughout the mixer. When heavier oil were emulsified, inversion times were reduced
by a factor of ten. The time and mixing energy and characteristics interact, and in
general as the intensity and turbulence « the energy input is incréased, the time required
decreases.

High Shecr Mixing Time

Investigations have suggested an optimum mixing time for each operative
mixing energy level, after which additional time does not improve the combustible
matter recovery, and may reduce the recovery if excessive times are added.
Furthermore, excessive mixing will cause the oil coating of pyrite particles, and even
ash particles, intuitively reducing product quality and even recovery. Very little work
has been performed on how the energy input levels (eg. kW/m3) and mixing time
interact to influence preduct quality and recovery. However, tt ir exist some limited
data to suggest in terms of ash rejection, that higher mixing intensities and shorter
mixing times promote better product quality for the similar carbonaceous recoveries.
Work performed describing the impact of these mixing energy variables has not been
investigated extensively for pyrite reduction (Mishra and Klimple, 1987). However,
studies have hypothesized that although pyrite is hydrophobic in nature, carbonanceous
material demonstrates a greater hydrophobic tendency and higher energy level inputs
with low oil concentration may cause improved process selectivity for pyrite rejection.
Intuitively, added time with lower mixing energies, in weakly turbulent regimes may
result in lower selectivity because of the lack of proper dispersion and distribution of the
oil phase which would result in less than optimum use of the oil phase. (Drzymala, et
al., 1986).

48



The high energy mixing allows for effective transport of oil droplets to the solids
surfaces, and improves the selectivity of the process by maintaining rapid process
kinetics and minimizing the exposure time of pyrite and ash surfaces to the oil droplets
under high energy conditions. Furthermore, the high energy helps minimize the oil
required to ensure adequate surface wetting through maximum dispersion, and transport
of oil droplets % the combustible surfaces. Hence, when the mixing time and oil
content require) ar¢ at a process optimum; the process selectivity should improve.

Temperature

The impact of temperature on the process of agglomeration has not been
extensively investigated, other than to preheat the oil prior to high shear mixing. The
physical impact would be related to higher oil dispersion efficiencies, as a reduction of
the viscosity of the oil phase. If complex chemical interactions exist in the process,
temperature may alter both the thermodynamics or kinetics of the process. All these
factors may influence the process in terms of oil concentration required to maintain high
recoveries, which influences the process in terms of pyrite selectivity.
2.3.2.3 Mixing Designs and Configurations

Mixer Design

Various mixing configurations and designs have been utilized in the process of
agglomeration, all which focus on the following fundamentals:

o maximum dispersion of the oil phase,

¢ maximum contact between the combustible solids and oil droplets,

® minimum contact between oil droplets and ash and pyrite rich solids, and

® cost effectiveness.

Impellers can be designed to produce either extremely high shear profiles, or no
shear characteristics at all. No shear will develop in the stream leaving an axial-flow

impeller. Flow from marine and hydrofoil are design examples, producing uniform
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velocities from centerline to tip with virtually minimal shear across the entire stream
leaving the impeller. (Bowen, 1986)

The radial-flow turbine impellers are different as they produce large shear
forces. The rotation of the impeller causes the fluid in front of the impeller in a radial
direction, resulting in a discharge flow similar to a pump impeller. The fluid at the tip of
the impeller blade has a tangential velocity equal to the peripheral velocity of the turbine.
As aresult of these tangential- and radial-velocity components a flow stream in the form
of jets is produces. However, the development of shear forces within a mixing system
depends not only on the high mixing velocities, but also on the existence of large
differentials in velocity and direction within a small spatial distance (Bowen, 1986).

The two critical design components for shear sensitive mixing processes are the
shear and circulation flow rates (Bowen, 1986). The high shear forces provide enough
momentum and turbulence to ensure that adequate emulsification of the oil phase, and
particle collisions occur. The shear rate is related to both the magnitude and distribution
of velocities over the spatial region of the shear forces. The average shear rate is
determined by calculating the difference between the centerline, or maximum velocity,
and the point at which the velocity levels off, and dividing this difference by the distance
between the two points (Bowen, 1986).

The radial flow produced by the high shear impellers is diverted by the tank
walls and baffles to above and below the impeller in a circular manner. This circulating
flow is not important in terms of shear, but is important because if a reasonable turn
over rate within the mixer is not obtained the mixing time becomes unreasonable.
Hence, there is no real advantage of producing extremely high shear rates within
sufficient flow within the mixer to ensure the contents are circulated into the zone of
high shear. (Bowen, 1986).

In terms of power consumption and generating high shear forces within the
mixing region, the shear rate and citculation flow rate are opposing design parameters
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which must be optimized to achieve the best mixer design. The most critical design
components of a high shear mixer to achieve the optimum balance between shear rate
and circulating flow rate are as follows:

®  rotational speed,

g impeller diameter,

4 impeller width,

d tank diameter,

4 baffle width, and

o oil injection point and impeller location.

The maximum tangential velocity achieved in mixing is directly related to the
speed of rotation, hence, both the shear rate and circulation rate are directly related to the
rotational speed. It terms of shear rate, the magnitude of the shear forces developed
during mixing are not only related to the maximum velocity, but the shape of the
velocity profile. Increasing speed causes a higher velocity, and sharper profile
indicating more rapid changes in velocity over the shear force region. Increasing the
speed of rotation has a direct effeci on the discharge flow rate. Hence, the circulation
rate has been found to vary linearly with increases in the speed of rotation. (Bowen,
1986)

The impeller diameter impacts the discharge flow rate, which impacts the
circulating flow rate. Bowen (1986) through his investigative work revealed that the
circulation rate is exponentially related to the impeller diameter to the third order for the
experimental ranges considered. Because of the complex interactions between impeller
diameter, tank diameter, and impeller width; the following mathematical expressions

were developed to express shear rate and circulating flow.

L DIT ratio,
where D is the impeller diameter, T is the tank diameter, and the
4 W/D ratio,
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where W is the impeller width.

The impeller diameter causes the development of shear forces within the mixer
because the discharge velocity is directly proportional to the impeller tip speed. Large
diameter impellers have higher tip speeds which causes high tangential velocities, and
very narrow velocity profiles to exist within the mixing regime. Large changes in
velocity over small spatial distances is the fundamental source of shear within any
mixer, hence, the impeller diameter can cause a significant change in the shear profile of
a mixer. However, both the tank diameter, and impeller width, interact with the
impeller diameter in terms of both increasing shear rates and causing an increase in
circulafing flow. Bowen (1986) developed shear rate equations based upon
experimental works which indicated "that, for geometrically similar impellers at the
same D/T ratio, the average shear rate varies only with speed, and is independent of
diameter (but not the D/T ratio). Suggestions that the ratio of maximum/average shear
rates increases with increasing impeller diameter per se do not appear to be warranted.
If the impeller diameter is doubled (with speed and D/T held constant), not only do the
velocities double, but also do the widths of the impeller and the velocity profile;
therefore, all of the increases cancel out and the shear rates remain constant. On the
other hand, if the tank diameter is held constant and D/T is increased, the shear rate
increases as D03",

The impeller width effects both the shear rate and circulating flow rate.
"Velocity measurements made by Cooper and Wolf on six 100 mm disk turbines, with
the blade width to diameter ratio (W/D) varying from 0.15 to 0.40, revealed that
turbines with W/D ratios of 0.15 to 0.25 have parabolic radial-velocity profiles similar
to those already examined, whereas those with ratios of 0.30 to 0.40 have profiles with
a blunter shape and higher velocities. In the region of W/D of 0.20, discharge flows
varied almost linearly with blade width; above this region, a limiting value of flow was
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approached. Unfortunately, no data were presented to substantiate these
generalizations." (Bowen, 1986)

Bowen (1986) in the same work investigated circulating flow for three W/D
ratios: 0.1, 0.2, and 0.4. The flow from the most narrow widths was exactly
proportional to the W/D. However, when the W/D was increased up to 0.2 to 0.4, the
circulating flow only increase at a iate of 1.74. Cooper and Wolf also observed that
above a W/D of 0.25, the rate of increase in flow starts to drop off. If this phenomenon
did not occur, a linear relationship could easily be developed describing the discharge
flow data. Hence, the discharge flow was observed to be proportional to blade width
below a W/D of 0.25. (Bowen, 1986)

The blade width also influences the shear stresses developed because the
velocity profile varies. As the impeller width is decreased, the velocity profile becomes
more narrow, and the shear rate is increased accordingly.

Bowen (1986) demonstrated that reducing the blade width in half will double thz
shear rate for the same tank diameter and rotational velocity. The reduction in blade
width decreases the circulating flew, therefore, the impeller diameter must be increased
to restore a reasonable recirculation, which increases the power. The selection of the
appropriate impeller must consider both the required shear rates and recirculation flow
rates, with the optimum design likely based upon power consumption. (Bowen, 1986)

In selecting a mixer design, both the shear rate and circulating flow rates must be
considered. The important factors in the design are:

° impeller to tank diameter ratio (D/T),

° impeller width to diameter ratio (W/D), and

o baffle configuration.

It has been suggested that a D/T of less than 0.2 is not practical because of the
extremely high power consumption required o ensure sufficient circulation. Increasing

the D/T increases the shear rate, however, the tank effects limit any direct increase in
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shear with D/T ratio. Investigative work indicates the optimum ranges to be between
0.3 10 0.5.

The selection of the W/D ratio depends upon the desired shear rate, circulation
flow rate, and power consumption. "It is evident that W/D ratios of less than the
industry standard of 0.2 will increase shear rates and, at the same time, reduce the
power required. Additionally, lower W/D ratios will produce a more economical
balance between the rate of shearing.and ‘the rate of circulation in the vessel." (Bowen,
1986)

Configurations

Mehrotra et al., (1984) and Mishra and Klimple (1987) both have provided
excellent reviews of the various agglomeration circuits investigated. Historically, the
most notable variations in the process configurations and mechanical designs were as
follows:

o The Trent process, whereby large quantities of oil (e.g. 30 percent by
mass) were added to coal and water slurry and mixed for extended periods at low Rpm
(e.g. 150 RPM). This process achieved commercial operation in the 1920's, however,
it was abandoned because of the high cost of oil. Large agglomerates were fermed and
separated from the water by screening, and a subsequent process to briquette the
product. The material was then sold as domestic fuel.

o In the 1950, the Convertol process emerged at a commercial level in
Germany, and subsequently was pilot studied in the USA. This process utilized phase
inversion mills, which dramatically downside the mixer sizes, and oil requirement to the
3 to 15 % db ranges. High speed centrifuges were used to separate the combustible
matter from the ash and water phases.

° In the 1960's, the National Research Council of Canada developed their
process called spherical agglomeration. The coal was initially contacted with low
concentrations of lighter oils in high shear mixing vessels to cause preferentially wetting
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was achieved, the slurry was delivered to lower shear mixings vessels, where additional
oil and energy were added to promote additional growth, and agglomerate compaction.
The compaction improved the strength and dewatering characteristics of the
agglomerates. The agglomerates were then separated from the water and ash phase by
screening.

L In the 1970's, the Shell Pelletizing Separator (SPS) process emerged.
Shell developed a novel mixing system called the shell pelletizing separator. The SPS
was designed specifically to remove small particles (eg. 5 microns) of soot from
gasification wash water. The design involves a long narrow unit which results in very
uniform flow through the mixer and excellent contact between the carbonaceous matter
and oil phase. The fundamentals of the design are related to plug flow mixing
characteristics and the resulting minimization of short circuiting through the mixer. The
result was a significant reduction in the oil and energy input requirements. It is this
multi-vessel effect in a single unit, and the mechanical contact of soot and oil which was
unique. The SPS resulted in very uniform and hard pellet formation and very good ash
rejections. Sieve bends were used to separate the final pellets from the water and
liberated ash phase.

° The Central Fuel Research Institute (CFRI) process was developed in
India and uses colloidal mills to facilitate the initial dispersion and contact of the il and
combustible surfaces. Secondary agglomeration occurs in flotation cells where
additional oil and energy are added to promote further growth of the agglomerates, and
air is added to facilitate the separation of the carbonacenus matter from the water and ash
phases.

o The Broken Hill Proprietary Process utilized a pre-emulsification step
prior to oil addition to the coal slurry. The emulsification stage eliminated the need for
intensive high shear mixing to cause the contact between the carbonaceous and oil
phases because the oil water eraulsior dispersed very easily in the mixer.
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2.4.0 Flotation
2.4.1 Fundamentals

Flotation is a process which combines of physical and chemical forces to
concentrate finely sized minerals. The process relies on the differences on surface
properties of the solids and water to cause a separation. Hydrophobic particles are
floated to the surface by the attachment of finely dispersed air bubbles and are skimmed
from the surface and collected as the product phase. Hydrophilic particles, which prefer
the water phase, do not attach to the air bubbles and remain in the water phase to report
to the tailings stream. (Liu, 1982)

Coal and oil agglomeration followed by flotation differs from conventional coal
air flotation and ultrafine bubble air flotation by several distinct characteristics, the
primary factors being related directly to the coal and oil agglomeration process itself.

Thermodynamics

The probability of successful attachment of an air bubble depends on both the
thermodynamics and kinetics of the system. The thermodynamics of flotation are similar
to those of agglomeration, where the primary driving force is related to the minimization
of surface energy. The surface energy minimization causes the attachment of an air
bubble to the solid particle surface, which subsequently results in its separation from the
remaining slurry phase due to the combined buoyancy of the attached air bubble.
Various chemical additions, termed as surface modifiers or collectors can alter or
enhance these particle surface characteristics, and will improve the process recovery, or
in other cases, the process selectivity. A number of forces may be responsible for the
attachment, or the chemical interaction of the surface modifiers to the surface of the
combustible surfaces. In this study, the coal and oil agglomeration process is used to
increase the hydrophobicity and size of the combustible solids to enhance their response
toair flotation. Hence, the predominant forces responsibie for the successful flotation
of the combustible matter is related to the coal and oil attachment forces, and the
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resulting hydrophobicity of the oil phase. The oil phase is highly hydrophobic in
nature, and results in strong air bubble attachment forces. Surface energy forces are
predominant in maximizing the flotation recovery of a desired component, when the
following conditions exist: (Liu, 1982; Khoury, 1981; Botsaris and Glazman, 1989;
Mishra and Klimple, 1987)

® the surface energy of the solid-water interface is high,

L] the surface energy of the solid-air bubble interface is low, and

® the surface energy of the air bubble-water interface is high.

Kinetics

Process kinetics depend upan several factors, and the relative predominance of
these factors can change dependiny; upon the operative ranges. The most predominant
factors of this process are listed beb.

® the process thermodynamics,

° the slurry and air bubble concentration,

® the mixing energy and air input, and

° the particle and air bubble size distribution.

Flotation thermodynamics can impact on the process kinetics particularly if the
attachment forces between the particle surface and the air bubbles are low. If the oil
concentration is small, the kinetics of flotation can be effected, as the combustible
surfaces may not be properly oil coated, or oxidized surfaces may remain exposed.
However, for the purposes of this investigation, the process thermodynamics are large
as the hydrophobicity of the agglomerated combustible solids high, and a frother is
added to further promote the attachment process. In this process, if successful
agglomeration has occurred, the thermodynamic driving forces for air bubble attachment
would be high because of the hydrophobic nature of the agglomeration. Hence, the
thermodynamics are not likely a predominant rate controlling kinetic step in the flotation

of agglomerates.
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The slurry density of the flotation process is a predominant component
contributing to the kinetics of agglomerate flotation. As the percent solids of the slurry
is increased, the rate of collisions between the air bubbles and combustible agglomerates
also increases. The concentration of the air bubbles also influences the process kinetics,
because as the concentration increases, the probability of collisions between the air
bubbles and the coal and oil agglomerates increases. In the limiting case, however, the
mass flow of the air bubbles may be increased 1o levels which may decrease the stability
of the froth and create undesired turbulence resulting in excessive detachment of coal
and oil, hence decreasing the overall rate of successful flotation of combustible.

The flotation kinetics are also strongly influenced by the degree of mixing in the
vessel, as this energy provides for the necessary collisions to provide transport of the air
bubble to the surface of the combustible agglomerate. Without this mixing energy, the
transport, or contact, between the air bubble and combustible solid would rely on the
forces of diffusion, and Brownian motion, which would resuit in slow process kinetics
with conventionally designed systems. However, excessive agitation will result in high
detachment forces, resulting in either negative, or no improvements in process kinetics.

The surface area and angle of attachment between the combustible surface, and
the air bubble are influenced by the size distribution of both the air bubble and feed coal,
which in turn influences the strength of attachment. The air bubble size distribution
must match the size distribution of the feed coal distribution. Conventionally designed
flotation machines have evolved to supply the air addition and shear forces responsible
for producing appropriate concentration and size distribution of air bubbles. Chemical
additions in the form of frothing agent also influence the bubble size distribution by
altering the surface tension of the water phase. As the surface tension is decreased, the
bubbles will grow fewer and larger in size. In ultrafine flotation systems, where
particles in the S micron range are separated by column flotation, specially designed
diffusers to control air bubble particle size distributions are used, as well as specially
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designed counter current plug flow cells 10 ensure adequate opportunity for contact
occurs.
2.4.1.1 Transport Mechanisms

The same basic transport phenomena which exist in the agglomeration stage are

operative in the flotation stage:
® Brownian motion,
®  gravity,

o inertia impact, and

° diffusion.

Brownian Motion

The phenomena of Brownian motion is expected to be minimal as a result of the
relatively turbulent mixing environment which is employed in the flotation stage. Small
particles of combustible matter (¢.g. 1 micron) may respond to such forces and report to
the froth phase by attaching to larger combustible particles or agglomerates bound for
the froth phase.

Gravity

Gravity as a transport force cannot be overlooked, although it is not considered
to be a predominant transport phenomena. The air bubbles are in a constant migration to
the surface or the froth phase, however, detachment of combustible agglomerates would
result in the downward migration of the particle towards the tailings phase. Hence,
gravity causes the counter current migration between the air bubbles and sinking
particles. This will increase the probability of the re-transport of a detached combustible
solids with an air bubble by virtue of the opposing directions and increased momentum.

Inertial impact

Inertial impact is directly related to the mixing energy of the system, and is the
predominant force acting in the transport of air bubbles to the agglomerate surfaces.
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ke -thulenet mnixing of the flotation machines causes the air bubbles and combustible

aglennies or particles to collide, providing the opportunity for attachment o occur.
Diffaesion
liffsion of the air bubble to an agglomerate surfaces can be rate controlling,

Jepe=iing ugpon the electrochemical nature of the system. Surface characteristics can
ol the force of attraction and repulsion within the system. Forces of attraction
b the combustible surfaces and the air bubbles provide the theoretical driving
foceeirthe flotation process, however, particles can demonstrate electrical charges in
ue whitr sollution which can result in forces of repulsion. If these forces are large
o'ngpitd to the attractive forces, the thermodynamics and kinetics of the process will be
alfesl If the attractive forces are stronger, the kinetics of the process tend to be
shvetind provided sufficient time and appropriate mixing is provided, equilibrium
weeawiies will be observed. Extensive research has been performed investigating the
¥7peaizta ppotential, or a particles' point of zero charge. These investigations generally
idiecisthat the electrochemical pature of the particles influence both the kinetics and
ger-miynasmics of the process. In processes demonstrating strong attraction forces,
sit  derocihemical nature of the system tends to impact the kinetics, and to a iesser
digxthe equilibrium recovery of the process. In systems demonstrating weak

' gilie forees, the attachment may depend upon the point of zero charge for the
7" _i If such forces of repulsion exist, the process of flotation may be diffusion
“natiled as the air bubble will be required to diffuse across a boundary layer before
#hiivng seccessful attachment.

212 Attachment Mechanisms

The f£lotation process depends upon the same component forces as

A=imratdon. Figure 2.5 can also be used to help describe the attachment to an air
titwll and the theory of surface energy minimization as it applies to the flotation
paecs, Thae following attachment forces are expected to be operative in the flotation
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process, although not all are predominant forces as surface energy minimization is the
predominant component:

° minimum surface energy,

o adsorption,

® repulsive forces,

® chemical boncing,

o entrapment, and

° shear forces.

Surface Energy Minimization

Forces of attachment in the flotation process are typically weaker than those
demonstrated in the coal and oil agglomeration process. Figure 2.5 b. and c. represent
physical descriptions of the typical attachment that a flotation process may demonstrate,
indicating weaker attachment forces exist because of the smaller contact angle. The
weaker bonds require mixing to be less turbulent to provide for air bubble formation and
dispersion, and collision between the air bubbles and agglomerates. The solid surfaces
demonstrating a hydrophobic nature will preferentially attach to the air bubbles and leave
the water phase and report to the surface as a froth phase. Strong hydrophobic forces
may or may not exist, as some systems rely on the resolution of the intramolecular and
intermolecular attractions, and the point of particle zero charge to promote attachment,
sometimes resulting in fairly weak attachment forces. Such systems demonstrate slower
flotation kinetics, require relatively quiet flotation machines where turbulence is
minimized.

Solids possessing strong hydrophobic surfaces, do not require any surface
modification, or enhancement of the hydrophobic nature. However, most flotation
systems require chemical additions to enhance the hydrophobicity, which often rely on
selective adsorption forces between chemical additions referred to as collectors and

modifiers to alter the solid surfaces. These chemical additions may be specifically
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designed with polar and non-polar end molecules, or may simply act as a
electrochemical neutralizer, thereby reducing the surface to a point of zero charge
making the transport of an air bubble to the particles' surface more probable.

Adsorption and Repulsion Forces

Adsorption and repulsion forces may both exist within flotation systems.
Surface collectors are used to alter or enhance the particles' hydrophobic nature. The
collector tends to attach preferentially to the desired particles surface, either by
adsorption forces or by surface energy minimization. The actual mechanisms will vary
for each system, however, the presence of some form of adsorption forces are highly
likely. The opposite end of the collector is very hydrophobic and results in the tail end
of the collector attaching itself to the air bubble and causing the formation of the froth
phase.

The electrochemical nature of the solids may cause forces of repulsion to exist
within the system. If the charge of the particle is highly negative, the electrochemical
charge inhibits air bubbles, or collectors from approaching close enough to the particle
for the adsorption forces, or surface energy minimization to prevail. Hence, the
chemistry of the system sometimes requires change involving the use of pH or ionic
strength alteration to reduce the electrochemical charge of the particles to zero state. At
the zero charge, collector molecules or air bubbles can approach relatively freely,
allowing easier attachment.

Chensical Bonding

The possibility of chemical bonding occurring befween the air bubble and the
hydrophobic particle surface is very unlikely. The most likely potential for any chemical
bonding to occur is between the collector, or in this process the agglomerant and solid
surface. In conventional flotation processes, chemical bonding is extremely limited, and
at best, chemical-adsorption forces may be present between the desired particles and the
collector molecules.
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Entrapment

The potential for particle entrapment during the fletation process is a recognized
possibility. Studies investigating the use of froth washing.and column flotation operate
on the premise that if froth drainage is maintained at the maximum, without reducing
recovery, an optimum tradeoff between quality and quantity of the product can be
obtained. In the coal and oil agglomeration process, pendular bonds between the
particles exist, generating a loose floc like structure. These type of structures increase
the potential of entrapment of particles which are not typically oil wetted.

Shear Forces

Shear forces play a similar role in the process of flotation as in coal and oil
agglomeration. The mixing energy of flotation supplies the energy necessary to perform
the following functions:

° formation and dispersion of the air bubbles,

° maintain all particles in suspension, and

° provide thg necessary energy required to facilitate collisions.

Excessive energy increases shear forces within a flotation cell and would resuit
in the detachment of an air bubble from the desired particles. Conventional flotation
machines have evolved to provide adequate dispersion and mixing without generating
excessive shearing forces. However, work performed in the area of ultrafine bubble
flotation for recovery of super clean coals have required alternative flotation machine
designs which provide finely dispersed bubbles, and enhanced bubble and particle
contact with minimal shearing zones.

2.4.2 Process Variations
Process variations influencing flotation can be defined as feed variations,

chemical and physical parameters, and machine components.
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2.4.2.1 Feed Variations

Coal Rank

The degree of hydrophobicity of coal is thought to vary with coal rank. Lignite
and subbituminous coal tend to be less hydrophobic, and do not respond as well to the
flotation process and usually require enhancement with surface modifiers. Bituminous
coals respond best to the flotation process, as they demonstrate the strongest
hydrophobic behaviour. Anthracite coals do not respond as well to the flotation
process, being the highest in carbon content. Although no definite explanation for how
coal rank influences these trends concerning hydrophobicity have been developed, some
hypothesis have be proposed related to the carbon to hydrogen ratio of the coal, the
complexity and variation of organic functional groups present (eg. usually oxygen), the
concentration and type of mineral impurities present, and the more inert nature of the
higher rank coals are some explanations which have been presented. Because the
chemical and physical composition of coal varies so extensively, it is apparent many
factors could influence the relative hydrophobicity of a specific coal.

Feed stock Varit;tions

If the feed stock demonstrates large variations in surface characteristics, the
optimization of the flctation process can be greatly effected. For this reason, most
operating circuits are developing circuits with adequate equalization or blending of the
feed stock, and advanced monitoring before processing to enable adjustments to be
implemented to the circuit prior to the amrival of variations irto the processing circuit.
Any variation in suiface characteristics, size, impurity type and concentration will
influence the process and alter performance either in terms of recovery or seiectivity.

The type and concentration of mineral impurities present in the coal can also
influence the operation of the flotation process. High clay contents have be known to
interfere with both the transport and attachment of air bubbles and may even compete

for the collector additions. Some impurities may also alter the chemistry of the flotation
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water, which may impact the electrokinetic behavior of the flotation process. Pyrite for
example has been identified to produce various complexes in some flotation process
which results in the depression of the carbonaceous material.

The size distribution of the feed stock to the flotation circuit is defined for
conventional systems to be best between about 100 to S00 ym. Particles larger in size
tend to detach because of strong forces associated with drag and gravity. Transport and
subsequent attachment of smaller particles are also difficult. Transport is thought be
inhibited because the particles tend to follow the fluid hydraulic patterns, as they have
insufficient momentum to maximize the potential of mixing eddies. Hence, the
probability of collisions is somewhat reduce for smaller particles, unless the collision or
mixing system is adjusted. Furthermore, the smaller surface area limits the strength of
attachment because the air bubbles tend to be too large for strong attachment to be
achieved. Hence, attachment to the smaller particles is believed to be followed by a
higher probability of detachment because of the reduced surface aica associated.
Investigative work into ultrafine bubble flotation has indicated by decreasing the bubble
size can result in enhanced recovery of fines fraction, provided high frequenc); of
collisions can be promoted, and quiet mixing conditions can be maintained. Work in the
area of column flotation has indicated some promising results.

The distribution of the impurity in the coal matrix also influences the process
indirectly because finer grinding of the feed stock is required for impurities which are
disseminated within the matrix. The disseminated impurity will limit the performance of
conventional flotation systems because the bubble size distribution typically produced is
t00 large to permit effective attachment of particles. However, utilizing coal and oil
agglomeration prior to conventional flotation circuits help overcome this limitation as the

smaller carbonaceous particles can be combined to cavse the formation of larger

particles.
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Oxidation

Oxidation has impact on the chemical and physical characteristics of coal,
altering the: calorific value, combustion properties, site storage facility design, coal
cleaning properties, and the carbonization, gasification, and liquefaction properties.

Coal oxidation has been divided into three stages. The first stage involves the
superficial oxidation of the coal surface by the development of coal-oxygen complexes
with acid characteristics. The second stage involves the transformation of the organic
components of coal into hydroxyl carboxylic or humic acids. In stage three, the humic
acids become water soluble acids. (Taylor, et al., 1981)

Oxidation of the coal surfaces appear to reduce the flotation performance by
effecting both the thermodynamic driving force of the process, and effecting the kinetics
of the transport and attachment steps of the process. Once oxidized, the coal surface
may contain function groups which do not demonstrate hydrophobic behavior, tending
to be more hydrophilic in nature. This strongly influences the potential recovery of
carbonaceous aterial as the thermodynamic driving force for the attachment of an air
bubble relizs <n the hydrophobic behavior of the coal surface. The addition <;f
collectors can be used to enhance the hydrophobicity of the oxidized surface, however,
the negative electrokinetic behavior of the particles has increased as a results of the
oxidation. Therefore, the zeta potential of the oxidized particles, which in this case tend
to behave as forces of repulsion, will inhibit collisions more strongly once the coal
surface has been oxidized. This can effect both the thermodynamics and kinetics of the
process. Even if a net positive thermodynamic driving force exists, the probability of
successful transport and attachment of an air bubble and carbonaceous particle is
reduced because of the stronger forces of repulsion produced by the more negatively
charged particles (Davidson, 1990). The process of coal and oil agglomeration
demonstrates extremely strong interparticle attractions between the oil phase and coal

particles, hence, it provides a process to enhance the hydrophobic nature of the oxidized
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coal relatively easily, and overcome any possible hydrophobic surface characteristics
which may exist.
2.4.2.2 Chemical Parameters

° Collectors

To facilitate a successful flotation system, the particles requiring separation must
be sufficiently hydrophobic in nature. Surfactants, known as collectors, are added to
most flotation systems to improve the hydropobic nature of the desired particles.
Collectors are organic molecules which adsorb to the surface of selected particles
rendering it water repellent by attaching itself to the surface and displacing the hydrated
water layer allowing for the attachment of air bubbles. The head of the collector
molecule tends to attach ¢o the surface of the solid, and the tail attaching to the air
bubble. The action ofthe collector is to shear the surrounding water layer from the solid
surface because of the stronger attachment forces of the collector. The collector tail
demonstrates strong attraction for the air bubbles within the system resulting in the
formation of a froth phase consisting of the desired particles. (Wills, 1984)

Cellectors have been classified as either non-ionizing or ionizing. Non-ionizing
collectors are virtually insoluble and render the desired particle hydrophobic by coating
the surface with a very thin film. Non polar light and heavy oils are examples of non-
ionizing collectors and are typical in coal flotation and agglomeration processes.
(Wills, 1984)

Ionizing collectors are used extensively in the hard rock mineral processing
industry to clean selected minerals from the host rock components. Ionizing collectors
are heteropolar, consisting of both a non polar and polar end of the molecule. The non
polar end of the molecule is water repellent or hydrophobic, while the polar end of the
molecule tends to react with the water layer surrounding the desired particle, and may be
selectively attracted by specific mineral surfaces. Figure 2.8 provides a description of a

classification system. These collectors are first classified as anionic¢ or cationic,
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depending upon nature of the polar end of the collector. The polar end of the collector is
responsible for attaching to the desired particle surfaces, rendering the particle
hydrophobic because the non polar end of the collector is hence oriented toward the
water phase. The attachment mechanisms can be chemical, electrical, or physical in
nature, depending upon the specifics of the system. The collector addition levels are
low in general, relying on the development of a monolayer of collector on the surface of
the desired particle surface. Increasing the collector dosage levels above this level is
costly, can reduce selectivity, and in some cases reduce the overall recovery because of
reactions or attractions between collector molecules thereby altering the surface of the
mineral particle. (Wills, 1984)

e Frother

The addition of frother promotes the stability of a bubble system to provide the
transport of the desired particles to the surface where they can be removed to the product
phase. The frother molecule is similar to ionizing collectors, being primarily
heteropolar, consisting of non polar and polar ends. The frother tends to alter the
surface tension of the system, as the polar end interacts with the water phase, and the
non polar end tends to be hydrophobic tending to interact with the air phase. In this
manner, the addition of frother allows for the alteration of the surface tension of the
system, and permits the control of the bubble system the size distribution,
concentration, and stability. (Wills, 1984) Observations in both the laboratory and
plant have indicated that the addition of frother increases the possibility of particle-
bubble contact, and second, the efficiency of attachment. (Mishra and Klimpel, 1987)

Fundamentally, the frother acts in the liquid phase only, and does not have a
direct impact on the mineral surface. However, in practical terms some form of
interaction between the frother and other reagents does occur, (Wills, 1984). In
general, however, there are several guidelines which are used to define the best frother.
(Mishra and Klimple, 1987)
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. The bubble must be sufficient in stability to allow for product recovery, yet
provide for proper drainage to enhance the removal of entrapped impurities.

. The product phase must break down with relative ease, as very persistent froths
will result in difficult handling problems.

o The frother must be fairly resilient to changes in feed stock solids, and the water
chemistry and temperature.

e Frothers must be easy to disperse in the medium.

. The reagent must be relatively cheap, abundant, and safe to use.

2.4.2.3 Physical Components

° Slurry Concentration

Slurry concentration effects combustible matter recovery, process selectivity,
and depending upon the system, can be interactive with other variables including
chemical additions, and energy and air input. In general terms, a high slurry
concentration increases the probability of collisions between the air bubbles and the
combustible agglomeraies thereby increasing the kinetics of flotation. However,
improved flotation kinetis:s. is usually accompanied by a loss in process selectivity as the
probability of contact between an air bubble and a particle rich in impurities is also
increased. Furthermois, $ix: probability of impurity entrainment with the product phase
via insufficient draintge time, or a higher density froth phase is also higher (Weiss,
1985; Singhal et al., 1983). Most commercial applications of flotation attempt to
operate with the highest slurry concentration possibie as this factor directly impacts the
size of flotation equipment required, and the magnitude of wastewater streams required
by the process.

High slurry concentrations can also reduce the efficiency of the process by
causing poor dispersion of the flotation collectors and air bubbles. This can result in
over feeding chemicals, or providing insufficient mixing energy or air input. Utilizing
agglomeration followed by flotation, high solids concentration and flotation epergy
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input may result in further agglomeration during the flotation stage. Larger
agglomerates may serve to entrap or entrain particles rich in impurities which may
otherwise have reported to the tailings phase. Singhal et al. (1983) indicated in their
studies of slurry concentration, that the impact of solids concentration may vary with
collector and frother dosages, suggesting interactions may exist.

° Energy input

Energy input during the flotation stage serves three purposes: to generate air
bubbles sufficient in volume and size to recover the desired component, to provide for
intimate contact between the air bubbles and particles. and to provide sufficient mixing
energy to maintain the particles in suspension.

Mechanically induced air systems require some form of mixing energy to control
the volume of air and size of air bubbies, although the air bubble size may also be
controlled by the addition of frother, or the volume by an air blower. Convention
flotation machines have specially designed venturi impellers for air generation and as the
rotational speed of the impeller is increased, the volumetric input of air into the cell is
also increased. The impelier design is such that it shears the incoraing air into uniformly
sized air bubbles, and at the same time the flotation slurry is drawn into the impeller via
a similar venturi and released simultaneously into the rotating impeller blades. This
action provides for excellent contact between the solids and air bubbles.

Hence, the level of mixing required is directly related to the slurry concentration.
The mixing level must be high enough to ensure adequate volumes of air are generated,
yet low enough to ensure that over mixing of the slurry does not occur. At lower slurry
concentrations, high enough mixing must be used to ensure contact between the solics
and air bubbles occur.

The impeller design and location are such to minimize the disturbance on the
surface of the cell, yet maintain adequate mixing of the slurry to discourage segregation
of solids within the cell. Most impellers are located deer within the cell where the
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maximum contact time between the solids and air bubbles can be obtained, and the
minimum impact of hydraulic dead zones in the cell can be obtained. Most impeller
designs contain a shroud over the inspeller to ensure the surface of the cell is not
excessively disturbed. The location of the impeller also serves to maintain a quite
surface.

High energy input can reduce process selectivity by several possible
mechanisms. High mixing energy will result in larger volumes of air input, thereby
increasing the probability of recovering particles of impurities to the sirfaos to be added
into the product phase. The added energy may provide for further agglomeration of
impurities, or may oil coat pyrite or ash surfaces by attrition of any extra oil which may
exist on the combustible agglomerate surfaces. The newly coated or agglomerated
impurities will report directly to the product phase. High energy input causes an
increase in turbulence within the cell, which may result in the easier entrainment of the
solids into the product phase.

The flotation energy input also provided mixing to ensure contact occurs
between the desired combustible agglomerates and the air bubbles to allow of the
attachment and the subsequent journey upward to the product phase. However, the
mixing energy can also provide for collisions between the air bubbles and impurities.
Hence, the solids concentration, mixing energy, and frother concentration may all be
somewhat related in terms of recovery and process selectivity.

o Particle size and distribution

The optimum part:.le size depends upon the density and type of flotation
machine used as this often determines the air bubble size generated. The flotation of
coarse particles is limited because of turbulence effects of the mixing system tend tear
apart the solid/bubble attachment points with less resistance (Weiss, 1985). Particies
about 500 microns in size begin to demonstrate limitations in flotation. Particles of this

size are often too large and are subject to the velocity gradients and easily detach, or do
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not stay properly suspended in the flotation cell and report to dead portions of the cell
(Weiss, 1985; Olson, 1985).

Small sized particles also demonstrate reduced flotation performance, however,
the reason are less obvious. Below about 50 microns, reduced rates of recovery are
often observed. Predictions suggest that the smaller particles have less surface area
available to provide for a strong attachment point between the air bubble and solid.
Other predictions indicate collisions between air bubble and solid particles are limited
because the particles lack sufficient inertia to cause a high frequency of collisions. The
fine solid particles tend to follow the hydraulic pattern of the mixer, thereby reducing the
potential for air bubble and particle collisions (Weiss, 1985; Olson, 1985).

The particle size distribution of the feed stock coal can also influence flotation
performance. If the feed coal particle size distribution is too wide, demonstrating large
fractions of both fine and coarse particles, the average bubble size cannot be properly
selected to optimize the process performance. Hence, a narrow enough feed coal size
distribution is desirable so as to match the distribution or air bubble sizes.

The use of coal and oil agglomeration reduces the problems associated with fu;d
coal particle size and distribution as the process of agglomerat.nn produces a very
uniform and consistence feed stock in terms of agglomerate size and distribution.
Hence, the flotation rate and equilibrium recovery is improved dramatically when the
feed stock coal is agglomerated prior to flotation, especially when the original feed stock
contains an excessive fraction of fine materials.

° Temperature

Comparatively little work has been performed on the effect temperature has on
flotation performance. Physical impacts related to changes in temperature might be
changes slurry rheology and viscosity, changes in the solubility levels and the
evaporation rates for the frother and collector, and changes related to the surface tension
of the solution.
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Changes in viscosity may effect the efficiency of collisions, and may promote
further exchange of chemical reagents, or agglomeration during the flotation process.

Changes in collector or frother solubility, or increases in the rate of evaporation
across the open flotation cell, may have dramatic impact on flotation performance. If at
higher temperatures for example, frother concentrations are effectively reduced by
evaporation, recoveries could be reduced dramatically.

The chemistry of the flotation system may also change with temperature. An
increase in temperature decreases the surface tension of the liquid. A decrease in the
liquid surface tension improves the likelihood of successful flotation as this promotes
the easier formation of air bubbles. However, lowering the surface tension excessively
will result in the formation of extremely large bubbles which may reduce the opportunity
for proper collisions and attachments to occur. Furthermore, if the surface tension of
the solution is extremely low, surface energy minimization may promote single air
bubbles remain in the water phase (Alberty and Daniels, 1983).

Temperature may also influence the adsorption forces of collectors or binders
within the system. However, most adsorption forces which exist in either
agglomeration or flotation systems are physical in nature, and if chemical adsorption
forces exist, they are weak in nature. Hence, the overall impact of temperature has on
the adsorption forces can be expected to be minimal for small changes in tempera’
(Alberty and Daniels, 1983; Weber, 1972)
2.4.2.4 Equipment Components

The design of flotation machines has evolved over the past S0 year
plant experience and research and development. Radical changes in desig,
are rare based upon the risk associated in pilot testing new ideas at larger eno:
to prove the design as a commercial success. Hence, the designs tend to be more
traditional, relying on older proven technologies. The most dramatic design change
which has occurred in the past 20 years and operates with commercial success is cells
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which have been increased in size. The cost effectiveness of the economy of scale has
resulted in cells becoming 15 to 30 times larger in size in the past 20 years. (Weiss,
1685; Mishra and Klimple, 1987).

Flotation machines can be categorized into four main groups:

] mechanical,

o pneumatic,

o froth separator, and

° column flotation cells.

Mechanical flotation machines are most common and they can be either self
aerating or supercharged. Self aerating flotation machine operate on the principal that
the rotation of the impeller also acts as a venturi drawing air into the cell. Supercharged
cells are also mechanical cells which also contain an air blower to suppiement the air
flow of the mechanical system. The self aerating cells are most common. (Mishra and
Klimple, 1987).

Pneumatic cells utilize an air blower system, or dissolved air flotation systems to
provide both the air bubbles and sufficient agitation to ensure contact between the
particles and air bubble. These cells are less common in commercial applications.
(Mishra and Klimple, 1987)

The froth separator has had no application in North America, however, it has
found some acceptance in the Soviet Union. It is also mechanical in nature, however,
the feed is delivered at the top of the cell rather from the side or bottom as in most
common cells. (Mishra and Klimple, 1987).

Column flotation is the most recent advance and is beginning to gain some
commercial interest. The column cell is based upon the counter-current plug flow of air
bubbles and feed and appears to offer promise of both high recoveries and product
qualities. The counter-current directional patterns provide for deeper layers of froth
formation where sprinkling and high drainage can be used to improve quality. The plug
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flow pattern provides a uniform time distribution for particles, allowing for better
optimization of operating variables. The counter current design ensures for a high
frequency for air bubble and particle collision for difficult to float particles.

A flotation machine must provide for several essential components to ensure
proper flotation performance.

° Adequate mixing of feed slurry

The flotation machine must provide enough mixing to maintain the feed coal in
suspension, particularly to avoid the segregation of particles based upon size or density.
Otherwise, short circuiting or settling of coarse or heavier particles would occur in dead
zones of the cell. (Mishra and Klimple, 1987)

° Minimal turbulence in froth zone

Despite the requirement of adequate mixing to ensure the slurry is well mixed,
the froth zone of the cell must have minimal turbulence. Hence, near the surface of the
froth, or the transition zone, where a rising air bubble enters the froth zone of the cell,
quiescent or smooth conditions must exist to ensure air bubbles are detached from the
particle. Excessive mixi;lg will cause the froth zone to disrupt, resulting in bubble
breakage and detachment. Therefore, mixing must be controlled to a proper balance to
ensure good mixing in the slurry phase, yet quiet conditions at the surface of the froth
zone. Very often , impeller baffles are employed to promote these type of mixing
conditions. (Mishra and Klimple, 1987)

° Air bubble generation and even dispersion

The flotation machine must provide an ad:quate volume of air and disperse the
air throughout the cell volume, and to some degree control the size distribution of the
bubbies. Experience has indicated the dispersion of the air bubbles throughout the cell
is extremely important, especially when cells are very large and insufficient dispersion
will result in dead zones or an effective loss in flotation capacity. (Mishra and Klimple,
1987)
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d Efficient froth removal

A froth removal device is an important component of any effective flotation
machine. The froth removal system must ensure rapid removal of the froth zone from
the cell, allowing for sufficient time for the froth to properly drain, yet ensure dead
zones in the zone do not exist resulting in detachment back to the slurry zone. Often
froth sprinkling or washing is employed to enhance the drainage of any aitached
impurities (Miller, 1969; Weiss, 1985). Modern approaches are to provide for a plug
flow approach to the removal from the froth zone, whereby each particle of the froth
phase has the same or similar time in the zone. This provides for better optimization cf
the flotation process because of the increased consistency in time within the froth zone.
(Mishra and Klimple, 1987)
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3.0 Design Specifications

The coal and oil agglomeration process involves four main stages (see Figure
1.1). The first stage involved grinding the feed coal, which served to liberate the pyrite
and ash rich material from the combustible rich material of the coal matrix. A dry
grinding hammer mill system was used in this investigation, and was performed off site
of the pilot plant. In the second stage, dry coal was fed to the conditioming vessel where
water and energy were added to promote wetting of the surfaces. After water wetting,
the coal slurry was fed to the high shear stage, where oil and mixing energy were added
to promote the agglomeration of the combustible solids. Separation was the final stage,
and involved primary froth flotation cells and the pyrite separator. Figure 3.1 describes
the bench scale primary flotation cell and its specially designed conical bottom to
minimize solids accumulations during testing. Figure 3.2 describes the bench scale
pyrite separator which was invented in this study; and tested as a unit process to

enhance rejection of ash and pyrite rich solids.
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3.1 Flow Schemes

During the experimental program, two flow schemes were investigated. Phases
1 and 2 of the experimental program utilized flow scheme 1 (see Figure 3.3). The
results from these tests were used to develop the experimental method and apparatus,
from which flow scheme 2 (see Figure 3.4) emerged and the Phase 3 experimental
program was performed. Flow schemes 1 and 2 vary in the added primary flotation
capacity, the additional high shear mixing capacity, the specially designed primary
flotation cell which possesses a conical skaped bottom for pyrite and ash rejection, and
the settling vessels which served to remove the accumulating solids from the processing
stream.
3.1.1 Flow scheme 1

Flow scheme 1 is described in Figure 3.3. The coal was fed dry with an auger
system into a 1 L conditioning vessel where both water and energy are added to prepare
the coal slurry. The coal slurry gravity fed into the high shear mixers where oil and
energy was added to promote the agglomeration of the combustible solids. After
agglomeration, the modified coal slurry reported to the separation phase, consisting of a
single primary flotation cell and the pyrite separator. No seitlings vessels existed on
cither the flotation cell or the pyrite separator, and the heavier particles were allowed to
accumulate within these vessels during testing.
3.1.2 Flow scheme 2

Flow scheme 2 is described in Figure 3.4. The dry coal fed intoa 2 L
conditioning vessel, where water and energy are also added. The slurry repatted by
gravity into two high shear mixers, where oil and energy are added. The modified
slurry reported by gravity into the separation stage, which consists of two flotation cells
and the pyrite separator. The primary flotation cell and the pyrite separator were both
equipped with conical bottoms and settling vessels, permitting the removal of the
heavier particles from the processing stream.
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3.13 Operating Test Conditions
Table 3.1 Summary of Operating Test Conditions

Operation/Process Range Comments

Coal feed rate (kp/hr) 251075 Held constant @ 4.63 kg/hr
Equalization

-Time (min.) 8.0 Held constant

-RPM 1200 & 1500 | Held constant

-% Solids 28 Held constant

High shear mixing

-Time (min.) 371094 | Varied with test program
-RPM 1600 to 2000 | Varied with test program
-% woligls 28 Held constant

| -Enegy Input (JIL) 10.4 to 15.6 | Varied with test program
Flotation cells

-Time (min.) 8.0 Held constant

-RPM 1100 Held constant

-% solids 15.5 Held constant

-Air input (L/min.) 4.5 Held constant

-Volume (mL) 5560 Held constant

Pyrite separator

-Time (min.) 44 Held constant

~-RPM 1100 Held constant

-% Solids 5.7 Held constant

-Air input (L/min.) 54 Held constant

-Wash water (mL/min.) 600 Held constant

-Volume (mL) 4650 Held constant _}

Oil concentration (% daf)  1.93 t0 2.08 | Varied with test program
Frother conc. (% daf) .012 to .038 | Varied with test program
Temperature (*C) 201040 Varied with test program
Particle size (dsin ym) 9010200 | Varied with test program |
Sample age (days) 1t045 Varied with test program
% Solids in froth phase (%) | 71025 | Varied with test program
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3.2 Coai Grizding and Feeding Systems
3.2.1 Coa! Grinding

The grinding apparatus consisted of the Mikro-Pulverizer (Model #1 SH), which
is manufactured by Pulverizing Machinery, a division of MikroPul Corporation. The .
cast iron and steel unit is designed specifically for the grinding of coal, and is a totally
enclosed fan cooled system. The system employs a screw feeder, 44 mm in diameter.
The grinding chamber is fabricated from kardened steel, and the hammers themselves
are hardened by a proprietary hardening process. The rotational speed can be varied
from 3450 to 960 RPM (Pulverizing Mschinery, 1989).

*The pulverizer consists essentially of a rotor assembly, fitted with hammers and
operated generally at high rotor speeds. The grinding action is one of impact between
the rapidly moving hammers and the particles. The inertial energy of the moving
hammers transfers to the particle being ground, thus causing the particle size reduction.
Basically, there are three methods which will control the fineness of ground product
produced” (Pulverizing Machinery, 1989). The retaining screens inserted at the
discharge of the gﬁndingchamberisthepﬁmarysourceofsiuconu'ol. Rotor speed is
the second method of controlling the particle size. The hammer selection can also
impact the particle size and distribution. Two types of hammers are available, stirrup
and bar type. Sﬁnuptypehamuspudmafmsiuduetotheslidngacﬁmoﬁheir
shape, and the bar type hammers are used where coarse sizes, and narrower
distributions are required. (Pulverizing Machinery, 1989)

3.2.2 Coal Feeding )

TheooalfeedwaspmchasedfromAccumtelnc..(ModelM)andisequipped
with a 19 mm stainless steel auger (SS 304), and a unique vinyl flexible hopper which
is massaged with two external paddles, chain driven by the drive motor to provide for
gentle vibration frec agitsiion of the feed coal ensuring uniform mass flow. Figure3.5
summarizes the operationiff performance in terms of mass flow and percent relative error
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against percent coal feeder capacity. The feed rate was highly reliable and accurate (less
than 1 percent error), and was equipped with a digital readout for total helix revolutions,
and a variable speed 93 W DC gear motor drive . The volumetric capacity of the hopper
is about 37 liters.

3.3 Slurry Conditioning

The cylindrical shaped conditioning vessel for flow scheme 1 is fabricated from
6.35 :nm cast acrylic pipe and plate. The vessel has a conical shaped bottom with an
internal diameter of 139 mm, a centetline height of 210 mm, and a outside height of 195
mm. The conditioning vessel has a working volume of 1.5 L at the normal operating
RPM of 1200.

The cylindrical shaped conditioning vessel for flow scheme 2 has a working
volume of 2.0 L and a diameter of 150 mm. An operating RPM of 1500 was used
during the experimental program.

The mixer used for both flow scheme 1 and 2 was a 93 W variable speed motor
with a RPM readout, and a steinless steel four bladed turbine impeller, 12.5 mm in
depth and 50.8 mm in width.

3.4 High Shear Mixing

The cylindrical high shear mixer vessels have conical shaped bottoms and are
fabricated from 6.35 mm cast acrylic pipe and plate. High shear mixer 1 has a diameter
of 139 mm, an outside height of 195 mm and a centerline height of 210 mm. High
shear mixer 2 has an inside diameter of 126 mm, an inside height of 206 mm and a
centerline depth of 230 mm. The operating volume for both mixers are provided as a
function of rpm's in Figure 3.6 and Table 3.2, both being fairly similar. However, the
bafTle design is somewhat different for high shear mixer 1. Both vessels coatain four
baffles along the entire height of the vessels with a width of 12.5mm (e.g. 9% and
9.9 % of high shear mixers 1 and 2 tank diameter, respectively). Within high shear

mixer 1, a small gap between all four baffles and the vessel wall exists
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continuously along the entire length of the baffles (e.g. 3 to 4 mm). Within high shear
mixer 2 the baffles are fabricated flush to the wall over the entire length of the baffle.
The power consumption reflects this design difference as high shear mixer 1 normally
demonstrated a energy consumption of about 10 to 20 J/L, while high shear mixer 2
demonstrated an energy consumption of about 33 to 35 J/L. In flow scheme 1, only
one stage of high shear mixing was used. High shear mixer 2 was utilized for that
function, while in flow scheme 2, both high shear mixers were utilized.

Table 3.2 High Shear Mixing Volume versus RPM

Vessel Average
Volume (mL)
High shear mixer for flow scheme 1 (without 1500
Baffles) 1750 744
12000 726
High shear mixer 1 for flow scheme 2 (with|1500 1420
Baffles) 1750 1184
_ o om
High shear 2 for flow schemes 1 and 2 (with| 1500 1202
Baffles) 1750 1046
2000 899

The high shear mixers are equipped with 93 Watt motors, complete with a
variable speed controlier (O to 2600 rpm) with both RPM and torque readout (in-0z).
Both mixer impellers are stainless steel four bladed turbines, with a width and depth of
60 mm, and 16 mm, respectively, positioned 50 mm from the bottom of the vessels
directly above the oil addition by about 2 to 3 mm. The impeller width to diameter ratio
is 0.31, and the impeller diameter to tank diameter ratio are 0.37 and 0.40 for high shear
mixers 1 and 2, respectively.

3.5 Separation Systems
3.5.1 Flotation Cells

Both primary flotation cells are 140 mm square, one fabricated from 6.35 mm
cast clear acrylic, and the other from stainless steel. Both cells have a working volume
of about 2.75 L at 1100 rpm and air input rate of 495 L/min. The flotation cells are

equipped with overflow weirs for control of surface level in the cell, and a variable
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speed froth removal paddle device. Flotation cell 1 contains a conical bottom and settling
vessel to facilitate enhanced removal of solids which accumulation in the bottom of the
cell (see Figure 3.1). Flotation cell 2 does not contain this salient feature, however, in
this tailings scavenging scenario, minimal solids accumulation was experienced.

Flow scheme 1 used cell 2 and single stage flotation as a mean of product
separation, while flow scheme 2 consisted of two stage primary flotation with cell 1
serving as the first stage. The unique design of flotation cell 1 evolved from the
operating experience gained with flotation cell 2 and flow scheme 1.

A standard Denver Flotation Machine, model D12, was used for the first stage
of primary flotation, and was equipped with the following: a speed controller, a
tachometer, and a mechanically induced aeration impeller. The air input rate of cell 1
was 5.4 L/min. at the normal operating speed of 1100 rpm. The variation of the air
input verses RPM for this cell is provided in Figure 3.7 and Table 3.3. The second
primary flotation cells was a Wemco Flotation Machine with the same peripheral
equipment as the Denver Machine. The air input of cell 2 was 5.7 L/min. at the normal
operating speed of 900 rpfn.
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Table 3.3 Air Input (L/min.) versus RPM

Vessel Arr Input Air input
| (L/min.) (L/min*m?2)
Primary Flotation Cell 1 (Denver Cell) 900 7 33.7
1188 3.5 §29.g
12 6 g
1300 8.7 &;‘9
1400 10.1 ‘5153
| 1500 10.8 51.0
Primary Flotation Cell 2 (Wemco Cell) 900 3.7 :
1100 8.7 4373
1200 |9.6 |48%:
1300 10.4 531.6
I _ — 1400 11.3 576.5
Pyrite Separator (Denver Cell) 900  |1.6 103.9
| 1000 3.6 233.9
1100 54 275.5
1200 7.0 454.7
1300 9.0 584.6
1400 10.3 669.1
1500 11.7 760.0
3.5.2 Pyrite Separator

The pyrite separator was used in both flow scheme 1 and 2 as the second stage
separation of beneficiation, and has an overall working volume of 4.75 L at an operating
RPM of 1100. The air input rate was about 5.4 L/min. at this operating RPM. The
pyrite separator is cylindrical in shape and has three distinct zones:

® the washing zone,

® the settling zone, and,

o the flotation zone (see Figure 3.2).

The washing zone is rectangular in shape with a length of 104 mm, a width of
85 mm, and a depth of 103 mm. The volume of the wash zone is about 1.1 L,
however, the zone is equipped with high penetration water wash nozzles, hence, the
working volume is lower. The water wash nozzles can operate from the 6 to 30 kg/hr
range, and penetrate the froth about 25 to 50 mm.

The settling zone is 140 mm in diameter and 149 mm in height, and is equipped
with a flow stabilizer which is cylindrical in shape with a diameter of 60 mm and an
height of 88 mm. The bottom of the settling zone is conical in shape at an angle of 30
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degrees with the horizontal, and is equipped with four stationary baffles 90 mm in
height and 12 mm wide, along the wall of the settling zone.

The flotation zone is also cylindrical with a diameter of 140 mm, and a height of
149 mm. A stationary baffle between the washing zone and the flotation zone was used
todampentheacﬁonoftheﬂotationimpellerwithinthewashingzone.

A Denver Flotation Machine, Model D12, was used with the pyrite separator,
and was equipped with the following: a speed control system, a tachometer, a
mechanically induced aeration impeller, and a level control device. The air input versus
rpm's is also provided in Figure 3.7 and Table 3.3.
3.6 Water Flowrate Controls

Water was added at the conditioning stage, at the flotation stage, and at the pyrite
separator. The water addition was controlled by the rotameter configuration provided in
flow scheme 1 and 2 (see Figure 3.3 and 3.4). The rotameters are manufactured by
Matheson, series 604 and 605, and the flow rate plots are provided in Figure 3.8 and
Table 3.4. The series 604 operated within the 50 to 180 mL/min. range and was used to
feed the flotation cell. The 605 series operated within the 100 to 550 mL/min. range and
was used to feed the conditioning vessel, the flotation cell, and the hydraulic separator
wash water.

The rotameter arrangement for both flow scheme configurations are somewhat
different as additional water was added to the weir region of primary flotation to
eliminate solids accumulation within this vessel in flow scheme 2. Both rotameter

arrangements are described in Figures 3.3 and 3.4, respectively.
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Table 3.4 Water Flow Rates (g/min.) versus Rotameter Settin

S S
Location Rotameter Model # Rotameter Scale Reading | Water Flow Rate
| . 'mL/min.)

Flotation Cells 604 19 50
35 100
50 150
65 200
80 250
9s 300
110 350
124 400
140 450

603 25 28
50 56
75 81
100 103
125 122
150 135
602 25 1.5

50 35
75 6.7
100 11.1
125 15.8
150 20.6

Pyrite Separator 605 32 200
54 400
76 600
98 800
120 1000
140 1200
149 1300
150 1323

3.7 Frother Additions

Frother addition to the flotation circuit was achieved with a small centrifugal
pump and a continuously stirred reservoir tank with a 1 percent Methyl Isobuty Carbinol
(MIBC) stock solution. The pump demonstrated high levels of precision, however, it
demonstrated limited accuracy between test days, and hence, required calibration prior
to each day of testing. A calibration plot for the experimental program is provided in
Figure 3.9 and Table 3.5.
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Table 3.5 Frother Mass Flow (gram/min.) & % Relative Ervor vs. Experimental Level

Experimental Level Readin, min) | Average (gram/min.) | % Relative Emor
-1 0.62, 0.59, 0:62, 0.64, 0.60 6.5
0.56, 0.6, 0.62, 0.64,

0.57, 0.67, 0.57, 0.57,

0.57, 0.53, 0.64

-1/2 0.84, 0.77, 0.74, 0.77, 0.77 4.8

0.76, 0.74

0 1.25,1.24

12 1.61, 1.62, 1.56, 1.67, 1.59 4.0
1.56, 1.61, 1.74, 1.62,
1.59, 1.62, 1.62, 1.55,

1.5, 1.53, 1.48

1 1.83, 1.91, 1.87, 1.83, 1.85 2.7
1.85, 1.90, 1.83, 1.86,
1.76, 1.85, 1.98, 1.86,
1.83, 1.84, 1.77, 1.84,

1.79, 1.81, 1.8, 1.86,

1.92, 1.84

3.8 Oil Additions

Oil was added to either high shear mixer with a gear pump. The pump output is
conu'olledbyavaﬁablespeeMOOWmotoropeminginthemngeof4.6to72RPM.
(e.g. model G.M., Precision Metering Pump, manufactured by Nichols Zenith). A
calibration plot is provided in Figure 3.10 and Table 3.6.
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Table 3.6 Oil Mass Flow Mmin.) & % Relative Error vs. %
% Pump Capacity | Oil Rate (gammin) | % Relative Error
2.7 427 .59
28 445 96
3.3 523 96
34 538 21
4.5 716 84
4.6 734 ¢ 40
5.7 915 28
6.2 995 40
10. 156
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4.0 Experimental Method

The experimental program included three phases of work.

Phase 1 Commission Tests.

Phase 2 Development of Experimental Method.

Phase 3 Experimental Investigations.

The commission tests involved debugging the apparatus using observations and
process measurements to evaluate the apparatus reliability and accuracy.

The development of experimental method involved detailed mass balance tests
with extended run times to quantify apparatus repeatability and steady state conditions.
These experiments defined the time for steady state conditions to prevail, and the
minimum sampling and analysis program required for obtaining representative results.

The experimental investigations were based upon a 25 factorial design.
Washability tests were performed on feed samples to help establish the theoretical
cleaning potential for the test coal. The test results were used to assess the theoretical
performance of the process.

4.1 Phase 1 Commission Testing

These tests involved debugging and determining the rates and relative errors for
all process equipment. Section 3.0 describes specifications and summarizes the
calibration plots and percent relative error for all major equipment. These results indicate
the most important parameters such as coal feed rate, oil and frother feed rates, and high
shear mixer speed, power and volume, can all be measured with a high level of
precision and accuracy.

4.2 Phase 2 Development of Experimental Method

The development of the experimental method consisted of three test series:

o test series 1 - sample preparation and collection;

° test series 2 - steady state analysis and repeatability; and

° test series 3 - apparatus modifications.
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The majority of these tests were performed with process flow scheme 1, from
which the apparatus modifications developed and were used to generate flow scheme 2.
4.2.1 Series 1 Sample Preparation and Collection
4.2.1.1 Feed Coal Preparation

The feed coal required rigorous blending and grinding preparations. Initially,
500 liters of the test coal was collected and extensively blended prior to grinding. The
blending procedure involved mixing the coal within a large conical pile. Large shovels
were used and the conical pile was mixed by continuously displacing the bottom most
material to the top of the pile for 3 hours. The sample was then divided repetitively until
each sub-sample was approximately 15 to 20 kg in size. The sub-samples were then
randomly placed back into the barrels in preparation for the dry grinding of the sample.

The dry grinding procedure invoived calibration to generate the desired size
distributions. A hammer mill was used with 250 um (60 mesh) and 150 ym (100
mesh) classification screens. Each barrel of coal was used to gencrate a sample of the
fine (dsg=47 um and dg;=88 ym), coarse (dsp=80 ym and dgp=208 um) and medium
(d=T3 ymm and deg=154 ym) size distributions. All these samples were generated ina
three day period and followed the same blending procedure as provided for the initial
sample. However, the 15 to 20 kg sub-sampies of the fine and coarse size distributions
were stored in air tight bags and the medium distribution was stored in a barrel open to
ambient air conditions for 40 to 45 days. When the medium size distribution testing
program was to begin, the sample was again thoroughly blended and divided into 15 to
20 kg sub samples and stored in air tight bags.
4.2.1.2 Feed Coal Sample Collection

Experimental evidence indicated variations in instantaneous samples can be quite
large, which can cause a significant problem in the assessment of the process

performance. Hence, a feed coal composite sampling program was selected to define
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both the mass flow rate and the assay components. These results were used to evaluate
process performance.

Samples and feed rate measurements were taken approximately every 30 minutes
for a 30 second interval, to generate a composite sample for each size distribution of the
test.coal. The sample was then riffled down to approximately a 500 g sample. The
remaining feed sample was stored in an air tight jar for washability and size distribution
analysis. The sub-sample was further pulverized, blended and subsequently further
sub-sampled into a 5.0 mL air tight vial (see Section 4.2.1.3). Normally,
approximately 2.5 ml was submitted for laboratory analysis.
4.2.1.3 Feed Sample Preparation for Assay Analysis

All feed samples collected during the testing program were prepared with the
following procedure:

. the sample was first riffled sub sampled to approximately 500 g;
. the 500 g sub-sample was pulverized to 100 percent less than 50 ym.; and
. the 500 g sub-sample was then extensively blended on a clear plastic sheet.

The blending process involved crossing the axis of a conical pile via £acii comer
of the plastic. Once a long windrow was formed by the blending 2:tion, the opposite
corners of the plastic sheet were rolled until a windrow of sample formed in the opposite
direction. This procedure effectively rolied the bottom material over the top, and caused
the sample to cross axis with each blend. This procedure was repeated 10 times for
each sample prior to sub-sampling the material.

. The sub-sample was extracted from at least 10 locations from the last windrow
to collect approximately 2.5 mL for laboratory analysis.
4.2.1.4 Product and Tailings Stream Sample Freparation

Theproductand tilings streams were prepared in a similar method as the feed

sample, with the addition of the following procedure.
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) Once the product sample was collected, the total slurry mass was recorded, and
the sample was then pressure filtered to semove the majority of the water phase. The
sample was subsequently placed in the oven at approximately 55 °C to drive off the
remaining water.
. Following a 12 to 16 hour drying time, the samples were removed from the
oven and weighed. Approximately 24 hours later the sample was weighed again to
ensure the moisture content had reached equilibrium. If no changes were observed in
the sample mass, it was prepared for analysis. Tables in section 8 summarize the
moisture contents of all the product samples prepared during the phase 3 testing
program, and the results indicate very consistent moisture contents were observed over
the testing program.
4.2.2 Series 2 Steady State Analysis and Repeatability

A step tracer test was performed to evaluate steady state conditions. A sodium
chioride salt solution, a feed pump, two conductivity probes, and a charge recorder
were used to perform the test. Two start-up procedures were evaluated, the fifst
involved tracer being added with initially a very small volume of water within the
conditioner and agglomeration vessels. The second method investigated start-up
conditions wien both the conditioner and high shear vessels were initially full of water.
Conductivity was monitored in the high shear mixer, and the flotation cell tailings
stream.

Figure 4.1 defines the concentration profile observed in the high shear mixer.
Two conductivity probes were submerged within the mixer, and used to measure salt
concentration with time. The results indicate the mixer achieves near steady
concentration after about 15 minutes in tracer study 1 at a flowrate which is equivalent to

about half the volumetric flowrate applied in the test program. The concentration proiile
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in tracer study 2 required approximately the same time, but the profile is not as sharp as
tracer study 1.

Figure 4.2 is presented as a normalized profile. The normalization procedure
involved dividing the concentration, C(t), at time (t}, by the maximum concentration
(Cmax), and plotting these values against the normalized time. Normalizing the time
involved dividing the profile times, (t), by the theoretical hydraulic retention time of the
vessel. Tracer Study 1 reached 84 percent of the calculated equilibrium concentration in
about 1 hydraulic retantion time at the high shear stage. Tracer Study 2 reached 51
percent of the calculated equilibrium concentration in about 1 hydraulic retention time.
Based upon the sharper response of the high shear stage, the start-up procedure was
developed based upon Tracer Study 1.

Once the salt solution reached the flotation cell, Tracer Study 1 demonstrated
only a slightly sharper response. Figure 4.3 and 4.4 demonstrate this evaluation.
Figure 4.3 summarizes the change in sat concentration with time after the initial step
input. Figure 4.4 provides for the normalized profile. Equilibrium conditions were met
after about 30 minutes in bt;thTmcerSnxdy 1 and 2, with only minimal difference in the
profiles observed at the beginning of the profile. Thess profile are typical of continuous
stirred tank reactor (CSTR) behavior, and may be used to predict the behavior of the
from the tailings solids of the flotation cell. The froth or product phase, however, will
follow an entirely different residence time distribution pattem.

Two batch flotation kinetic tests were performed and combined to characterize
the behaviour of the froth phase. The results of the test indicate that the froth phase
does not behave as a CSTR, but rather demonstrates a different residence time
distribution. Figure 4.5 provides the plot of the percent interval solids recovery versus
mean interval tiine in minutes and indicates a nominal mean residence time of
approximately 1.0 minute. The nominal mean residence time is defined by the centroid
of the profile. Figure 4.6 is a normalized plot of the resident time distribution and is
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obtained by dividing the interval solids recovery by the tola secovery plotted against the
flotation time divided by the hydraulic reintion time. This plot indicates a
corresponding nominal mean residence time of abost 6.2 of a biy<. audic retention time.
Figure 4.7 summarizes the combustible matter recovesy {%) versus flotation time
(minutes), the results indicate 100 percent recoverable soiiss ar: cayiuned after about 6
minutes of flotatica.

. Detailed mass balance tests {d5, d6, d7) were perfes,«d with ¢ v scheme 1 to
develop the experimental method. These tests involved samplir:g piograms ¥ evaluate
the steady state response and close the solids mass balance. The first sampling matocol
involved instantaneous sampling, which required 1 minute samples to be extracted “m
various locations in the process. The second sampling protocol involved :» extended
sample collection program whereby all ms: x strezme were collected for every 30 minuie
interval. Both tailings streams and the product phase were monitored for solid mass
flowrate, percent solids, and the ash and the total sulphur contents.

Figures 4.8, 4.9 and 4.10 and Tables 4.1, 4.2 and 4.3 are all provided for the
evaluation of the mstanmnews sampling campaign, as the total sulphur and ash contents
at key locations in the process are plotted against run time to evaluate steady state
conditions. The results from the instantaneous sampling program suggest the product
stream reaches steady state within 30 minutes. However, the results also indicate the
apparatus is demonstrating high sulphur accumulation and creep within the tailings
streams, and a slight creep within the product phase. The results also indicate that large
variations in mass flowrate and assays can be expected with a 1 minute sampling
interval, indicating that a longer sampling intervals would be required to obtain reliable
process response measurements.
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Table 4.1 Steady

y State Results For Test DS (1 minute Sample Interval)
Time |HighShear | Flotation Pyrite Product
Range | Product Tailings Separator
Taili

* Tine |Ash |Ts fAsh |15  Jash [T |Rate |Ash |7

(min.) 1%db |%daf |%db |%daf |%ddb |%dafl |gimin. |%dd | %dal
1 8 1294 |s99 |s14 |so1 |107 426 135 1395 lea
2 16 1332 617 |s6.1 |41 1214 |58 |305 |soo |a22
3 205 1317 |628 {573 |9.59 241 |577 234 |s10 Jaa2
4 a1 651 11025 Ja0.4 778 [348 o6 |a.26
5 |43 1335 |so3 lesa |924 |398 |se2 94 |a28
6 64 1327 |e.s4
7 655 1313 le36 |es7 |00 435 11174 355 106 1315
8 66.5 1307 le68 |67.5 11097 Jars [7.70 §382 |113 |39
9 121.5 |319 690 498 |12.97 {484 1472 Jas8 |97 |a23
10 |1225 1320 Je1 {700 [1222 |47.5 |14.54 |511 9.7 fa

Table 4.2 Steady State Resits for Test D6 (1 minute Sampling Interval)
Time |HighShear | Flotation Pyrite medw
Range | Product Tailings Separator
Tail

# Tine |Ash [T Jash |18 |As |TS  |Rae [Ash |TS

min) |%db |%dal |Bdb [%def |%ab |%del |gmin ;b | Bl
1 9 339 lenn le6a |1187 |344 |763 |364 j8.10 |3.69
2 20 1344 Je64 1702 1028 518 |7.97 |s12 l98 |a3s
3 49 1350 le81 |71.4 |11.46 la8s |11.48 1389 [100 (435
4 51 716 _[11.13 |49.0 |12.28 |17.9 |98 433
5 80 356 l626 |713 [1188 |466 |11.94 |398 |99 435
6 82 344 le42 |714 |1238 laao |1227 223 |93 |a27
7 83 l344 |71
8 110 336 |643 ;1.2 1182 |488 [1287 412 101 |4.47
9 1515 |329 618 |724 1216 |51.9 {14.04 |37.01 [101 ]4.69
10 |160 80.7 |18.41 |64.0 |24.09 128 J113 |4s8s
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Table 43 Steady State Results for Test D7 (1 minute Sample Interval)

Test |Time |High Shear Flotation Pyrite Product
Range | Product Tailings Separator
Tailings

# Time | Ash TS Ash TS Ash TS Rate Ash TS

min) | %db | %daf |%ab |%dar |%db |%dal |gimin. |%db | %dal
1 66.1 }9.53 370 [7.68 1359 19.0 4.22
2 66.0 |11.35 41.1 8.9 4.43
3 663 |11.31 {41.8 }10.72 {399 194 4.21
4 66.6 1237 |42.1 11.98 |36.5 194 4.61
S 66.1 12.01 |43.2 [11.87 |39.7 |94 4.35
6 67.6 |12.36 |46.6 |14.43 |42.22 }19.6 4.76
7 68.1 12.52 {46.9 |14.89 |43.4 ]9.6 4.39
8 673 113.47 1455 |14.01 |43.4 19.5 4.08
9 67.3 11.74 |45.3 14.97 }40.1 ]9.5 4.50

Figures 4.11 and 4.12, and Table 4.4 provide the results for the extended
sample collection program (30 minute sampling interval) which was performed in
conjunction with the instantaneous sampling program to evaluate the steady state
profiles and test repeatability. The results also indicated the product phase reaches
steady state within approximately 20 to 30 minutes, but the accumulation of sulphur,
ash and coarse.coal within the flotation cell and the pyrite separator, causes a steady
creep in sulphur throughout the process. Hence, some apparatus modifications were
required to eliminate these accumulations and improve experimental repeatability.
Nevertheless, flow scheme 1 still demonstrated a high level of experimental repeatability

and reproducibility by evidence of Figures 4.13 and 4.14 summarizing results with

respect to combustible matter recovery, and the product quality.
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Table 4.4 Steady State and Repeatability Analysis -Test D6 (30 min. Intervals)

119

Time Flotation Pyrite Product Phase Process Responses
Interval| Tailings Separator
Tailjn
#| min | Ash | TS%| Ash | TS®|PS% | Rate | Ash [Ts®|Ps®|OM | TS Ash
%dv )| daf |%ab| daf | dof | gim | %o | caf | caf | R |Red | Red | Red
1] o030 | 690 | 1037 474 | 788 24 | 93 | 431 | 121 | 744 ] 600 ] s40 | 8a3
2] 3060 | 702 | 108 | s08 | 108 386 | 99 | 437 | 136 | o | 465|032 | s |
3| 6090 | 704 | 106 463 | 1229] 040 | 329§ 100 | a7 | 146 |75 | 17 | 406 | ms0
al oo | s [1108] 48e {1aspluzo)l 33| o8 |ass |1z |7 )en2le0s e
5| 120150 708 | 1142 | 498 | 1425} 1133 ] 386 | 101 | ass | 1.8 | 725 | 490 ] 392 | 6
6] 150165 | 79 | 1336 ] ses | 1ess|1609] 167 | 105 J 461 | 162 | mo ] ers|sor|ms
Table 44_Steady State and Repeatability Analysis Test D7 (30 min. Intervals)
Time Flotation Pyrite Product Phase Process Responses
Interval| Tailings | Separator
. Tailings
#| mn | Ash |TS%| Ash | TS% | PS% | Rate | Ash | TS% | PS®|CM | TS | PS | Ash
| wab | dof | danl car | dof | gim | %an| daf | daf | R |Red | Red | Red
1| 032 |es2 o3 |32 |eos 3@ | 29| 83 [amfrie|malsojasiss
2| 326 | es0 | 113 388 | 89 | 42 | 127 | 755 | s19 {387 | w6
13 6291 less |us|aes)uss]| 70 |33 | o1 | 4w | 140 [ 749 507 }367) 87
4] o120 | 668 | 1228 | was | 1320 oms L aos | 04 lasw | so lgss] s13 357 me
5|iwim] es7 |izos] 67 frase] a0 | 100 || 5321357 | w8
6fisnim | 12 L1286 ) 463 L1ary 49 | 155 |71 | ses {352 | w0
7] 180210 | 657 | 1200 | 459 | 1465 441 | 18 | 149 | 554 ] 361 | 234
8 | 210288 | 131 | 101 | 4% ] 168 | 805 | s0s| 324|816
9| 210045 | 693 | 1354 522 {2185 | 1858
245285 | 704 | 1497 530 'ms. 1809
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The detailed mass balances are summarized for flow scheme 1 and 2 in Tables
4.5 and 4.6, respectively. The results indicated over 95 percent of the total solids,
combustible solids, ash solids, and sulphur solids were accounted for in the mass
balance preparation for either flow scheme 1 or 2.

Based upon these investigations, it was concluded that a 50 minute unsteady
state period was used to permit the system to achieve steady state after process changes
were implemented within the apparatus. However, the apparatus would first require
further modification to eliminate any sulphur and ash accumulation within the apparatus.
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Table 4.5 Detailed Mass Balance For Tests D6_(Flow Scheme 1)

Stream Combustible| Ash Solids Total Pyrite Solids] Total Solids
Designation Solids Sulphur
(grams) (grams) Solids (grams) (grams)
_{grams)
Feed Conditions 7043.2 3832.6 502.2 254.3 10875.8
Conditioner 32.52 41.7 10.1 9.2 74.2
Accumulation
High Shear 16.5 8.1 1.3 .6 24.6
Accumulation
Flotation Cell 114.3 309.6 63.9 61.2 423.9
Accumulation
Pyrite Separator 14.8 17.2 5.2 4.9 32.0
Accumulation
Samples 852.5 442.4 544 1294.9
| Extracted I
Flotation Cell 802.3 1934.2 89.4 2736.5
Tailings
Pyrite Separator 460.5 447.0 58.3 907.5
Tailings
Pyrite Separator |  4430.9 469.6 199.9 60.2 4900.5
Product
Total Solids 6724.2 3669.8 482.4 10,394.0
|__Recovered
% Recovery of 95.5 96.0 96.1 95.6
Solids
Table 4.5 Continued. Detailed Mass Balance For Test D7 (Flow Scheme 1)
Stream Combustible| Ash Solids Total Pyrite Solids| Total Solids
Designation Solids Sulphur
(grams) (grams) Solid') (grams) (grams)
0
Feed Conditions | 13,264.9 6236.7 928.5 512.0 19512.6
Conditioner 374 384 11.6 11.2 758
Accumulation
High Shear 20.1 1.4 1.3 ) 21.5
Accumulation
Flotation Cell 103.0 299.4 58.6 402.4
Accumulation
Pyrite Separator 52.3 49.6 24.0 21.4 101.8
Accumulation
Samples 556.3 243.7 35.2 800.0
Extracted
Flotation Cell 1797.6 3610.6 219.9 5408.3
Tailings - —
Pyrite Separator 907.8 727.0 124.1 16348
Tailings
Pyrite Separator | 9225.6 11,003.8 414.5 136.9 10,229.4
Product
Total Solids 12,700.2 5979.8 889.1 18,679.9
Recovered
% Recovery of 95.7 95.6 95.8 96.0
Solids
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Table 4.6 Detailed Mass Balance for Tests E 12-18 (Flow Scheme 2)

Stream Combustible | Ash Solids Total Pyrite Solids | Total Solids
Designation Solids Sulphur
(g/min.) (g/min.) Solids (g/min.) (g/min.)
- (g/min.)
Feed Conditions 53.1 24.3 3.2 1.7 77.9
Flotation Cell .65 1.91 41 .37 2.56
#1 Settlings
Pyrite Separator 52 .41 .09 .08 .93
Settlings
Flotation Cells 2.71 10.28 37 12.99
Tailings
Pyrite Separator 6.82 4.94 .50 11.76
Tailings
Pyrite Separator 40,75 5.58 1.70 .58 46.33
. Product 1 — ]
Total Solids 57.45 23.12 3.07 74.57
__Recovered
% Recovery of 96.9 95.3 94.9 95.7
Solids
Table 4.6 Detailed Mass Balance for Tests e13-3 (Flow Scheme 2)
Stream Combustible | Ash Solids Total Pyrite Solids | Total Solids
Designation {  Solids Sulphur
(g/min.) (g/min.) Soli_dl (g/min.) (g/min.)
min.
Feed Conditions | __49.85 | 2294 317 72.19
Flotation Cell 27 72 18 .99
#1 Settlings _ :
Pyrite Separator 1.75 1.31 .29 3.06
Settlings
Flotation Cells .63 3.07 .07 3.70
Tailings —
Pyrite Separator | 11.48 1330 1.09 24.78
Tailings
Pyrite Separator 3537 4.51 - 1.51 39.88
__Product —
Total Solids 49.50 2291 3.14 72.40
Recovered
% Recovery of 99.3 100 99.1 99.5
Solids
4.2.3 Series 3 Apparatus Modiflcations

Based upon the investigations performed with flow scheme 1, several apparatus
maodifications were made to eliminate the accumulation of sulphur and ash rich particles
in the process. Flotation cell 2 was designed and fabricated with conical shaped
bottoms, and settling vessels to remove any sulphur or ash rich particles that would
normally accumulate in the bottom of the flotation cell. Furthermore, settling vessels
were also installed in the pyrite separator to remove ény bottom accumulations. Solid
rubber stoppers were installed in the conditioning, and high shear mixers to eliminate
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accumulations in the small cylindrical space associated with the bottom drain valve.

In addition to these modifications, a second flotation cell and a second high

shear mixer was installed to expand the capabilities of the apparatus for investigation of

operating parameters. Commissioning tests were performed to demonstrate repeatability
and these results are presented in Table 4.7 and Figure 4.15.
Table 4.7 Steady State Analysis and Test Repeatability for Flow Scheme 2

Test Interval Run Time Product Phase
£ _min. Ath % db TS%dl | Comb. Rec %

ES-1t02 65 10.40 4.64 75.2
85 10.80 4.64 77.1
_E9B®6 95 8.0 3.99 67.1
125 8.3 4.01 68.1
155 8.2 3.98 64.0
185 8.1 3.97 62.2
_E 10/9-10 75 14.6 431 46.4
86 15.0 4.28 46.7
_E 101112 145 142 4.06 80.0
156 14.3 4.07 71.9
E 11/14-16 215 13.8 4.86 86.4
227 14.0 492 86.6
ER1w3 55 12.3 3.56 70.0
115 12.0 3.61 72.8
175 12.0 3.54 70.3
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4.3 Phase 3 Experimentation Investigations

Two test methods were developed and used in the experimental program. A
system performance method was used to improve the economy of experimentation and
was based upon feed and product measurements and sampies only. The detailed mass
balance involved the measurement of all streams, and was used primarily to evaluate the
individual process performance of the flotation and the pyrite separator stages, and to
provide detailed information related to experimental method.
4.3.1 System Performance

The system performance method was used to generate the data base from which
the process could be evaluated. The product phase was sampled 50 minutes after a
process change was implemented. A 10 minute sample was extracted from which the
mass flow rate and assay analysis of the product was detetmined. The composite feed
sample and mass flow rate measurements completed the basis from which a
performance calculation was derived.
4.3.2 Detailed Mass Balance Experimental Procedure

The detailed mass .balance experiments involved a comprehensive sampling
program. The entire process was sampled in detail during a 10 minute interval. The
samplisg program is described in below and in Figure 4.16:

° the pyrite seperator product,

° the pyrite separator tailings,

o the pyrite separator settlings,

® both flotation cells products (only for assays),

o the flotation tailings, and

° the flotation settlings.
4.3.3 Washability Tests

The composite sample collected during tests E10 and E11 were sub-divided
utilizing a bench scale riffle sampling device. A sample of approximately 200 g was
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submitted for washability analysis at the University of Alberta, Department of Mining,
Metallurgy, and Petroleum Engineering. The sample was subsequently further
subdivided into two samples, one for wet screen analysis and the second for washability
analysis. Because of the extremely high mineral matter content of the sample, static
washability analysis would not produce reliable results, as the extremely fine mineral
matter would hang-up because of the fluid viscosity and resulting drag forces, inhibiting
the differential settling. Hence, the procedure used relied on increasing the gravitational
forces to promote a distinct rate of differential particle settling. The procedure followed
the steps below:
. Heavy meria liquids were prepared for specific gravity's of 1.4, 1.5, 1.6, 1.8
and 2.0 g/em3. The heavy liquids were selected as to not influence the total sulphur
conteat, or mineral matter content of the sample.
. Ten samples approximately 8 g in mass were sub-sampled from the composite
sample using standard protocol from ASTM sampling procedures. These samples were
‘subsequently prepared mto 50 mL centrifugal vials. The sample was mixed thoroughly
within the vial and spun at various speeds in a laboratory centrifuge until distinct float
and sink fractions could be observed.
. The float and sink fractions were then separated and the same procedure was
performed again to ensure particle entrapment did not cause either a portion of the floats
to report to the sinks fraction, or vise versa. The resulting floats and sinks were
combined and dried for mass determinations, and subsequently prepared for moisture,
ash and total sulphur analysis.
4.4 Experimental Design

Five main factors and their interactive effects on Combustible Matter Recovery
(% CMR), and Tota! Sulphur (% daf) and Total Ash (% db) content in the product
phase, were investigated. In addition, two main factors varied with the experimental

129



program, percent solids in the product phase and sample age. Table 4.8 summarizes all
main factors of the experimental program.
Table 4.8 Main factors of the Experimental Design

Main Factor Numbers Main Factor Descriptions
. ¢ % Solids in Pyrite Separator Product
X2 il Concentration % daf
X3 Frother Concentration % daf
X4 Energy Input J/L
X5 Average System Temperature (Celsius) ‘
X6 Feed Coal Particle Size (d80)
X1 Sample Age (Days)

The experimental program used factorial experimental design to investigate five
main factors, ahd the program is divided into two blocks of testing. The first block of
tests investigated high (1) and low (-1) variable levels of the five main factors. The
second block of tests were performed at the center point levels (0), and mid range levels
(+.707 and -.707) to further investigation the process response surface. The sample
used in the second block of tests was aged for 45 days after grinding to the center point
size level. Table 4.9 summarizes the measured set points, ranges of investigations, and

the percent relative error associated with the measured set points.
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Table 4.9 Experimental Set Points

Main Factor Description Code Main Measured Set Range
Number Factor Point
X1 % Solids in 71025%
Product
X2 Oil Content (% +1 2.08 0.93 to 2.08 %
daf) -1 0.93
0 1.48
+.707 1.87
- 707 1.07
X3 Frother Content +1 038 0.012 to 0.038
(% dal) -1 012 %
0 026
+.707 .033
-,707 017
X4 Energy Input +1 15.6 10
&JN) -1 10.4
0 13.2
+.707 14.9
_ - 707 11.0
X5 Average System +1 45
Temperature -1 20
(Celsius) 0 29
+.707
-.707
X6 Feed Coal +1 200 90 to 200 ym
Particle Size -1 90
(dgp) 0 150
X7 Sample Age +1 41-45 1 to 45 days
(Days) -1 1-10
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5.0 Analytical Procedures
Six assays were determined by laboratory analysis and the methods and
equipment used are summarized below in Table 5.1.
Table 5.1 Summary of Analytical Instruments and Methods

Assay Type Method or Analyzer Used
Moisture (%) | Leco TGA 500 Proximate
Analyzer, Based upon ASTM
| Instrument Proximate Analysis.
Ash (% db) Leco TGA 500 Proximate
Analyzer, Based upon ASTM
{ Instrument Proximate Analysis.
| Total Sulphur (% db) Leco SC432 Sulphur
L Determinator, ASTM - D2492-90
| Pyrite Sulphur (% db) ASTM - D2492-90
| Sulphatic Sulphur (% db) ASTM - D2492-90
 Organic Sulphur (% db) By difference

The moisture determinations were based upon weight loss at 110 °C in a inert
atraosphere of nitrogen gas. For each batch of samples prepared for analysis,
laboratory prepared standards are also submitted for analyses. The analyzer was
calibrated every moming and afternoon with an approved National Bureau of Standards
Reference Material (NBS RM) usually provided by the instrument manufacturer.

Ash determinations are performed in two stages. The first stage of combustion
is performed at 450 to 500° C for approximately 1 howr tordrive off the SO; from the
sample. The second stage involves combustion at 7500 C in an air oxidizing
atmosphere, from which the ash content was determined. Laboratory standards are also

submitted with each batch of samples as a quality control and assurance program, and
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calibrations were performed daily with NBS RM standards to confirm analyzer
accuracy. All moisture and ash contents were performed in duplicate.

The total sulphur determinator contains a furnace which combusts the sample at
1400°C in a pure oxygen atmosphere. The combustion products are then passed
firough scrubbing and filtering systems to clean the gases of particulate and water. The
clean gas stream was then fed through an infared detector to determine the sulphur
content. The infared detector is calibrated for the SO, wave length, and the calibration
provides for the sulphur determination. The SO; and SO, equilibrium can influence the
calibration, hence, the estimated sulphur content of the sample was required prior to
determination to ensure the instrument was calibrated is the appropriate range.
Laboratory standards are performed every five samples to ensure ongoing quality
control and assurance. Calibrations with NBS RM were performed every moming and
afternoon in the sulphur ranges corresponding to the estimated content of the samples
being analyzed. Every total sulphur analysis was performed in duplicate.

The pyrite determinations involve a hydrochloric extraction to remove all iron
except that associated witix pyrite. All the sulphatic sulphur component is extracted in
this step. The sulphatic sulphur extract was analyzed for sulphur content by Inductively
Coupled Argon Plasma Atomic Emission Spectrometry (ICAP AES). The iron pyrite
remaining in the residual was extracted with nitric acid and this sample was also
analyzed for pyrite iron by ICAP AES. Laboratory standards were prepared for both
extraction procedures.
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6.0 Calculations

Experimentai calculations are categorized as main factor dimensional analysis,
process performance calculations, and regression analysis calculations.
6.1 Main Factor Dimensional Analysis

To facilitate the analysis of the results, the dimensional form of all main factors
within the experimental program were analyzed. When possible, a dimensionless form
for the main factor was utilized. Wherever not possible, the industrially accepted
dimensional form of the main factor was utilized. Table 6.1 contains the algorithms
used to express all factors in the appropriate form. Included are the following:

« Percent solids content in the product phase is represented as the total dry mass
of solids material divided by the total mass of water and solids which is recovered in the
product phase.

+ Ol content used in the high shear mixer is expressed on a % daf basis as the
total oil mass flow rate divided by the total carbonaceous solid mass feed rate. The total
carbonaceous solids mass flow rate is based upon the ash determinations for the feed
coal.

« Frother content used in the process is also expressed on a % daf basis as the
total fother mass flow rate divided by the carbonaceous solid mass feed rate.

« Energy input to the high shear mixers is given as the total power per unit
volume, and is expressed in J/L. This calculation was provided by the measurement of
impeller torque and revolutions per minute, and the hydraulic detention time and volume
of the mixing system.

o System temperature is expressed in °C and is determined as the average
temperature within the high shear mixers, primary flotation cells and the pyrite
separator.

e Feed coal particle size is expressed as the dso, which is the size where 50
percent of the feed coal will pass in a wet screen analysis. The dsp size is determined
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based upon a logarithmic model describing each feed coal particle size distribution. The
calibrated model form is based upon the Gaudin-Schumann model for particle size
distribution (Weiss, 1985).

 Sample age is expressed in days lapsed from the grinding of the feed coal into
their respective size distributions, until when the actual tests were performed.
Tabie 6.1 Algorithms Describing the Main Factors Dimensional A,g;{?_i!xsls

_..._Main Factor Algorithm
Solids content (%) (dry product solids mass(g/min.)/total product mass(g/min.))
Oil content (% daf) (cil mass rate(g/min.)/carbonaceous solids rate(g/min.))
Frother content (% daf) frother mass 'min.)/carbonaceous solids 'min.
Energy input (J/L) (power input(W)*detention time(min.)/Slurry Flowrate(L/min.)),
where power in Watts is described as,
torque(N-m)* w(revolutions/s),
which is expressed as, J/s or Watts,
and detention time over slurry flowrate is described as, RVQ,
which is expressed as, s/L/s,
* combining the two expression yields energy input expressed as, J/IL
Tempenature °C) (high mixer temperature+primary flotation cell temperature+pyrite
separator temperature)/3
Based on a Gaudin-Schumann model form of
y =(x/k), where, x =particle size in microns, and,
y =% of feed cos! passing the size x.
-Determination of dg is based upon the calibrated
model expressed in microns.
Sample age (days) (date of test run-date of grinding)
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6.2 Procezs Performance Calculations

To evaluate the results from the experimental program, the following process
performance responses were calcu!ated. Table 6.2 provided for the algorithms used in
these calculations.

. Combustible Matter Recovery (CMR (%} is calculated based upon the
carbonaceous matter flow rate of the product phase divided by the carbonaceous matter
flow rate of the feed coal.

L Total Sulphur Content (TS (% daf)) in the product phase is expressed on
a % daf basis and is based upon the sulphur, ash, and moisture determinations. The
value is calculated as the dry mass of total sulphur divided by the dry mass of total
carbonaceous matter within the sample. Percent daf is an independent expression of
sulphur content; and is preferred over % db because changes in ash content would
artificially alter the total sulphur assay.

° Total Ash Content (Ash (% db)) in the product phase is expressed on a
% db. This value is based on the ash and moisture determinations of the sample, and is
calculated as the dry mass of ash divided by the dry mass of total solids.

L The theoretical cleaning potential of both ash and total sulphur (TCPA &
TCPS) were estimated based upon washability analysis of float and sink tests at various

. density fractions. The TCPS and TCPA are plotted against the recovery of combustible
matter based upon the separate density fractions analyzed.

® The total sulphur emission rate per unit of energy (kg/kJ) is determined
by relating the total sulphur content of the product (% daf) to the estimated energy
content of the product expressed in kV/kg. The energy content of the product is adjusted
in accordance to the product quality in terms of ash content.
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Table 6.2 Algorithms Describing the Process Performance Calculations

Process Algorithm
Response
CMR (%) (comstibles in product(g/min.)/combustibles in feed(g/min.)),
which can be further defined as,
(prodict rate (g/min.)*(100-moisture(%))*(100-ash{% db)))/(coal feed
rate(g/min. )*(100-moisture(%))*(100-ash(% db)))
TS (% daf) (total sulphur in sample(g)/combustibles in sample(g),
which is defined as,
sulphr in sammple(g)/(sammple mass(g)*(100-moist (%)) *(100-ash(% db)) __
ash (% db) (total ash in sample(g)/combusti >:¢ is sample(g),
which is defined as,
ashin / e mass(g)*(100-moist.(%)))
TCPA &TCPS _graphic evaluation (see Figures 8.1 and 8.2)
Sulphur 2 5ass of Coal (kg/hr)*(TS % db))/(Mass of Coal (kg/hr)*Q),
Emission where, Q is the heat content of the product at its specified ash content,
(kg/kT) (see Table 7.4 and Figure 7.1)

Other performance calculations used extensively in the industry, and included in

the Section 8 summary of results, are described in Table 6.3. These include total ash

rejection (%), total sulphur and pyrite rejections, inorganic sulphur rejection, total

sulphur and pyrite reduction, and inorganic sulphur reduction. The fundamental

distinction between rejection and reduction calculations is rejection is based upon solids

mass balance flows, and reduction is based only on changes in chemical assay analysis.

Reduction calculations are preferred for reporting sulphur removals because of the

~ dependency of the sulphur rejection calculation o the ash component.
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Table 6.3 Rgection and Reduction Algorithms

Component __| Algorithm | Calculation
Total Sulphur (TS.) | Rejection ({[TS. Feed Coal (kg/hr)}-[TS. Product (kg/hn)]}
J[TS. Feed Coal (kg/hr)])
Pyrite Sulpbur (PS.) | Rejection ({IPS. Feed Conl (kg/hr)}-[PS. Product (kg/br)]}
/[PS. Feed Coal (kg/hr)])
Ash Rejection ({TASH F-.ii Coal (kg/hr)}-[ASH Product (kg/hr)]}
Total Sulphur (TS) | Reduction {{ITS Feed Cosk {(*+.{)}-[TS Product (% daf;]}
| I[TS Feed Coal (% da)])
Pyrite Sulphur (PS) | Reduction ({{PS Feed Coal (% daf)}-[PS Product (% daf)}}
/[PS Feed Coal (% daf)])
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7.0 Feed Coal Characterization

Table 7.1 summarizes the proximate analyses of the test coal. The results
indicate the average as received moisture content is 8.6 percent, the range is from 6.58
t0 9.85 percent. The volatile matter is 30.56 % db, and the fixed carbon content is
31.36 % db. These average values can also be expressed on a % dmmf basis by means
of the Parr formula to assist in characterizing the test coal. Hence, Table 7.1 also
indicates the volatile matter is 48.2 expressed on a % dmmf basis, and the fixed carbon
is49.5 % dmmf. The average ash content of the test coal is 33.0 % db, and the mineral
matter is 36.6*% db.

Table 7.1 Proximate Analysis of Test Coal

Component % Range % db % daf | % dmmf

As Received Moisture 807 | 6.581t09.85*

Volatile Matter 30.56 456 482
Fixed Carbon 3136 46.8 49.5
Ash Content 33.0b

'rhisminmlmanercomentwasesﬁmatedwiththemoﬁhehneqmﬁm(seenetionz.4.3)

DThis data represents the analysis of the coal samples extracted for the experimental program. All other
information in this table was based upon analysis of the coal samples received by the Alberta Rescarch
Councilwhichwueveryainﬁlninchmuisﬁcs.mdwhidl.indfeumummehdkwmoﬂhe

test coal for this experimental program.

Table 7.2 contains the ultimate analysis for the test coal providing information
describing the carbon, hydrogen, nitrogen, oxygen, and chlorine contents, expressed on,
a % db, % daf and % dmmf bases. The results indicate the test coal contains 45.97M
db carbon, 3.46 % db hydrogen, 0.8 % db nitrogen, and 7.43 % db oxygen.

139



Table 7.2 Ultimate Analysis® of Test Coal

Component % db % daf % dmmf
Carbon 45.97 68.6 72.5
Hydrogen 3.46 5.16 8.14
-Nitrogen 0.80 1.19 1.26
Oxygen (by difference) 8.39 12.5 13.2

8These ultimate analysis results are based upon the bulk coal samples received by the Alberta Research
Council, which were similar b chemical contents, and were used to characterize the test coal prior to
experimental investigations.

Table 7.3 summarizes the ash and sulphur contents of the three samples
extracted from the test coal bank, and used in the experimental program. These include
ash and sulphur assays for the fine, coarse and medium size distributions. The average
ash content of the coal samples used in the experimental program was 33.0 % db, and
did not appear to vary significantly in the program. The average total sulphur content
was 6.63 % daf, and did appear to demonstrate a variation between the three barrel
samples used in the test program. The pyrite sulphur content was 4.36 % daf and
constitutes approximately 66 % of the total sulphur in the coal. The sulphatic and
organic levels were 0.63 % daf and 2.31 % daf, respectively.

Table 7.3 Ash and Sulphur Contents of the Test Coal

Coal Sample Total Ash Total Sulphur | Pyrite Sulphur |  Sulphatic Organic
Description | Content % db | Content % daf | Content % daf Sulphur Sulphur
Content % daf | Content % daf
Fine Coal 32.7 6.62 4.36 .55 2.26
9g0=90 ym
Coarse Coal 34.1 6.90 4.60 .69 2.30
. dg0=200 ym
Medium Coal 322 6.37 4.01 0.66 2.36
380=150 pm
___Averages 33.0 6.63 4.36 .63 2.31
Standard 0.98 0.27 0.30 0.07 0.05
Deviation
% Relative Emror 3.0 4.0 6.8 11.6 2.2

140




‘Table 7.4 and Figure 7.1 describe how the heat content of the test coal varies
with ash content. The heat content is provided both in kJ/kg and BTU/LB, and is
plotted against the final ash content of the coal, expressed in % db. The calorific value
determinations were developed using an adiabatic calorific reactor following ASTM

standards.
Table 7.4 Calorific Value versus Sample Ask Content
Ash (% db) | Heat Content Calorific Calorific Calorific
(Bw/LBp Value* Value® Valueb
% db basis (ki/kg) (ki/kg) (kJ/kg)
% dbbasis | % daf basis | % dmmf basis
39.0 8350 19,409 32,896 Not Applicable |
10.6 12,760 29,660 33,177 33,696
6.8 13,380 31,101 33,370 33,732

2] inear regression of the above data is provided in Figure 7.1.

bealculation of heat content based upon a % dmmf basis was performed by means of the Pasr formula, (see

Berkowitz, 1979)

Based upon these results and ASTM Standards, the test coal was classified as a
High Volatile A Bituminous Coal Sample.

Table 7.5 and Figures 7.2, 7.3 and 7.4 describe the particle size distributions of
each of the test coals prepared. These figures contain the cumulative percent passing
and retained masses plotted against the screen size. The results indicate that Test E10
has a dso of 80 m and dgp of 208 ym. The finest size is Test E11, which had a dsgg of
47 ym and a dgo of 88 ym. The medium size distribution was Test E12, which had a

dgpof 73 ym and a dgg of 154 um.
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Table 7.5 Skie Analysis Data for Test Conls E10, E 11, and E 12

Coarse E10
d50=80 um

>300
>212 to 300
>150 to 212
>15010 75
>75t0 53
>53 045
>45to 38
-38
total

Medium E12
dS0=73 um
g
screen

>300
>150 t0 300
>7510 150
>531075
>45t0 53
>38104S
-38
total

Fine Ell
d30=47 um
L)
screen

>150
>106 to 150
>75t0 106
>53 75
>45t00 3
>38 1045
-38
total

811

30.85
51.87
18.21
895
6.15
95.85
2232

0.40
21.18
28.95
883
4.05
1.92
37.83
103.16

16.80
1470
3.8
30.80
10.70
1497
12635
23812

2.98%
17.01%
11.33%
21.25%

6.69%
3.29%

2.26%
35.20%

100%

0.4%
20.5%
28.1%

8.6%
3.9%

1.9%
%
100.0%

7.06%
6.17%
9.99%
12.93%
4.49%
6.29%
53.06%
100%

cum wt
% pass

100.00%
97.02%
80.01%
68.68%
41.43%
40.74%
37.46%
3520%

cum wt
% pass

100.0%
99.6%
.1%
51.0%
42.5%
38.5%
36.7%

cum wt
% pass

100.00%
92.94%
86.T7%
76.78%
63.84%
59.35%
53.06%
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8.0 Results
8.1 Process Performance

Figure 8.1 was prepared to compare the sulphur removal efficiency of the
process to the theoretical potential based upon the washability tests performed. It
contains the sulphur washability data collected for the tests E 10 and E 11, and all
product TS (% daf) assays determined during the test program. Figure 8.2 contains a
similar graphical analysis prepared for the ash content from the washability analysis,
and product samples generated from the experimental program. The raw data and

washability analysis is provided in Tables 8.1 and 8.2.
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Table 8.1 Raw Results from Washability Analysis for Tests E10 and E11

Coarse E10
d50=80 um
sg
Mass Wt% Ash%db Wt% Feed TSWt%dd % Wtof Feed
g Feed Floavsink Tot Ash Ash%db FloaUSink TSinFeed TS %db
<14 305 3588% 4.73% 1.70% 2.95% 1.06%
>1.4 545 6412% 4721% 3027% 31.97% 4.82% 3.09% 4.15%
<15 388 4575% 7.63% 3.49% 3.04% 1.39%
>1.8 460 5425% 5194% 2818% 31.67% 5.20% 282% 4.21%
<l.6 497 5833% 10.24% 5.97% 310% 1.81%
>1.6 355 416 6140% 2558% 31.56% 5.78% 241% 4.22%
<1.6(R) 520 61.54% 11.23% 6.91% 3.09% 1.90%
>1.&(R) 328 3846% 64A83% 2493% 31.85% 5.53% 2.13% 4.03%
<18 620 69.66%  11.90% 829% 3.00% 2.09%
>1.8 270 3034% 7515% 2280% 31.09% 7.42% 2.25% 434%
<20 670 7444% 1420% 10.57% 3.09% 230%
>2.0 230 2556% 79.68% 2036% 30.93% 1.63% 1.95% 4.25%
avg 31.51% avg 4.20%
std 041% std 0.10%
% re 1.31% % re 2.4%%

Fine E11
d50=47 um
LH
Mass Wt% Ash%db Wt% Feed TSWt%dd % Wtof Feed
['3 Feed Floavsink Tot Ash Ash%db Foat/Sink TSinFeed TS %db
<14 348 42.75% 5.55% 237% 2.95% 1.26%
>1.4 466 S5725% 4921% 2817% 30.54% 533% 3.05% 431%
<l.5 445 57.05% 8.25% 4N% 3.00% 1.71%
>1.5 335 4295% 6019% 2585% 30.56% 591% 2.54% 425%
<16 488 6289%% 9.57% 6.02% 2.99% 1.88%
>1.6 288 3711% 6660% 24M% 30.74% 6.62% 2.46% 434%
<1.6(R) 530 6503% 9.76% 6.35% 2.89% 1.88%
>1.6(R) 285 3497 667% B3B3 2968% 6.75% 2.36% 4.24%
<l8 615 751% 1214% 8.68% 281% 201%
>1.8 245 2849% 15.78% 21.59% 30.27% 1.71% 2.20% 421%
20 675 7500% 1372% 10.29% 2.88% 2.16%
>2.0 225 2500% 8069%  20.17%  30.46% 8.36% 2.09% 4.25%
avg 3037% avg 4.27%
std 037% std 0.05%
%re 1.3% % re 1.15%
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8.2 Regression Analysis

Table 8.3 contains the summary of all the regression work performed in the
testing program. The table contains the regression title, the statistically significant terms
at a probability of 0.01, the adjusted R ,and the corresponding Table reference from
Appendices 2 t0 6.

Tables A2.1 through A6.6 contains the details of the regression work performed
on CMR (%), TS (% daf) in the product phase, and ash (% db) in the product phase for
the testing program, and Table 8.4 is provided as an example and contains the
following:

L the main or interaction title,

° the term designated for the factor or interaction,

° the numerical value of coefficient,

° both the standard error and coefficient,

® the tolerance,

] themlcula@ “t* statistic for each coefficient,

° the probability level,

d the Multiple R value, R, and the adjusted R?,

° the standard error of estimate, and,

1 the analysis of variance summary.

Tables A2.1 to A2.10 contain the regression results for Test E 10. Tables A3.1
to A3.11 contains the regression results for Test E !1. Size was not considered in either
of these regression analyses, as it was not varied within the experiments. The
regression work was performed to individually evaluate tests E10 and Ell.
Subsequently, the results were combined to evaluate particle size and sample age and
were summarized in Tables A4.1 through A4.3. Tables AS.1 to A6.6 summarize the
regression work performed for CMR (%), TS (% daf) and ash (% db) for the combined
tests E10,E11,E12and E 13.
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Table 8.4 Regression Analysis of CMR (%) for Main Factors for Test E10

Variable | Term | Coefficient | Std. Error | Std. Coef. | Tolerance T Probabilit
Constant C 80.1 1.8 0.0 43.7 0.000
0Oil x1 7.4 1.8 0.48 0.94 4.0 0.002
Frother | x2 8.1 1.8 0.53 0.98 4.5 0.001
Energy | x3 -3.2 1.8 -0.21 0.97 -1.8 0.102
Temp. x4 -6.3 1.8 -0.40 0.97 -3.4 0.005
MultipleR:  0.92 R2. 084 Adjusted R2: 0.79
Standard Error of Estimate: 7.3
Analysis of Variance
Source Sum-of-Squares DF  Mean-Square F-Ratio P
Regression 3365 4 841 15.8 0.000
Residual 640 12 533

The results above can be used to generate the following linear equation
describing CMR (%):
CMR (%) = 80.1 + 7.5%cil + 8.1*frother - 3.2*energy - 6.3*temperature
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8.3 Graphical Evaluation

Figures 8.1 and 8.2 from Appendix 8 were prepared to evaluate the impact of
the main factors and are presented below for exampie. The x-axis in each case
represents the coded set points for cach of the main factors, while the y-axis contains the
three main responses considered in this investigation: CMR (%), TS (% daf) content in
the product phase, or Ash (% db) content in the product phase. The remaining Figures
describing the impact of the main factors on the process responses are summarized in
Appendix 8.

Figures A8.1 to A8:3 were prepared for test E10 to demonstrate the effect of oil
concentration on CMR (%), TS (% daf) content in the product, and Ash (% db) content
in the product phase. Similarly, Figures A8.13 to A8.15 were prepared for test E11,
and Figures A8.28 and A8.30 for test El2.

Figures A8.4 to A8.6 demonstrate the effect of frother on CMR (%) and product
quality in terms of TS (% daf) and Ash (% db) for test E10. Figures A8.16 to A8.18
provide the same evaluation for test E11, and Figures A8.31 to A8.33 for test E12.
Figures A8.7 to A89, ;\8. 19 to A8.21, and A8.34 to AB.36 were constructed to
investigate the effect of energy input for tests E10, E11, and E12, respectively. Figures
A8.10 to A8.12, and A8.22 to A8.24 were developed to investigate the impact of
temperature on process performance to tests E10 and E11. Figures A8.25 to A8.27
combine the results from tests E10 and E11 to demonstrate the impact of particle size on
process performance. Figures A8.37 to A8.39 were constructed to demonstrate the
impact +hat percent solids in the product phase has on TS (% daf) content of the product
phase, Ash (% db) content of the product phase, and CMR (%).
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8.4

Raw Data

All main factor variations and process responses are summarized in Tables 8.5

t0 8.10. The table defines all operational set points for each main factor in te test

matrix.

L Coal Feed Rate (in grams/min.)

° Oil Concentration (in grams/min., % db, % daf)

L Frother Concentration (in grams/min., % db, % daf)
® Energy Input (in terms of Speed, Time, and Torque)
° Temperature (in Celsius)

¢ Size (in dsp and dgg)

A summary of the process performance calculations include the following.
® Product recovery rate (in grams/min.)

® % Solids in the product froth

® Product assays (moisture, ash, total sulphur)

° Combustible Matter Recovery (%)

L Total Sulphur Reduction (%)

d Total Ash Rejection (%)

° Sulphur Release (g/kJ)

160



‘[9ssaA Bupjoy Aunjs puajuoy PEPUIIXS Ue se Ajuo SaARs pue ssad0id u) passedAq

SI JAXIU ‘aSIMIDYI0 ‘[9sSaA uopesawolBBe ue se asn uj s§ Jaxpu s1eaPpuy 3w Bupqu Jeays yBiy ploq pue pazyey ajou

i6L Gae

802 08 St vb Sb 9b 22 €L L+ Z2°€E 0002 %LE0°0 %5200 62°L %EG'O 9%19°0 #¥O qQzi ote
802 08 v 9v 20 Sv 82 21 1P Z2°E 0002 %LL00 92000 €S0 %EGO %190 +¥'0 L'8L Q96 OL9
802 08 22 02 12 S2 62 EL &i¥ L€ 0002 %BEO'O 9%S20°0 £8°'L %802 9%.LE'L 00'L S2L 9% Ole
802 08 S2 22 12 LE 82 €L i¥ Z2°FE 0002 %ELOD 9%600°0 29°0 %EG'0 %190 b0 O06LZ SI Ole
802 08 12 6L 6L ¥2 82 €L ¥ LE 0002 %L¥0°0 92200 86°'L 9%E60 9%L90 $»0 98L +L OL®
802 08 22 6L 02 92 82 ¥PL 1I¥ L€ 0002 %ELOO 9%600°0 H»90 %802 9%2£'L 00°L L'8L €L OL°
802 08 Sv db Sb 9 22 €L ¥ L€ 0002 9%LE0°0 9%S20°0 62°L 9%E6'0 96190 +b'0O 9°6L ®2lL OL®
802 08 ¢t¢ 9 €v b 82 €L 1V L€ 0002 %ELOO %BOO0 190 9%BOC 9%.e'Lt O00°L 624 1L Ole

802 08 St 9V b Sb 82 €L I¥ L€ 0002 9%6E0°0 9%S20°0 S8'L %802 962€'L Q0L 222 01 Ol®
802 08 b 9V 2v Sy 82 2L ¥ L€ 0002 9%LLO0 92000 $S0 %EGO 9%L9D +p0 86L 46 Ol®
802 08 b SV €y ¥ 82 LL L% L'E 0002 9%O0VO'O 969200 68°'L %80°¢ 9%LEL 00°L 622 8 OL9
802 08 9v b 9b b 82 L 1¥ L€ 0002 9%LLOO 9%200°0 €SO %E6'0 9%LS°0 ¥»0 008 2 OL9®
802 08 9 S¥ 9 v 22 9L LF L€ 0002 %BEO'O 95200 E£€8°L 9%E6'0 %190 +¥'0 2642 9 OL®
802 08 Sv dvb 9 9 82 8L I¥ L€ 0002 %2i0°'0 %BO00 LSO %6B80C 9%L€EL 00°L 008 S  OILd
802 08 02 8L 61 +2 82 8L L¥ L2t 0002 %BEQO 9%6S20°0 ¢28°L 9%E£6°0 %190 ++0 618 ¢+ Old
802 08 02 i 6L ve 82 8L 1¥ L2t 0002 %ELOD %6000 H9°0 %BO'Z 9%2€'L 00'L 862 € OlI@
802 08 12 8L 6L S2 82 8L (¥ L€ 0002 9%BE00 9%S200 €8l 9%BOZ 9%LE'L 00'L 262 2 OlL9
802 08 22 6L L2 92 82 8L (¥ L't 0002 %2L00 %BOO'0 LS00 9%E6'0 96190 +¥0 908 1L OLd
sd 19) 28y 2sYy Lsy 2sy Lsy upy/6
wn wnm 2 I 2 o Zo-uj ww  uw wdi gepgg qpys  umu/B jepg qpoe  uru/b ajey
08P 0SPp One anbio) awil awy) paads aey ey paey
<—gX 3ziS <—GXx aumesadwa) € pX  ABt2U] €€ X JO3044 < 2X JUOD 0 [e0D 3y uny

019 159, 10§ SI0108] UrEly] Jo Alewiwing '8 3[qEL

161



88 b 12
88 v 12
88 b 12
88 4 22
88 v 22
88 v 12
88 L Sb
88 Lt 9
88 v b
88 4t 9¢
88 b 9
88 v 9%
88 b St
88 b b
88 b 02
88 ¢ 02
88 v €2
88 v 12
wn wn )
08P 0Sp Bae
<—QXx 3g

<-—GX aimesadwa)

61
6l
6L
8L
8L
8L
144
St
v
S
144
St
144
%4
Ll
8i
Ll
]}

sd
o]

6l
61
6!
6l
6t
6t
Sb
14 4
14
v
9%
9
Sv
144
81
61
8¢
02

133
o

ve
ve
ve
82
82
ve
VA4

A 4

A 4
/A4
iy
14
St
114
€e
e
€2
se

o<
(11
62
0€
0€
62
82
82
82
82
82
82
8¢
82
(11
62
(013
62

oL
oL
6
oL
ot
6
oL
ot
6
oL
oL
oL
oL
oL
oL
6
ot
ot

(X 4
ir
[ 4
[ 4
[ 4
[ 4
[ N 4
[ 4
[ 4
[ 4
[N 4
(¥ 4
iy
[ 4
[ X 4
[ 4
[ X 4
[ 4

254 Z2sy Lsy Zsy
Zo-u}

anbioj owil aunj peadg

o}

<

upy

‘j9ssaA Buploy Aunjs puajuoly PapuIIXe Ue Se AjUO SaAIas pue ssadoid uj passedAq
S} JAXRU ‘aSMIBYN0 ‘[3ssan uopesawoifife ue se asn uj sy sexpu SIEPUY Bw Bupuu seays yBiy ploq pue paziey ejou

L€
L't
L€
L't
L't
L't
/€
e
P 3
L'
L€
I
L€
L't
L€
L't
L€
L't

Lsy
ury

0002
000¢
0002
0002
0002
0002
0002
0002
0002
0002
0002
0002
0002
0002
0002
0002
0002
0002

wids

px ABioul

9%8E0°0
%8€0°0
9%9€0°0
%¥10°0
%¥L0°0
%2100
%8£0°0
9%9€0°0
%2100
%2100
948€0°0
%8€0°0
9%21L0°0
%2100
%8€0°0
%8£0°0
%2100
%ELCO

9%520°0
%5200
%4200
96600°0
9%600°0
9%800°0
9%520°0
%+20°0
9%800°0
9%800°0
9%6520°0
965200
9%800°0
%8000
9%520°0
9%S20°0
%8000
9%6600°0

8L
8L
9L
290
490
8s0
8L
9L°L
25°0
85°0
ve°L
£€8°L
45°0
28°0
£€8°L
£8°L
450
290

%160
%L6°0
9%S0°2
9%6S0°¢
9%6S0°¢
%L6°0
9%6S0°2
%160
%160
9%S0°¢
%L6°0
9650°¢
9%6S0°2
%160
9%S0°2
%160
%16°0
%502

%190
%130
%8E"L
%8¢t
%8E°L
%190
%BE"L
%190
%619°0
%8E°L
%190
%8E°L
%8E"L
%190
%8¢E°L
%L9°0
%190
%8¢E°L

w0
¥v'0
00°L
001
00°L
o
00t
¥v'o
0
00°L
o
00t
00°L
0
00t
0
14 4]
0ot

2L
0°€L
6°LL

6°6L

122
€L
092
2'8L
1's2
8°62
v'8L
2’08
L
L1'o8
9°92

up/B

Jepoe apge  um/B jepog  qpog  unu/B  ajey

ojey

e €X JOY014

<

aey

paay

¢X U] 10  feo)

119 159 J0J 810108 UIR] JO Arewnmng

Bae

Q91 LI
€9l Lie®
SL Lie
- bl LLO
eplL LLO
EL 119
2L Lie
tL tLie
04 1LI®
6 Li®
8 L
2 L9
9 L9
S (Lt
v Lo
€ L9
Z L9
1 L9
g uny

9'83lqeL

162



‘jessaA Bupioy ALnjs PuUIIUOL) PAPUIIXI e se Ao sanses pue ssadoxd Ut pessedAq
S1 JAXU ‘ISIMIBLIO ‘[aSSAN uopesewolbbe ue se asn Ui S| JSXIU $IIEIPU} JWR Bupiu Jesys yBiy ploq pue pazyey 9pou

2SL Bz
»st €2 6L 2L 8L €2 LE ML 2¥ L€ 0002 9%8£0°0 969200 28°'L %160 %190 #¥°0 S £
¥SL €2 6L 9L 21 €2 e i Z¥ LE 0002 %ECO'0 %2200 9°L %681 %L2'L 260 6SL ¥ EL®
¥SL €2 6L 9L 8L €2 L€ OL 2% L€ 000Z 9%€£200 %S10°0 21°L 9%8H’L %00°L 220 84L E El°
St €2 6L 9L 8L €2 OFf LI 2¥ LE 0002 %EL0'0 %6000 +¥9°0 9%S0°2 %BE'L 00°L S92 2 El°
¥SL €2 6L 9L 8L 22 LE 21 2% Lt 000¢ %pPE0'0 %E200 ¥9'L 9%L6°0 %190 +¥'0 92 L EL°

9728 Bae
»s1 €2 0Z 8L 6L €2 LE 1L 4 L€ 0002 %000 %0200 8b'L 9%.8°'L %92°'L 160 Sv8 Q2 Z2i9
pSt €2 02 L 6L €2 2¢ Ll ¥ LE 0002 9%LEC’O % 1200 €S°L 9%20°L %220 2SO0 008 6L Zi@

¥SL €2 02 Zt 6L €2 1€ LIl L¥ L€ 0002 %SLO'0O %0 100 #2°0 9%.8°L 9%92°'L 160 gL ¢i@
vSL € 6L ZL 6L €2 1€ LI t¥ L€ 0002 %9L0°0 %! 10°0 920 9%SO°'L %120 IS0 2€8 Ll 2L9
w51 €2 02 1 6L €2 LE L1 4¥ L€ 0002 9%2E0°0 %1200 SS'L %16°0 %190 ++'0 9L 219

vSL €2 6L 4L 8L 22 Of L L¥ L€ 0002 9%.LEQO %S20°0 62°'L 9%16°C %190 +¥'0 L28 SL 219
vSL €2 12 6L 02 S2 Of 2L 4% Z°€ 0002 %520°0 9%.L 100 +2°L 9%.8°L %92'L 160 Ol ¥L Z2I®
¥S1 €2 12 6L 02 SZ LE LI &¥ L€ 0002 %BEOD 9%920°0 98°'L %8F°'L %00°'L 220 8'Ll8 EL 219
¥§1 €2 12 6L 02 ¥2 OFf L &% L€ 0002 %EE0O %2200 29°'L %St'L %860 L0 9v8 2L ZIe
pSL €2 12 6L 02 #H2 LE LL ¥ Z2°€ 0002 %EE0'0 %2200 65°L 9%:8°L %92'L 160 +'S8 LL Zcle
¥S1 €2 0z 8L 6L €2 Of L ¥ L€ 0002 %2E0°0 9%220°0 9S°L 910t %220 250 8v8 OL ¢21i9

¥SL €2 02 8L 6L 2 OFf LI ¥ Z€ 0002 %8100 %2100 98°0 %28°iL 9%92'L 160 +28 6 ¢l®

6L €2 €2 02 12 92 O L i¥ L€ 0002 3%5:.0°0 %0L0°0 +2°0 9%20°L %220 250 928 8 ¢1@

vSL €2 ve €2 ve 22 Sz 2 ¥¥ 2¥ 008N Ecul 96220°0 29°L 9%.8°L 9%92°'L 160 66L L ¢i?®

vSL €2 b2 €2 v2 2 92 LI ¥¥ 2% 00BL %iiG0 9%220°0 19°L 920°%L 9%2.0 250 628 9 ¢Id

vSL €2 S2 b2 Y2 L2 ¥2 LI ¥ 2% 008L %9100 %Ll0°0 22°0 9%EZ°L %9L°'L 80 S 29

$SL €2 S2 €2 ¥e l2 92 2z #¥ 2% 008L %100 %210°0 S8°0 9%.20°L 9%22°0 250 +28 ¥ Z¢ZI@

$SL €2 LE LE LE 26 02 8 Z% £ 0091 %9200 %.i0°0 S2°L %8H'L %00°L 2.0 € 29

pSL €2 LE LE LE 2€ 12 6 Z% Z% 009L %9290 %.L0°0 SZ°L 9%9%'L %860 1.0 2 29

St €2 LE LE LE 2€ 02 8 Z% 2% 0091 %9200 %.100 Sc't %8b°'L 9%00°L 220 618 L Z¢i?
sd §9) 2sy 2Z2sy L1sYy sy LSy upu/B

wn wn 2 2 I3 D Zo-u| uw uw  wdi jepge apoe weu/B jepes QP umu/B aey

osp QSp 6bae anbioy swnj swy posds ayey ey pasd

<—gX 32I5 <—GX aunjesadway < px ABsul < £X 121044 < 2X Juo) 0 [e0D Wy uny

€1 pue Z1d 159 JoJ SI010e] Ul Jo Arewrung  L'§ 9qBL

163



€0-385°¢
€0-3S¥°¢
£0-320°
€0-3197¢
€0-381°¢
£0-3€L°¢
€0-319°¢
€0-345°¢
€0-319°
€0-39v°¢
£€0-308°¢
€0-365°2
€0-312°¢
£0-3€9°¢
€0-361°E
£0-366°2
£0-32€°€
€0-385°¢

r/20s 30 6
ases|ay 20S

%E'9S
%E'8S
9%69°LS
%S°6S
%6°6Y
%109
%E°LS
%9°€9
9%0°€9
%9°8S
9%2°6S
%E'LS
%E 6t
9%60°8S
%8 0V
%e'Sth
%8° LY
%109

%
dv

%.L'8t
%Ly
%v°LC
%0°8¢E
%82
%2°S€E
%L°'8€
%88t
%0'8¢
9%9° Lt
%b'EE
9%.°8€
9%6°SE
9%S°LE
%6°ve
%S°6¢
%S°L2
%2°8€

%
¥si

%6°LL
%4 9
%S°06
%199
%898
9%60°98
%008
%S°SL
%L°v8
%L'9%
%2'S8
%E"LS
%b'8L
%Lv8
%196
%P°E6
%6766
%8°v9

%
WD

%LV
%90°v
9%690°S
%2E'y
%b2'S
%2S°v
%LEY
9692°V
%2EY
%20't
%P9’y
%2t
%iv'v
%9’V
%EZ’S
%l6v
%Lb°S
%82

9%EI°E
%8t
%22V
%el’t
WhE'D
9%06°€
%89°t
%EL'E
%LL°E
%6¢°€
%66
969S°€
%69°C
%EL'E
%21y
9%66°€
%6+'v
9%69°€

1TP% % %

Si

<

Si

%0'SL %v'E
%EPL %SE
9%9°9L 9¢E°E
WE'EL 9S'E
9%2°LL %¥E
%LEL W2E
%LVl %€
%S°2L %e’E
%L2L 962°E
%2¥L %Y'E
%0'FL MEE
%Lt 9%E't
%y'LL %2E
WL %E'E
%E'02 %C'€
9%8'8L %t
9%6°21 .%2°E
%LEL %P'E
ysv W%
{e0D 19npo.d

019 1551, 30} sasuodsay] utep\ jo Arewswing

CODOQOODDOONMNNMMNNNOUWN

(skeq)
aby

sidwes

%P0l
%6°8
%Ss°cL
%0°Lt
9%L°L1
96S°S 1
%801
.- a4l
9%9°S1
%1'6
%E'SL
9%S°2
%L8
9%6°L L
%S°8
%E6
%92t
%2'¢L

(H10¥3)

og°st
90722
8L'%S
ov'8e
2v'es
62°0§
vL9%
vesy
€6°'8v
teae
SO'0S
SEPE
LE°LY
09°6v
L1°09
S0'8S
6€°L9
SS°LE

upu/B
UV

sanosy Qa4
10NA0Yd mopuim  uny

qZt oOle
q96 oie®
9 o1®
St oLe
141 oLe
€l oie
ezt ote
i oL
ot otLe
e 0te
8 gie
2 ote
9 oo
1 oLe
14 o1’
€ ol
[4 ote
i otLe

g889Iqe],

164



€0-362°€ %E'Sh 9%L'BL %b'L6 %2b'S %St'Y 9%6°LL %Z'E 6 %L2L 6b9S q9l Li®

£0-362°€ %9°St %28l %882 9%LP'S 9%Sh'v %8'LL 9%2'E 6 9%9°0L 298¢ €L Ll®
€0-3LEE %22t 9%S°ZL %688 9%69P'S 9ESY %Ll 9%2€E ] %2'vL $0SS St Lo
£0-326°2 9%2°2S 9%.4°SZ %698 %26V %EZHY %OPL 9%L'E 6 9%9°2L 62°1S apL L9
€0-3¥62 9%8°2S 9992 %898 9%98F 6LV 9%BEL WL'E 6 9%S°ZL  09'tS el LL®
£0-329°2 %129 9%L'EE %229 WEP'Y %HBBE %P2l 9%ZE oL %22l 026 €1 L1e
£0-326°2 %b'bS 960°2Z %298 %E8P %LL'P %6Vl 9%Z'E 6 %P'EL 96°LS 21 Lie
£0-3€2°2 %b'SS %2 LE %L'SL 9%2SP 9%98'E %IFL 9E'E ot 9%6'2L 89%y L1 Lie
€£0-3€9°2 9%2°0S %EVE %0'BF HWSEY HPIE NEIL %PE 6 %28 LL'62 Ol Lo
€£0-3¥9°2 9%6°09 9%8'EE 9%8'9. %HBEP 9%28'E %BZL 9%2'E oL %29l 9L'SH 6 LLd
£0-362°2 %b°LS 9%S'0E %S'2Z %09V 9%L8E %6'SL %EE 6 9%0'0L 089 8 Lie
€0-326°¢ 9%0°9S %692 %b'26 %8Yv %bL'b %bbL 9%2E ] 9%2'9L  2€'SS ] Lie
€0-3€22 %b'bS %8B LE %B'SZ %LISY %PBE %6PL 9%LE 6 %E'LL  29°SH 9 Lie
£0-3v9°2 9%E'2S %L'PE %0°0S IEV 9%BIE %ISL %EE 6 %86 20°0% S Lo
£0-3SS°'E %8°22 %b2ZlL %S°66 9%08'S WEPP %IEZ 9%2°E 6 %29 6299 b Lie
€£0-392°¢ %2'9b %6'8L %096 %LE'S WEVP %ILL %2'E o1 9%2'2L 2L'6S £ Lo
£0-399°2 %8°L9 %WHP'EE %829 %Llb'b 9%98E %S 2L %EE 6 9%8'SL 2V 9E 2 Lo
£0-358°2 %9°09 %282 %EV8 %22t %LLb %62l %LE oL 9902 09°6¥ 1 L1e
r/720S jo 6 % % % (sAeq) up/B
asea|lay 20S v ¥SL YWD Jep% aP%  ap% aby (H104d) WY
S1 Si ysvy W% sidwes  sANOS% (33
< {e0D 19npoLd 10Na0dd mopuiy  uny

119 159 10j sasuodsay urep jo Aewuwng 6'831qeL

165



£0-366°¢
€0-396°¢
€0-325°¢
€£0-3€S°¢
€0-36¥°¢

£0-399°¢
€0-319°¢
£0-3¢S°¢
£€0-3¢S5°¢
€0-264°¢
€0-3.8°¢
€0-3¥S°¢
€0-36L°¢
£0-30.°¢
€0-399°¢
€0-329°¢
€0-38¢°¢
€0-3Lb°¢
£0-369°¢
€0-36S°¢
€0-3E¥°¢
€0-38€°¢
€0-3EP°C
£0-3L¥°¢

r/20S 40 6
asesjay 20S

%2°€S
9%0°SS
%b°S9
%1L°99
%4799

%E'E9
%E'E9
%E'EI
960°6S
%2’y
%E LY
%8°L9
%8°6V
9%60°SS
%6°09
9%€°6S
%6°€9
%E'E9
9%b°SS
%1°8S
%289
960°04
%E't9
%E'E9
%Y 29
%
v

9%S°S¢
9%0°9¢
%9°SE
9%9°9¢
%b°LE

%6Y°'EE
%9°bE
9%8°9¢
9%66°9¢
9%S°0€
%8°8¢
9%E'9¢
%¥°0¢
9%S°2€
%S°EE
%LEE
%8°LE
9%9°6E
%8°2¢t
%¢2°SE
%0°6€
%2°0v
%2°6¢
9%0°8€
%L°8€
%
ysl1

%2°t8
%9°€6
9%.2°SL
%9°69
%b°0L

%9°v8
%98°.8
%8°92
%8'89
9%S°88
%E'06
%0°08
9%0°62
%t 28
9%1°S8
%S°E8
%8°2L
9%1°6S
%t'v8
%608
%8°69
%2°€S
%E'02
%8°2L
%002
%
)

%6 v
%06
%92V
%02V
%Ly

%Ly
%EE'Y
%8L'Y
%LV
9%09°'v
%LV
%2y
%L9v
%Lv°Y
%0V°v
%EV'Y
%L’y
%00’V
9%6SY'Y
%62’y
%v0'V
9%696°€
%20V
%01l
%90'%

%8LY
%8LY
9%8L°€
%EL'E
9%69°¢

%88t
%18°¢C
%89t
%29t
%ELE
%18°t
9%69°¢
9%S8°¢
%L8°¢
%v8°'t
%V8°E
%E9'E
$52S°t
3608°€
%0L°E
9%29°t
9%.S°t
%VS°E
%LI°E
%9S°€

jepdo aP% ar%

SL

<

S1

€14 pue Z1d 153, o] sasuodsay tite jo Arewumg

%E'SL %Z'E
%LYL %2t
%ELL %E'E
%L°LL 9%L°E
9%6°0L 9%0°t
9%0°2t 9%.°C
%02l %E'E
%0'2L %2’V
%V'EL 969°C
9%6'8L 966°Ct
9%2°6L 99t
9%S°2L 9%E'E
%9l %b'E
%L Pl %ET
%GZL NEE
%E'ELL WL
%8°LL 9%L'E
9%60°CL %cC'E
%9vL %t
%LEL %2t
%Y'0L %€
%8°6 9Lt
9%0°CL 9%C't
9%0°2L 9%E'E
%E2L %2t
ysy W%
{e0d IdNpoid

1 44
144
144
144
1 4 4

€Y
34
3%
14
rig
rig
Iy
Ly
Ly
iv
Iy
iy
(87
oV
ov
ov
oV
ov
ov
ov
(sAeq)
eby
oidwes

%S°02
9%0°61
%9°ve
%8°12
9%S°0¢

%v°ve
9%6°L¢
%9°EL
%E'8
9%E"L
9%6°L
9%2°02
%b-ecl
%yvL
9%S°S¢
%b'81L
%861
%ESL
9%0°SL
%LS1
%9°8¢
%8°€2
9%6°L1
%8°21
%e L1

(HLOYY)

vi'lv
r24 %
ve'wy
10'8€
§8°.¢

20°€S
6€'vS
8€'8Y
oY
92°6S
£0°19
61°0S
s
88°2S
29°€S
1925
sy
L2°9¢
8L'bS
20°LS
S9°Zd
£1°2€
L9°EY
92Z'St
vO'EY
upu/B
vy

saros% a3iid
10NA0Yd MOPUiM  uny

vi

~rumenonoa2TND

gl
4
gle
gle
gle

eie
Zie
r43
r{ 4
r{l
L
ZLe
ris
e
e
Lo
2ie
2\e
2L
cle
2L
r43
2L
r4
(43

or'8 3iqel

166



9.0. Discussion

Experimental Program

Three blocks of tests were performed in the experimental design. The original
feed stock was extensively blended, and subdivided into equal quantities from which
three different sized test coals were prepared: E10, E11, and E12. After these test coals
were generated, each sample was extensively re-blended and stored as 10 kg samples in
plastics bags.

Test E10 used a 24 factorial design in which the testi.., was executed
immediately following sample preparation. In this manner, the feed coal was exposed
to little opportunity for air oxidation.

Test E11 was the second 24 factorial design in which a finer grind of test coal
was investigated. The potential for air oxidation was higher as E11 was not executed
for 10 to 11 days after sample preparation. Hence, air exposure time also varied which
increased the complexity of the data evaluation.

Test E12 was the third block of tests in which a mid particle size was
investigated. The experimental program also included set points to investigate non-
linearity within the respouse surface (eg. -.707 and +.707). Test E12 received higher
opportunity for air oxidation because the sample was stored for 40 to 45 days before the
test program could begin and be completed. During this period, the samples were
stored in plastic bags at ambient temperatures which ranged between 18 and 28 °C, with
an average value of about 24 °C,

Main Factors

Main factors of the investigation include the following:

° x1 oil concentration,

® x2  frother concentration,

® X3  energy input,

o x4  temperature,
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L x5  particle size distribution,

These factors represented controlled variations within the factorial design. Two
process variations, sample age, and product percent solids coticentration, represent
uncontrollable variations inherent in the testing program.

o x6  sample age, and

° x7  product percent solids concentration.

Main Responses

Three main responses were considered within this experimental program.
Combustible Matter Recovery, (CMR %), was considered to be the valuable constituent
and was termed as the first process response. Total sulphur content (TS % daf) of the
product phase was the second response of e this investigation and was considered to
be the most relevant environmental indicator of process performance. The primary
purpose of the process is reduce the sulphur content prior to combustion in an effort to
reduce acids and acid precursor in stack gases. The third response is the final ash
content (ash (% db)) of the product stream, which also has environmental concerns, but
for this study was considered to be of lesser importance when compared to the sulphur
content of the product material.

Data Analysis

The process performance was evaluated in terms of total sulphur and ash
removal. The washability data, which defins the process in terms of theoretical
cleaning potential, and the experimental results were plotted and to measure process
performance (see Section 9.1).

Linear regression was employed to analyze the main and interaction effects, and
the work was supplemented by a graphic analysis of the main factor effects (see

Sections 9.2 and 9.3 respectively).
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9.1 Process Performance

Figures 8.1 and 8.2 contain the washability data describing the theoretical
cleaning potential of test coals E10 and E11 with respect to CMR(%) versus the product
quality in terms of TS (% daf) and ash (% db) contents. The results from tests E10,
E11, and E12 are imposed over the washability results to provide for an evaluation of
process performance.

The results in Figure 8.1 indicate the process lacks selectivity in the optimum
areas identified by the washability analysis. The washability analysis indicates that the
cleaning potential for sulphur demonstrates a steep slope up to about 90 CMR (%), after
which the TS (% daf) content of the product phase begin to increase sharply, causing
the curve to flatten. This region of rapid change is considered to be the optimum range,
because it defines where the maximum CMR (%) and minimum TS (% daf) can be
obtained.

The test coal contains 6.00 TS (% daf) based upon the washability results, and
can be cleaned by the two stage agglomeration and flotation process to about 4.00 TS
(% daf), while maintaininé a CMR (%) range of 75 t0 90 %. The washability resuits
indicate a theoretical cleaning potential of between 3.2 and 3.8 TS (% daf) while
maintaining a CMR (%) close to 90 %. These results indicate the process falls short of
operating within these optimum regions of the washability curve, and performance has
been classified as poor to fair with respect to TS (% daf) removal.

Figure 8.2 indicates the process is performing very well with respect to ash
removal, as the optimum regions of the ash washability curve are achieved by the
process. A broad range of test conditions can be used to generate these results, hence,
the process is very robust with respect to ash rejection.

The test coals contains about 33 % ash (% db), and can be cleaned by the two
stage agglomeration and flotation process to less than 15 %, yet still maintain a high
CMR (% ) in the 90 % range. Dewatering of the product would further reduce the ash
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content to the 13 to 14 % ash (% db) range. The washability results indicate a
theoretical cleaning potential of between 10.5 and 11.5 ash (% db) at a CMR (%) of 90
%. These results indicate the process is capable of maintaining both very high ash (%
db) removals and CMR (%), as the experimental results closely follow the theoretical
cleaning potential of the coal with respect of ash (% db). Hence, the process
performance has been classified as very good with respect to ash (% db) removai.
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9.2 Regression Analysis

Tables A2.1 to A6.6 located in Appendices 2 to 6 summarize all the linear
regression analyses performed in this study. Each table provides a summary of the
regression equation, and relevant statistical information.

The results were divided into five groups to assist in the evaluatior. Group 1
represents test E10, (see Appendix 2), group 2 represents test E11 (see Appendix 3),
and group 3 represents the combined data from tests E10 and E11 (see Appendix 4).
Groups 4 and 5 reprerent the combined data sets for tests E10, E11, and E12; and
subsequently tests E10, E11, E12 and E13 (see Appendices 5 and 6).

The regression analysis employed a practical evaluation, by which engineering
Jjudgment was used to supplement the statistical evaluation of the regression equation.
For each data set, the regression began by first testing the main factors for statistical
significance. Subsequently, only logical interaction terms were added to the regression
equation, until significant interactions were identified. All initial regression equations
developed for tests E10 and E11 were performed first using a coded factor data for
CMR (%) and TS (% daf), whereby all main factors were represented by their
respective coded values. Once a final regression equation was established, the raw data
matrix was substituted and the regression equation was tested again.

In the regression work performed for ash (% db), and for data groups 4 and 5,
only the raw data matrix could be used because of other process variables (eg. % solids
and sample age) which were not part of the original factorial design varied
simultaneously during experimentation. The % solids in the product phase had minimal
impact on CMR (%) and TS (% daf), and sample age differences between tests E10 and
E11 were minimal, hence, the coded factor matrix data worked well for data groups 1
and 2 in terms of CMR (%) and TS (% daf).
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9.2.1 Group 1 - Test E10

CMR (%) - Test E10

Table A2.1 provides the results for the first regression analysis performed on
CMR. (%) for test E10. The results indicate that all four main factors are statistically
significant at a 0.005 level, except energy input which was rejected at a probability level
of 0.1. The equation fit is fair, although a higher R would improve the confidence in
the regression. The signs and magnitude of the coefficients are supported by the
graphic analysis (see Figures A8.1, A8.4, A8.7 and A8.10).

Oil and frother concentrations both have a large impact on CMR (%), and
increase CMR (%) in similar proportions based upon the standardized coefficient.
Hence, these factors are predominant in terms of CMR (%).

Temperature and energy bott have a negative impsacis 72 CMR (%), temperature
being predominant compared to energy input based upon the standardized coefficient.
In fact, the standardized temperature coefficient has nearly the same numerical value as
oil and frother, indicating its importance to process performance.

Table A2.2 was used to investigate various interactions. The regression
indicates that the interaction between oil and frother is strongly significant at a
probability level of 0.003. The interaction between oil and temperature demonstrated
marginal statistical significance at a probability level of 0.15, hence, it warranted further
investigation.

Table A2.3 was used to investigate interactions between oil and frother, and oil
and temperature. The interaction between oil and temperature was not statistical
significant at a probability level of 0.01. However, the interaction between oil and
frother continued to demonstrated statistical significance at a probability level of 0.001.

Table A2.4 sufnmarim the final regression equation for the coded factor matrix.
CMR(%)=79.7 + 7.87*0il + 7.91*Froth - 2.79*Energy - 5.84*Temp - 5.63*Oil*Froth
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. The impact of oil concentration in the regression is consistent with both the
graphical evaluation and the literature review. The coefficient demonstrates a high level
of statistical significance at a probability level of 0.001. Additional oil provides for
increased mnﬁct between the carbonaceous surfaces and oil droplets, resulting in an
improvement in oil wetting, and in the growth of agglomerates. The newly formed
agglomerates are very hydrophobic and report to the product phase during the flotation
stage.
. The impact of frother in the equation is also consistent with both the graphical
evaluation and the literature review. The coefficient demonstrates a high level of
statistical significance at a probability level of 0.001. Frother addition is important to
the kinetics of flotation, whereby the surface tension of the water is lowered causing the
formation of smaller air bubbles, higher in concentration, and a more resilient to
rupture. Together, these factors contribute to increase the CMR (%) of the process.
J The regression work indicates an increase in temperature decreases CMR (%),
and the graphical evaluation supports the trend. The increase in temperature is thought
to alter the bubble system within flotation stage by a number of possible methods:

-by the evaporation of the frother from the bubble phase,

-by excessive bubble collapse, or

-by allowing formation of bubbles too large for attachment.

The results do not provide a conclusion of why increasing temperature reduces
CMR (%), but the probable explanation is the evaporation of the frother, reducing the
stability of the bubble system, allowing for excessive bubble rupture to occur.
. The interaction between the oil and frother indicates that the latter may play an
additional role aside from increasing the kinetics of the process. The negetive
interaction between oil and frother indicates the addition of frother may weaken the
attachment between the air bubbles and agglomerates. The flotation process is based
primarily on surface energy minimization and the addition of frother reduces the surface
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tension of the water phase. Attachment forces may weaken because the air bubbles are
more favored within the water phase. Furthermore, the correct match between bubble
size, and particle size is an essential requirement of the flotation process. The reduction
of bubble size may reduce the CMR (%) if bubbles become too small, as the surface
area available for attachment, and the net buoyancy are both reduced.

. Test E10 results indicate that an increase in energy input decreases CMR (%),
and the graphical evaluation supports this trend. The literature generally supports the
opposite trend, as ar increase in energy should improve dispersion and provide for
better contact between the oil and carbonaceous particles by causing improved particle
and droplet collisions. Limitations in the apparatus have likely caused the anomaly as
the first mixer consumed less power during operation because of poor baffle
construction in high shear mixer 1. Hence, when both mixers were operated to simuiate
higher energy levels, the initial conditions from high shear mixer 1 delivered lower
shear levels causing less efficient initial oil dispersion and particle and droplet collisions.
This fact has been attributed to be the cause of the lower CMR (%) at higher energy
input. '

Table A2.5 provides the results of the final regression analysis for CMR (%)
performed with the raw data matrix. This analysis was performed against the raw data
matrix. These results indicate an excellent adjusted R? value of 0.96, and a reduced
equation using the raw data matrix is presented below, indicating the same trends as
already identified in Table A2.4.

CMR(%) = 49.6 + 47.7*Qil + 2518*Froth - 0.40*Energy-.46*Temp - 1645*Oil*Froth
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TS (% daf) - Test E10

Table A2.6 to A2.9 summarizes the regression work performed for TS (% daf)
for test E10. Table A2.6 contains the initiai regression of the main factors, which
indicates the main factors are statistically significant at a probability level of 0.001, with
the exception of oil addition and energy input, which demonstrate probability levels or
0.24 and 0.007. The impact of oil addition is supported by the graphical evaluation, as
Figure A8.2 indicates that the TS (% daf) of the product phase increases with the
addition of oil. Hence, the equation does not accurately describe the process, and a
different equation involving interactions was considered.

These results were summarized in Tables A2.7 and A2.8. Table A2.7 includes
the results from the coded factor matrix design, while Table A2.8 includes the results
from the raw data matrix regression. These two regression equations demonstrate an
interesting anomaly.

The results from Table A2.7 indicates that the equation which included four
main factors, six interactions, and a constant, provide for an excellent fit for the data
with an adjusted R? value.of 0.98. This equation is extremely complex, and severai of
the interactions cannot be described by the process fundamentals Furthermore, third
order interactions which are most commonly insignificant, tested as significant. Itis
probable that this equation is an expression which provides an excellent fit of the data
without any regard to process fundamentals.

To further investigate the equation in Table A2.7, the raw data matrix was
utilized in the regression analysis rather than the coded factor matrix, and the results
stored in Table A2.8. If the equation accurately described the process, a similar level of
statistical validity could be expected from each term in the regression when the raw data
matrix was used to replace the coded factor matrix. However, only two inain factors,
one interaction, and the constant term tested as statistically significant. Hence, a final
reduced equation was developed from the raw data matrix and is described in Table
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A2.9 and appears to describe the process with an outstanding adjusted R2 value of 0.97.
The reduced equation is presented below.

TS (% daf) = 4.65+ 0.17*oil + 72.7*froth - 0.02%energy - 1.4*froth*temp

. The regression results indicate that as oil concentration is increased, the TS (%
daf) content of the product phase also increases, although the results do not indicate that
oil is a predominant main factor in the regression equation. The graphical evaluation of
these results also support these trends as the slopes of the graphs are not as steep as
other main factors. The most probable recovery pathways for pyrite as it related to oil
additions are physical entrapment, oil wetting, or the attachment of pyrite to the
agglomerates.

At higher oil dosage levels, (eg. above 2.5 % db), pyrite entrapment and oil
wetting of pyrite surfaces reduce sulphur removal. A low oil concentrations, it is
predicted that there is less opportunity for oil and pyrite particle collisions. By
controlling other processes variables in an effort to reduce the oil concentration required,
it was hoped the pyrite content in the product could be minimized. The results of the
regression analysis and the Mc analysis are somewhat supportive, as the addition of
oil was not a predominant variable in terms of TS (% daf). However, the variables
which were manipulated in an effort to reduce the overall oil concentration required, did
not provide for an overall improvement in sulphur removal because of other pathways
by which the pyrite rich particles can report to the product phase.

. Pyrite responds naturally to the process of flotation under ideal conditions, and
frother addition appears to provide for the enhanced recovery of pyrite particles. Tia
increased recovery has been attzibuted to improved flotation kinetics because of a higher
rate of collisions between the air bubbles and pyrite particles, smaller bubble sizes
which are better able to attach to the smaller pyrite particles, and a more resilient froth.

o The impact of energy input on sulphur reduction was statistically valid only for
test E10, where an increase in energy input resulted in a decrease in sulphur content.
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I'he energy input results imply that a portion of the liberated pyrite reports to the product
phase with the agglomerates, because this similar drop in TS (% daf) was observed in
the CMR (%) results.

. The regression work revealed an interaction between frother and temperature.
The negative sign on the term indicates that as temperature is increased, the sulphur
content of the product is reduced. Increasing temperature lowers the impact of the
frother either by promoting the evaporation of the frother, reducing the stability of the
bubble system promoting excessive bubble rupture, or by weakening the force of
attachment between the bubble and solid. It is probable that all these factors are
responsible for the reduction in sulphur content.

The interaction between frother and temperature indicates that the flotation of
pyrite particles occurs by different pathways than the carbonaceous agglomerates. The
most probable pathways for pyrite rich particles o report to the product include
entrapment and attachment to the aggiomerates, or by natural flotation. The
experimental program suggests that pyrite particles report by both pathways. The
positive coefficient associated with the oil addition implies that pyrite is recovered v»:ith
the agglomerate phase. However, the interaction between temperature and frother
suggests that natural flotation of pyrite is occurring, as there exists no reference to the
oil addition in the interactions. If all pyrite particles required oil addition for their
successful recovery, some other form of interaction between the oil and frother, or oil
and temperature might be expected, rather than a frother and temperature term. The
CMR (%) regression equation supports this conclusion as strong interactions between
oil and frother exist for a system primarily dependent upon oil wetting of the
carbonaceous matter. Hence, the results imply the pyrite rich particles report by a
combination of oil induced flotation with the agglomerate phase, and by natural

flotation.
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. The % solids of the profiuct phase did not appear to impact TS (% daf). The
results from the regression analysis and the graphs both support this observation.
Hence, an insignificant mass of sulphur rich material reports to the product phase via
hydraulic entrainment.

Ash (% db) - Test E10

Table A2.10 summarizes the regression work describing how the ash (% db) in
the product phase varies with the main factors of the design. All the main factors and
process variables, including the % solids in the product phase, tested statistically
significant in terms of final ash (% db) at a probability level of 0.01, with the exception
of oil addition which tested at 0.08. No interactions were identified in the regression
and the adjusted R2 was very high at 0.94, although the equation lacked consistency
with expected trends.
Ash (%db) = 26.6 + 1.5%0il + 99.4*froth - 0.08*energy - 0.093*temp - 0.66*%solids
. The regression work indicates the ash (% db) increases when the oil is
increased. The graphical evaluation indicates this is clearly inconsistent because an
increase in oil tended to decrease the ash (% db). The literature review also indicau.as
that the product ash content should decrease with an increase in oil additions. The
reason is attributed to uncontrollable variations in the % solids in the product phase.
. The graphic evaluation of frother indicates minimal impact on the final ash (%
db), however, the regression study indicated frother to be a predominant factor. The
explanation is related to the uncontrolled variations in % solids and the substantial
impact on the final ash (% db).
. The impact of energy input indicates the high shear mixers are reworking and
reforming the agglomerates, and in doing so, causing the efficient removal of ash
material from the agglomerates. The regression equation is supported by the graphic
evaluation.

178



. The results indicate an increase in temperature reduces the final ash (% db) in the
product phase. The probable explanation for this trend is related to the lower CMR (%)
experienced at higher temperatures, being attributed to frother evaporation or bubble
rupture.
. The % solids term in the equation appears to be the predominant factor in the
expression related to ash (% db) in the product phase. An increase in % solids causes a
corresponding decrease in the ash (% db) of the product phase. Figure A8.38 provides
convincing support of this trend in which the ash (% db) is plotted against the % solids
of the product phase.
9.2.2 Group 2 - Test Ell1

CMR (%) - Test E11

Tables A3.1 to A3.11 summarize the regression work performed on Test E11
with respect to CMR (%). Table A3.1 provides the regression analysis of all four main
factors. These results indicaite that oil, frother, and temperature remain as statistically
significant main factors at a probability level of 0.005, however, energy input was
insignificant at a probability of 0.9. Table A3.2 represents the regression work
investigating the potential of interactions. These results indicate that the same interaction
(eg. oil* frother) identified in test E10 is significant at a probability of 0.006. Table
A3.3 represents the final regression equation for the coded factor matrix. The results
from the regression has an adjusted R? value of 0.92, and the equation is presented
below.
CMR (%) = 73.9 + 8.7%0il + 9.51*froth - 6.1*temp - 4.4%0il*froth

Table A3.4 provides the results for the raw data matrix regression equation. The
equation is presented below and does not indicate any difference in the form of the
regression equation between the coded factor matrix results, and the raw data matrix
results.

CMR (%) = 34.3 + 42.1%0il + 2514%froth - 0.496*temp - 1345*oil*frother
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. The same interaction of oil and frother is a significant contributor to CMR (%)
for both tests E10 and E11. Hence, despite the absence of a significant energy term in

the equation for test E11, almost the identical equation was generated independently for
both tests E10 and E11.

. The standardized coefficients for the coded factor matrix equation suggests that
frother addition has a larger impact on CMR (%) than oil addition over the experimental
ranges investigated for test E11.

TS (% daf)- Test E11

Tables A3.5 to A3.10 summarize the regression work performed in analyzing
TS (% daf) for test E11. The results suggest that three of the main factors, oil, frother,
and temperature are statistically significant at probability levels of 0.03. However,
energy input, not unlike what the equation for CMR (%) indicated, does not appear to
be significant for this group of data. To further explore the possible similarity in trends,
the interaction between frother and temperature was added to the equation. The adjusted
R? value jumped from 0.81 to .95 when this interaction was added to the equation.
Hencé, Table A3.7 was developed as the final equation describing the coded factor
matrix and is presented below. The goodness of fit was excellent with an adjusted R?
value of 0.94.
TS (% daf) = 4.82 + 0.13%0il + 0.29*froth - 0.27*temp - 0.14*froth*temp
. The regression equation is distinctively different from what was obtained for the
CMR (%) investigations for either tests E10 and El11, indicating different recovery
pathways must exist. Furthermore, the equation appears to be similar as the form
obserwd for test E10 TS (% daf) investigations.
. Energy input did not test as statistically significant for test E11 ata probability
level of 0.05, while for test E10, it is statistically significant at a probability level of
0.001. This observation was also observed for the CMR (%) regression analysis when
test E10 and E11 were compared.
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. Frother and temperature are prominent factors in the regression analysis, and the
interaction between frother and temperature tests statistically significant at a probability
of 0.005.

. Oil addition was an influencing factor, although it appears to be a less
predominant variable when compared to frother and temperature for the experimental
ranges investigated.

Tables A3.8 and A3.9 were developed based upon the raw data matrix, and used
to generate the final equation f« TS (% daf) for test E11. Table A3.8 summarizes the
final equation generated by the coded factor matrix regression work, and provided an
excellent fit with an adjusied R2 value of 0.94. However, the main factor of
temperature tested as statistically insignificant at a probability level of 0.5, hence, Table
A3.9 was developed to represent the final equation for the raw data matrix.
Temperature was discarded from the equation further reducing the form to a single
constant, two main factors, (eg. oil and frother), and one interaction, frother and
temperature. The results of this final regression analysis indicate an excelleat adjusted
R2 value of 0.94. The eq.uaﬁon is listed below.

TS (% daf) = 3.88 + 0.34%0il + 83.4%froth - 1.34*froth*temp

J The final regression for the raw data matrix is similar to the equation developed
for test E10, with the exception of the absence of energy input, the equation form is
very similar. Furthermore, the rejection of energy input from this group of data appears
to be consistent with the trends observed in the CMR (%) evaluation.

. The regression results from the coded factor matrix and the raw data matrix
Mmm&dwﬁmdmmfmmmmwaamﬁmy
of 0.05. However, the results of the regression work indicate the interaction of frother
and temperature became a more predominant term in the equation, and the effect of
temperature is contained in this expression.
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. The regression equation has been simplified dramatically, yet maintained an
excellent fit with the experimental data. Hence, the same equation will be considered
initially when evaluating the comibined data sets for tests E10 and E11.

Ash (% db) - Test Ell

Tables A3.10 and A3.11 summarize the regression work performed on the ash
(% db) in the product phase for test E10. Table A3.10 was used to investigate the final
regression equation used in test E10. The results indicated the same equation provided a
very good fit, with an adjusted R2 value of 0.95, % :wever, the encrgy input term tested
as insignificant for test E11 at a probability level of 0.10. This trend was supported by
the graphice! evaluation of the results, as Figure A8.21 indicated that energy did not
impact the final ash (% db) content of the product phase. Hence, energy input was
removed from the equation and Table A3.11 was used to investigate the reduced
equation. The resulting equation is listed below and demonstrated an adjusted R2 value
of 0.94.
Ash (% db) = 253 + 2.1%0il + 87.2*%froth - 0.11*temp - 0.74*%solids
. The regression equaﬂm ¢losely resembles the results obtained for test E10,
however, energy input does nck iest as statistically significant at a probability leve! of
0.05. This trend in the data appears to be consistent with respect to all the regression
work performed for test E11.
9.2.3 Group 3 - Test E10 and El1

CMR (%) - Test E10 and Ell

Table A4.1 provides the regression work performed on tk; z:.ombined data set
for tests E10 and E11. The regression equation fits the data very well with an adjusted
R2 value of 0.92. The reduced equation is described as follows.
CMR (%) = 45.6 + 43.1%0il + 2310%froth - 0.29%energy - 0.43%temp - 1307*oil*froth
. The same regression equation appears to fit very well for not only E10 and E11
independently, but also when the data sets are combined.

182



. Oil and frother are the predominait factors influencing CMR (%), and appear to
have about the same impact over the experimental ranges investigated. Similarly, the
interaction of oil and frother tested as statistically significant for the combined data set at
a probability of 0.001.
. The impact of size on CMR (%) tested as insignificant at a probability of 0.10,
and the results from the graphic anaiysis support this trend. The literature also supports
this trend, as the process of agglomeration is not normally effected by even large
variations in size. However, the flotation process is sensitive to particle size. The
insignificance of particle size on CMR (%), indicates that the addition of oil and energy
has resulted in the formation of small agglomerates eliminating any impact on the
process of flotation. This data set represents the most dramatic change in size within the
experimental program, hence, it is reasonable to conclude that particle size does not
appear to impact the CMR (%) within the experimental ranges investigated.
. Sample age does not appear to impact CMR (%) for tests E10 and E11. The
sample age investigated within this data set does not represent the largest variations
within the desig:., hence, the only observation which can be stated is that a sample age
of 9 to 10 days after preparation is not long enough to significantly impact CMR (%).

TS (% daf) - Test E10 and E11

Table A4.2 summarizes the regression work performed on the combined data set
of tests E10 and E11. The regression equation used from both tests E10 and E11 raw
data matrix was used in the analysis, except that size and sample age were added to the
expression. The results of the regression analysis are excellent, with an adjusted R2
value of 0.94. The equation is presented below for discussion.
TS (% daf) = 6.08 + 0.28%0il + 78.3*froth - 1.39*froth*temp - 0.03*size - 0.08*%age
. The results from the regression analysis indicate that the same equation used for
tests E10 and E11 independently, worked very well for the combined data set, except
size and sample age were added to the equation.
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. Frother and temperature remain predominant factors impacting the TS (% daf) of
the product phase. Oil addition increases the final TS (% daf) of the product phase, but
is considered of lesser importance when compared to frother and temperature. Energy
input did not test statistically for the combined data set for tests E10 and E11 at a
probability of 0.01.
. The regression results indicate that a decrease in size causes an increase in
sulphur content. The explanation might be related (o the kinetics of flotation of the
smaller pyrite particles, which are now lower in mass and can report to the product
phase faster. The graphical results from Figure 8.26 support the trend indicating a
decrease in size tended to increase ##¢ TS (% daf) content in the product phase.
. The regression results indicated that an increase in sample age, lowers the
sulphur content of the product. The increased exposure to air oxidation provided
additional time for the pyrite surfaces to oxidize. Oxidized pyrite is less hydrophobic,
and therefore, would be less attracted to the oil phase, and would demonstrate less
tendency for natural flotation.

Ash (% db) - Test E10 and El1l

Table A4.3 contains the regression work performed on the combined data set for
tests E10 and E11. The regression contains all the main factors, and the impact of size
was ac'ded to the expression. The results of the regression appear very good with an
adjusted R? value of 0.94, and followed the same basic equation as tests E10 and E11
did independently.
Ash(%db)=29+ 2.2%0il + 89.1*froth - 0.1*energy -0.1*%temp - 0.03*size - 0.72*%
solid
. The impact of size tested statistically significant at a probability level of 0.001,
indicating that a reduction in size caused a corresponding reduction in the ash (% db) in
the product phase. The graphical observation supports this trend as Figure A8.11
indicates a decrease in size caused a drop in final ash (% db) content.
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. The impact of sample age test as insignificant at a probability of 0.05.
9.2.4 Group 4 - Test E10, E11 and E12

CMR (%) - Test EI0, E1l1 and EI2

Table AS.1 and AS.2 represent the regressions of CMR(%) for the combined
data sets for tests E10, E11 and E12. This work was performed using the raw data
matrix, because of test E12 does not represent a complete set of factorial set points.
Table AS.1 represents the similar equation used to describe tests E10 and E1,
however, the effect of energy input as a main factor has been removed because it tested
insignificant at a probability level of 0.05. The equation is listed below and the data fits
well with an adjusted R2 value of 0.86.

CMR (%) = 34. + 44.3%oil + 2579*froth - 0.48*temp - 1520%cil*frother - 0.21*age

. The regression equation used to describe the combined data sets of tests E10,
E11 and E12 is very similar to the equation used to describe tests E10 and El1,
however, the impact of energy input was rejected when test E12 was added to the data
set. The results of the regression analysis also suggest the possibility of non-linearity in
the response surface because of the reduced fit of the regression when additional data
was added.

° The impact of sample age on CMR (%) is statistically significant at a probability
of 0.001, indicating as the sample is givexi prolonged exposure to air, natural oxidation
reduces the recovery of combustible matter.

Table A5.2 was used to investigate a different regression analysis, whereby the
squation was slightly modified. The equation is provided below and demonstrates a
slightly better fit with an adjusted R2 value of 0.88.

CMR (%) =32. + 46.7*0il + 2555*froth - 0.48*temp - 1500*oil*frother - 0.23*age*oil

The results of this regression work indicate very similar trends as described in

Table A5.2, however, the impact of sample age has been coupled with oil concentration
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in this analysis. The results indicate the term is statistically significant at a probability of
0.001, and the regression performance is slightly improved.

TS (% daf) - Test E10, E11 and EI2

Tables A5.3 and A5.4 represent the regression work performed for the
combined data sets for tests E10, E11, and E12 for TS (% daf). This work was
performed using the raw data matrix, because test E12 does not represent a complete set
of factorial set points. The results contained in Table A5.4 are promising with an
adjusted R2 value of 0.93. The equation used in the regression is exactly the same as
the equation developed for the combined data set for tests E10 and E11, with the
addition of size and sample age. To further investigate the possibility of improvements,
additional interactions consistent with process fundamentals were added to the
expression. These results are contained in Table A5.4, and demonstrated an excellent
regression with an adjusted R2 value of 0.95.
TS(%daf) =3.9+ 0.66%oil + 107*froth - 1.4*froth*temp - 0.003*oil*size- 0.01*oil*age

- 0.37*froth*size - 46*froth*age

. The regression equation developed from the combined data sets from tests E10
and E11 have provided very good results for the combined data set of tests E10, E11,
and E12 when sample size and age were added to the expression.
. Swe and sample age appear to impact the TS (% daf) content of the product
phase ina complex manner, as several interactions have tested as statistically significant
at probability levels of 0.01 and lower. These new interactions appear to influenced by
the two most important chemical factors of the process, oil and frother.

Ash (% db) - Test E10, Ell and EI2

Tables A5.5 and A5.6 summarizes the results developed for the combined data
sets of tests E10, E11 and E12. The equation evaluated in Table A5.5 follows the same
form used for the combined data set for tests E10 and E11 alone, except sample age was
added to the expression. The results of this regression analysis are fair providing an
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adjusted R2 value of 0.81, however, it is obvious the impact of sample age and size has
complicated the regression. Several interactions were investigated to identify any
possible improvements. These results are contained in Table AS5.6, and indicate that
two additional interactions test as statistically significant at a probability level of 0.005.
The equation is listed below, and the addition of the interactions increased the adjusted
R2? to0 0.85.
Ash (% db) =33.9 + 1*oil + 63.5*frother - 0.06*energy - 0.1*temperature - 0.14*size -
1*%solids - 0.11*age + 4*froth*age + 0.009%size*%solids

. Both sample age and % solid in the product phase have a direct impact on the
final ash (% db) content, causing a reduction as either variable increases.
. Two additional interactions tested as statistically significant and improved the
overall regression: frother and sample age, and size and % solids.
9.2.5 Group § - Test E10, E11, E12 and E13

CMR (%) - Test E10, Ell, E12 and EI13

Table A6.2 and A6.3 were used to investigate the entire combined data set for
tests E10, E11, E12 and.EIB. The same equations investigated in Tables A5.2 and
AS.3 were used in the evaluation, and similar trends were observed. The results from
Table A6.2 are listed below, and indicate the regression results to be fair with an
adjusted R2 value of 0.74. However, it is apparent that the goodness of fit has been
reduced considerable and must be attributed to the complex impact of sample age,
surface oxidation, or non-linearity in the response surface.
CMR (%) = 41.5 + 38.4%0il + 2132*froth - 0.47*temp - 1154*oil*froth - 0.27*age

In Table A6.2 the impact of sample age was replaced with the interaction of
sample age and oil. The goodness of fit improved with this equation with an adjusted
R2 value of 0.81, however, the equation is only described as fair, as the impact of
sample age has impacted CMR (%) in some complex manner. The equation is described
below.
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CMR (%)=38.1+ 40.9%0il + 2039*froth - 0.46%temp - 1074%oil*frother - 0.26*age*oil

The conclusion from this regression work is that the original regression equation
provides for a valid description of the process. However, the impact of sample age on
CMR (%) is complex, and to more thoroughly investigate and improve the evaluation,
additional data would be required.

TS (% daf) - Test E10, El11, E12 and EI3

Tables A6.4 and A6.5 provide the final regression farthe cambined data set of
tests E10, E11, E12 and E13. The raw data matrix was used in these final regression
works, and the results are very good as the adjusted R? values were .91 and .93 for
tests for Tables A6.4 and A6.5, respectively. The final equation from Table A6.5 is
provided below.
TS (%daf)=3.8+0.66%0cil + 109*froth - 1.4*froth*temp - 0.004%oil*size - 0.01%oil*age

- 0.4*froth*size - 48*{roth*age

The results from this regression analysis indicates the same equation developed
for tests E10, E11 and E13 provides for very good fit when test E13 is also included in
the data set. |

Ash (% db) - Test E10, El1l, E12 and E13

Tables A6.5 and A6.6 provide the final regression analysis results for the ash
(% db) in the product phase. The same equation was investigated for the combined data
set of tests E10, E11, E12 and E13. The goodness of fit for the regression analysis is
fair, revealing an adjusted R2 value of 0.82. When the interaction of frother and sample
age, and size and % solids, where added to the expression in Table A6.6, the adjusted
R2 value increased 10 0.85. However, the equation has some inherent limitations as it is
not fully supported by the graphical analysis, hence, the overall validity can be
classsified as marginal.
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9.3 Graphic Evaluation

Figures A8.1 to A8.36 provide the graphic representation of all main factors,
whereby the dependent axis contains the process responses, CMR (%), TS (% daf) ,
and ash (% db), and the independent axis contains the coded high and low set point
values for each main factor. The representation was used to help assess the impact of
main factor variations.

9.3.1 Oil Concentration

Figures A8.1 to A8.3 provides the evaluation of cil concentration with respect to
CMR (%), TS (% daf), and ash (% db), for test E10, while Figures A8.13 to A8.15,
and A8.28 to A8.30 provide the same evaluation for tests E11 and E12, respectively.

Figures A8.1, A8.13, and A8.28 indicate that CMR (%) increases when oil
concentration is increased. Observations indicate that the most dramatic changes in
CMR (%) occurred in Figures A8.1 and A8.13, while the changes experienced in
Figure A8.28 were not as pronounced. The trend is related to the larger changes in set
point values implemented for tests E10 and E11 (e.g. from +1 to -1), while test E}Z
experienced smaller set point changes (e.g. +0.71 to -0.71). |

Figures A8.2, A8.14 and A8.29 indicate the TS (% daf) content of the product
phase is also directly related to the oil concentration. These results indicate that the
sulphur content of the product phase increases as the oil concentration is increased. The
most pronounced changes are again observed in Figures A8.2 and A8.14, while A8.29
demonstrates smaller changes likely due to the narrow increment associated with the set
point changes in il concentration for test E12.

Figures A8.3, A8.15, and A8.30 provide for the evaluation of how changes in
oil concentration impact the product ash content. Figures A8.3 and A8.15 provide
convincing trends which indicate that the ash (% db) of the product decreases as the oil
concentration increases, however, results in Figure A8.30 are not as conclusive as the

data appear to have more scatter. It is likely that changes in set point values have
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reached their experimental limitation with respect to ash content as it relates to oil
concentration, and systematic variations and disturbances within the apparatus account
for the scatter in the data.

9.3.2 Frother Concentration

Figures A8.4 to A8.6 provide for the evaluation of how frother concentration
impacts CMR (%), TS (% daf), and ash (% db) for test E10, while Figures A8.16 to
AS8.18 and A8.31 to A8.33 provide for the evaluation for tests E11 and El2,
respectively.

Figures A8.4, A8.16, and A8.31 all indicate that the CMR (%) is strongiy
influenced by the concentration of frother. As the concentration of frother is increased,
the CMR (%) is also increased. This trend is strongly supported in tests E10, E11, and
E12, suggesting that frother concentration has similar levels of impact on the CMR (%)
than the oil concentration within the experimental ranges investigated.

Figures A8.5, A8.17, and A8.32 all indicate that the TS (% daf) content of the
product phase increases with the increase in frother concentration. A strong trend is
observed in all three tests, indicating frother to be a major parameter influencing the tota
sulphur of the product phase.

Figures A8.6, A8.18, and A8.33 do not provide a strong argument that the
frother concentration impacts the final ash content of the product phase. The results
from Figure A8.6, A8.18 and AB.33 demonstrate a high level of scatter, and would be
difficult to substantiate an impact of frother concentration except the data is
simultaneously influenced by percent solids in the product phase.

9.3.3 Energy Input

Figures A8.7 to A8.9 provide for the evaluation of how energy input impacts
CMR (%), TS (% daf), and ash (% db) for test E10, while Figures A8.19 to A8.21 and
A8.34 to A8.36 provide for the evaluation for tests E11 and E12, respectively.
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Figure A8.7 indicates that the added energy input decreased the observed CMR
(%) for test E10. The results do not indicate a dramatic change, but they are consistent
in nature. The results contained in Figure A8.19 did not appear to demonstrate the same
trend for test E11, as a consistent decrease in CMR (%) with an increase in energy was
not clearly observed. The results from test E12 are summarized in Figure A8.34 and are
similar to test E10, indicating a decrease in CMR (%) with an increase in energy input.
However, there is limited data demonstrating the impact of energy input variations for
test E12.

Figure A8.8 indicated the TS (% daf) of the product phase decreased wiih an
increase in energy input for test E10, although the results from tests Ell and E12,
presented in Figures A8.20 and A8.35, were not conclusive as only a slight decrease in
the TS (% daf) was demonstrated in test E12.

Figure A8.9, used to define test E10, indicated the ash (% db) of the product
phase decreased consistently when the energy input to the apparatus was increased.
However, Figures A8.21 or A8.36, which were used to describe the impact on energy
input for tests E11 and E12, indicated the lack of any consistent variations in ash content
as related to the increase in energy input.

9.3.4 Temperature Input

Figures A8.10 to A8.12 provide for the evaluation of how temperature increases
impacts CMR (%), TS (% daf), and ash (% db) for test Ei0, while Figures A822 to
A8.24 provide for the evaluation for test E11.

Figures A8.10 and A8.22 from tests E10 and E11 both indicate that an increase
in temperature caused a decrease in CMR(%). Similarly, Figures A8.11 and A8.23
both indicate that an increase in temperature caused a decrease in the TS (% daf) of the
product phase. Figures A8.12 describes the ash (% db) content of the product phase as
temperature is varied for test E10, and indicates increasing temperature decreases the
product ash content. However, Figure A8.24, which describes the impact of
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temperature on ash (% db) content for test E11 does not provide conclusive evidence
indicating that the ash (% db) content of the product phase decreases with an increase in
temperature as there exists too much data scatter.

9.3.5 Particle Size

Figures A8.25 to A8.27 provides for the evaluation of how particle size impacts
CMR (%), T's (% daf), and ash (% db) for tests E10 and E11. Figure A8.25 indicates
that the CMR (%) appears to be independent of size, as there is limited change in CMR
(%) magnitudes observed between tests E10 and Ell. Furthermore, the resuits
contained in Figure A8.25 suggest the data is random, not demonstrating any trend with
variation in size.

Figure A8.26 indicates that the decrease in size for test E11 consistently
increased the TS (% daf) of the product phase. Figure A8.27 indicates the opposite
trend for ash, as a decrease in size reduced the ash (% db) content of the product phase.
9.3.6 Percent Solids of Product Phase

Figure A8.37, A8.38, and A8.39 provide for the evaluation of how percent
solids of the product phase impacts the TS (% daf), the ash (% db) contents, and the
CMR (%). The results in Figure A8.37 suggests no trend exists between percent solids
and TS (% daf) in the product phase. However, the results do indicate that the
variations in TS (% daf) appear to be the largest in the lower percent solids region,
hence, some hydraulic entrainment of pyrite is possible.

Figure A8.38 indicates a strong trend exists between the product percent solids
and ash (% db) content. Furthermore, there does appear to be substantially more scatter
in the data at the lower percent solids regions, and the process appears more consistent
at the higher percent solids concentration. These results clearly indicate that the
hydraulic entrainment of ash material is occurring.

Figure A8.39 indicates the percent solids of the product does not influence the
CMR (%), indicating the hydraulic entrainment of carbonaceous material is unlikely.
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9.3.7 Sample Age

There is insufficient data to prepare a proper graphic evaluation of air exposure
time, however, regression techniques will be used to test if any trend exists.
9.4 Apparatus

The bench scale apparatus operated very well and most of the modifications
implemented had positive impacts on both the results and operation of the plant.
1. Variations in coal feed rate would cause critical process disturbances which
would invalidate much of the experimentation, hence, a reliable coal feed system was
required. The coal feed system employed in this study operated with a high level of
accuracy and reliability (eg. > 1 % relative error).
2.  The gear driven oil feed pump also performed with the same high level of
accuracy (eg. >1% relative error), providing a feed rate to the system with extremely
low levels of estimated error. The oil addition was important because of the relatively
large impact on the process expected from these additions, and because at very low oil
addition levels small variations would cause large variations in the % relative error. The
injection location of the <;il was selected in the region of the mixer with the maximum
velocity gradient and highest overall shear rate. This is considered to be the best
location in terms of providing optimum dispersion and particle contact.
3. A centrifugal pump was used to feed the frother soluiios; o the flotation cells.
The pump performed with reasonable accuracy, indicating a % relative error of about
4.5%. Hence, the pump required more attention during the testing program, therefore,
visual confirmation of the pumping action was established to provide for the opportunity
of semi-continuous monitoring of frother addition. A small back pressure device in the
form of a line restriction was required to assist in stabilizing the performance of the
pump.
4.  The rotameters provided the test unit with a continuous supply of water within 5
% relative error. Variations in flow during the process were anticipated to be an
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insignificant problem, as the process was equipped with a large equalization tank at the
beginning of the process.

S. The high shear mixing system performed very well. The motors provided very
consistent mixing, and were able to endure long periods of continuous testing without
any mechanical or electrical problems. The mixer design for high shear vessel 1 had a
poor baffle design, and resulted in inadequate shear and velocity gradient patterns when
compared to high shear mixer 2, and caused some unexpected results.

6. The flotation cells performed very well. The following modifications were
implemented to the cell to improve the performance.

J A weir control device was built to control level in the cell .

. A rotating paddle device was installed to skim the froth from the surface
of the flotation cell down into the pyrite separator at a constant and uniform rate.

J Spray nozzles were added to wash and push the froth towards the pyrite
separator at a constant and uniform rate, eliminating any dead zones on the cell surface,
and help release impurities from the agglomerates.

e The agglomerated feed stock was fed directly into the flotation impeller
for maximum dispersion within the cell and contact with air bubbles. The frother
reagent was fed into the feed stock line to provide for fast and equal dispersion of the
frother.

. An additional conical shaped bottom was added to the flotation cell to
allow for heavier and larger particles to settle out of the slurry phase. The conical
bottoms worked extremely well in reducing thc: accumulation of sulphur rich material
which normally collects in the bottoms of ~#¥is without such design provisions. The
conical bottoms and settling vessels eliminated the problem of sulphur creep in the
product which would have caused proble:s related to process measurements in terms of
TS (% daf), reducing the reléability ox{ dse data. The conical shaped bottoms in both the
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flotation cell and pyrite separator dramatically jmproved the experimental method with
respecttoTS(%dal)mmsumnmtsintheproduaphase.

7. The Pyrite Separator is a novel design developed to investigate the enhanced
removal of pyrite from the product phase by exaggerating the three fundamental
components of the flotation cell: froth washing, flotation of valuable constituents, and
gravity settling of pyrite and ash rich particles. The performance of the pyrite separator
was not extensively tested in this experimental program, hence, no firm conclusions
were developed based upon its performance, However, no dramatic deficiencies in
performance were observed either, and the unit appeared to operate in a manner in
which its design had intended.

9.5 Experimental Method

1. The experimental results indicate that the apparatus and method provided for
very good test repeatability. The development tests indicate excellent recovery of total
solids, with the small losses being accounted for by sampie handling. The deveiopment
tests indicated the existence of sulphur creep in the product phase; being attributed to
accumulations of sulphur rich solids within the flotation cells and pyrite separator. 'i‘he
installation of conical bottoms and settling vessels eliminated sulphur creep by
immediately removing any solid accumulations from the vessels.

2.  The development tests also indicated an interval sampling program provided
reliable results. A SO minute period of stabilization, followed by a 10 minute sampling
interval was found to be sufficient to ensure a representative sample was extracted.

3.  The sample handling and preparation methods provided for reliable results, and
the quality assurance and quality control program within the analytical laboratory was
excellent.

9.6 Data Analysis

1. Multiple linear regression analysis provided a good anmjysis of the data.
However, multiple non-linear regression analysis would have been the preferred
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approach to the evaluation because of the expected non-linearity of the response surface.
Tests E10 and E11 represented the most reliable and complete set of data because of
minimal sample oxidation and the orthogonal design of these tests.

2. Test E12 was designed to investigate non-linearity within the response surface
primarily for oil and frother addition, however, the air exposure of the test coal
complicated the data analysis and inhibited the non-linear regression analysis of the data,
and in general, reduced the performance of the regression analysis. The possibility of
non-linear effects of oil and frother is highly probable, and contributes to the lack of
regression performance when the complete combined data set was evaluated using linear
regression analysis, rather than non-linear.
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10.0 Conclusions
10.1 Process Performance
10.1.1 TS (% daf)

Figure 8.1 descnb&c the process in terms of CMR (%) versus TS (% daf) for the
experimental conditions tested. The feed stock coal contains 6.00 % TS (% daf) based
upon the washability results, and can be cleaned by the process o about 4.60+% TS (%
daf), while maintaining a mnge of CMR (%) from 75 to 90 %. The washability results
indicate a theorstical cleaning potential of between 3.2 to 3.8 % TS (% daf) can be
achieved at a CMR (%) of 90 %. These results indicate that the process performed from
poor to fair with respect to the removal of sulphur.

10.1.2 Ash (% db)

Figure 8.2 describes the process in terms of CMR (%) versus ash (% db). The
feed stock coal contains 33 % ash (% db), and can be cleaned by the process to less than
15 % db, yet still maintain a CMR (%) of 90 %. Dewatering of the product would
reduce the ash content to about 14 % db. The washability results indicate a theoretiqal
cleaning potential of about 11.0 % ash (% db) at a CMR (%) of 90 %. These results
indicate the process performs very well in terms ash removal.

10.2 Process Fundamentals

CMR (%)

CMR (%) appears solely dependent upon the successful oil wetting of the
combustible surfaces. Other recovery pathways such as those related to natural surface
hydrophobicity, or hydraulic entrainment, do not appear to impact CMR (%). The
predominance of ail, frother, and their interaction supports the reliance of the process on
oil addition. If other predominant interactions not related to oil addition existed, other
pathways for recovery may seem possible. The regression work revealed minimal
sensitivity for size or sample oxidation in terms of CMR (%), providing more
supportive evidence that only a single pathway exists. Process fundamentals support
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this trend as the agglomeration process provides the oil and high shear mixing with
which a consistent feed stock in terms of both size and surface hydrophobicity are
produced, thereby minimizing any potential variations within the flotation performance.

TS (% daf)

In terms of TS (% daf), the process behaves distinctly different than that of the
carbonaceous agglomerates. The sulphur rich particles report to the product via three
pathways: as non-liberated pyrite, attachment within the agglomerate phase, or via
natural flotation of the pyrite particles. The washability analysis indicates some pyrite is
finely disseminated within the coal matrix and is nen-liberated after grinding of the feed
stock. This non-liberated pyrite will report to the product phase with the CMR (%).

The addition of oil increased the TS (% daf) of the product phase indicating that
pyrite rich particles are captured within the agglomerates and report to the product phase
during flotation.

The impact of frother and the interaction between frother and temperature are the
most predominant factors in the regression equation, indicating that natural flotation of
pyrite to the product occurs. It is difficult to quantify the contribution of each pathway,
but th: results suggest that the natural flotatior: of pyrite may bz predominant because of
the relative magnitude of the regression coefficients.

Ash (% db)

In term of ash (% db), the process behaves distinctly different than either the
carbonaceous agglomerates, or the pyrite rich particles. The ash rich particles report to
the product phase by three pathways: as non-liberated ash, entrapped or attached to a
newly formed agglomerates, or via hydraulic entrainment with the water phase.

The washability analysis indicates some component of ash is finely disseminated
within the coal matrix aad is not liberated by conventional grinding methods, and thus,
will report to the product phase with the CMR (%).The significance of oil, frother, and
temperature main factors impacting the ash (% daf) of the product phase indicates that
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some ash rich particles are associated with the agglomerates. The strong influence of %
solids in the product phase indicates that the hydraulic entrainment of ash particles into
the product phase is a major pathway.

10.3 Main Factors and Isteractions

10.3.1 CMR (%)

1. The regression and graphic evaluations indicate that oil concentration is a
predominant factor influencing CMR (%), providing for substantial increases within the
oil addition levels investigated. The improved CMR (%) has been attributed to more
efficient oil wetting of the carbonaceous particles as oil concentrations increase.

2. The regression and graphic evaluations indicate that frother concentration is a
predominant factor influencing CMR (%), increasing recovery over the ranges
investigated. The increase in CMR (%) has been attributed to the more resilient froth
system, higher in bubble concentration generated by the addition of frother.

3. The interaction between the oil and froiher indicates that the latter may play an
additional role aside from stabilizing the froth, as the interaction tended to decrease
CMR (%). The negative ‘interaction has been attributed to the reduction in bubble size
because the reduced surface area available for attachment will likely inhibit recovery of
larger sized agglomerates; and the bubble may be insufficient in buoyancy to recover the
larger and heavier aggldmetat&s.

4, High shear mixing is essential to the process of agglomeration, however, within
this study, high energy levels were used resulting in minimal impact when energy
variations were implemented. |

5. The regression and graphic evaluation indicates a decrease in CMR (%) with an
increase in temperature. The decrease in CMR (%) has been attributed to the

evaporation of frother, allowing for a less stable bubble system.
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6. Size tested insignificant at a probability of 0.05. Process fundamentals support
this trend because agglomeration was employed with the intention that it would produce
a flotation feed stock constant in size and hydrophobicity.

7. The impact of sample age is consistent with process expectations.
Agglomeration is robust in terms of oil wetting highly oxidized carbonaceous surfaces
and the regression analysis supports the trend as additional oil could be used to maintain
high recoveries for the sample with the highest degree of surface oxidation.

8. The % solids of the product phase did not impact CMR (%). The results from
the regression and graphic evaluation both support this observation.

10.3.2 TS (% daf)

1. The regression results indicate the addition of oil causes a moderate increase the
TS (% daf) of the product phase within the experimental ranges investigated.

2. The regression indicates that frother is the predominant factor increasing the TS
(% daf). Additional frother provides for increased recovery of pyrite particles, primarily
by improved bubble sizes, and a more stable froth system.

3. Variations in high shear mixing had minimal impact on TS (% daf) content.

4, The interaction between frother and temperature indicates as the later is increased
the TS (% daf) of the product is reduced. The negative interaction is most probably
caused by promoting the evaporation of the frother.

5. The regression and graphical evaluation indicates that a decrease in size causes
an increase in TS (% daf). The increase has been attributed to faster flotation kinetics
because the pyrite particles are smaller in size, and lower in mass.

6. The regression resuits indicate that an increase in sample age lowers the sulphur
content of the product. The increased exposure to air oxidation provided additional time
for the pyrite surfaces to oxidize. The oxidized surfaces of pyrite are less attracted to the
agglomerate phase, and would demonstrate less tendency for natural flotation, thereby
reducing the sulphur content of the product phase.
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7.  The % solids of the product phase did not appear to impact TS (% daf). The
results from the regression analysis and the graphs both support this observation.
10.3.3 Ash (% db)

1. The regression work indicates the ash (% db) in the product increases when the
oil concentration is increased. The graphical evaluation has some level of scatter, but
indicates the ash content decreases with an increase in oil. It is difficult to explain the
discrepancy between the graphic analysis and regression analysis, and the comparison
reduces the validity of the equation.

2. The significance of frother addition was not realized until the % solids was
added to the regression. The graphical evaluation indicates as no conclusive comments
can be made based upon the raw data. These results tend to further invalidate the
regression equation.

3. The impact of energy input indicates the high shear mixers are reworking, and
reforming the agglomerates, and in doing so, causing the efficient removal of ash
material from the agglomerates. The regression is support by the test E10 graphic
results. |

4. The regression indicates an increase in temperature reduces the final ash (% db)
in the product phase, and the trend is support by the graphic evaluation. A probable
explanation is related to the increased potential for evaporation of the frother phase
thereby reducing CMR (%). Less ash (% db) will report to the product phase if CMR
(%) are lower.

5.  The regression indicates as size is increased, the ash (% db) of the product phase
also increases. The graphical evaluation contained in Figure 8.27 supports this trend,
although the plot does contain considerable scatter in the data. Finer sized feed coals
have higher levels of ash particle liberation, hence, high removal levels are possible.

6. The % solids term in the regression is the predominant factor in the regression
equation related to ash (% db) based upon the standardized coefficient. An increase in
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% solids causes a corresponding decrease in the ash (% db) in the product, because of
reduced hydraulic entrainment of ash constituents. Figure 8.38 provides a convincing
graphical support of this trend.

7. The regression indicated that an increase in sample age reduced the ash (% db)
of the product phase. Increased levels of air exposure may have caused additional
oxidation of the ash rich particles, rendering the ash rich particles even more hydrophilic
than their natural state.This may also be accounted for by the reduced levels of CMR
(%) experienced when the feed stock sample is exposed to oxidation.
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11.0 Recommendations

1. Further fundamental investigations should be conducted to identify the major
pathways by which the pyrite rich particles report to the product phase. The work
should involve two phases.

i. Phase 1 should involve fundamental mathematical model development to
help quantify which flotation pathways are the most predominant mechanisms
responsible for pyrite reporting to the product phase.

ii. Phase 2 should include additional investigative work, whereby the
experimental design is specific to identifying the major flotation pathways by which
pyrite reports to the product phase.

2.  Preliminary investigative work into pyrite depressants should be performed in an
effort to improve the process performance in terms of sulphur removal. Combining
agglomeration and flotation with the process of biologically oxidizing of pyrite surface
appears to be an area warranting investigation.

3. Investigative work should be performed to evaluate the tailings management and
treatment requirements associated with the process. The process is unique as it employs
higher oil concentrations than other comparable flotation processes, and generates finely
sized pyrite particles in the tailings stream. The higher oil concentration used in the
process increases the potential for hydrocarbon contamination of the tailings stream.
The finely sized pyrite increases the available surface area which will likely contribute to
the severity of the acid mine drainage problems.
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Appendix 1
Mathematical Probability Models Describing CMR (%)
TS (% daf) and Ash (% db)
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Al Probability Models

Three scientific descriptions and probabilistic models were developed to describe
how the processes of agglomeration and flotation. are linked together to facilitate the
cleaning of bituminous coals. Models describing combustible recovery, pyritic sulphur
reduction, and ash rejection were developed and presented in the following sections.

Figure Al provides a schematic representation of the combustible matter
recovery (CMR) model. The diagram divides the process into the agglomeration and
flotation processes. Within the agglomeration process, particles can either report to the
agglomerate phase, or remain in the water phase. If the particle is successfully oil
wetted in the high shear mixing stage, it will report to the agglomerate phase. The
particle will report to the water phase if oil wetting does not occur. Both the
agglomerate phase and the water phase report to the flotation process of the model
representation.

The flotation process is subdivided into three zones, the slurry, transition and
froth zones (see Figure A2). The slurry zone represents the region where all the inputs
to the system are initially mix together, and all phases (agglomerate, water, and air)
coexist in this region. The transition zone represents the dynamic region of the process
where attachment and detachment of particles occurs continuously. It is within this
region that entrainment of solids to the product occurs. The froth zone represents the
distinct phase of solids and air which rides on the surface of the transition zone.
Agglomerates will report back and froth across the boundary of the froth and transition

zones by various mechanisms.
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Al.l Combustible Matter Recovery Model
Al.l.1 Agglomeration

Agglomerate Phase

Figure A1 summarizes the block diagram of the proposed probabilistic model
describing how the combustible solids report to the product phase. The model begins
with the addition of mixing energy, coal slurry and oil. The probability of successful
agglomeration, P,, is given by the equation 1 which relates the outcome to the product
of the probability of formation, Py, by (1 - Py), where Py is the probability of
agglomerate breakage.

P,=Pr*(1-P) eq. 1

Agglomerate Formation

Py, the probability of formation can be defined in terms of transport and
attachment mechanisms, where,

Pr= P2 * Puucn® eq. 2

where,

P2 is the probability of successful agglomerate transport,

where,

P2 = (Pp+ Ps) eq. 3

and,

P is the probability of successful agglomerate transport by impact inertia,

Pa is the probability of successful agglomerate transport by diffusion,

and, Puncya is the probability of successful agglomerate attachment,

where,

Pattact® = (Pgur+ Pagt + Pey8 + Peat),

and,

P, is the probability of attachment via surface energy minimization,

Pt is the probability of attachment via adsorption forces,
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Py is the probability of attachment via chemical bonding/interaction, and,

Peyft is the probability of attachment via particle entrapment.

therefore, the probability of successful agglomerate formation can be

defined in terms of transport and attachment mechanisms as described

below.

Pp= (Pia+ Pg) * (Pyus+ Pagt+ Pet?+ Pentt) eq. 4

Agglomerate Breakage

The probability of agglomerate breakage after formation is defined by the
inequality related to the attachment and shear forces present in the mixer.

Pp= Pygp2- Pattach?’ > 0, eq. 5

where,

Pyt is the probability that mixer shear forces exceed the attachment forces, and,

Pasach?' is the probability that the attachment forces are weaker than the

shear forces within the mixer, (e.g. (Pt + Pag?' + Pcyd' + Pengt')), therefore,

the probability of successful agglomeration is described by the equations below.

Pe= (Pa+ Pg2)*(Poup + Pag2 + Pepa + Peg) *

(1« (P~ (Pyut + Pagt’ + Poyt' + Peget))) eq. 6

where,

(Pap2- (Pour + Pag?' + Pey)) is >0,

and,

Pa= (Pa+ Pj2)*(Pyut + Pagr + Pepa + Pegd), eq. 7

where,

(Pgp2- (P’ + Pag?' + Py)) is < 0.

Water Phase

The probability of a combustible rich solid remaining distinctively part of the
water phase solids, Py, is given by the equation 8. The equation relates the Py, to the
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product of the probability of agglomerate breakage, Py, and (1 - Py), where Py is the
probability of successful agglomeration.
Pw=(1-P)+P*Pp eq. 8
Assuming similar transport and attachment mechanisms can be used to describe
this probability, then equations 9 and 10 below can be used to further define the
probability of a combustible rich particle remaining in the water phase.
Pw=(1 - (P2+Pg®) * (P + Pags+ Pcid)) + (P2 + Pgt) * (Pyur + Pag®+ Pe?) *
(Pah2- (Pous' + Pag?' + Pey?)), eq. 9
where,
(Pay2~ (Pour' + Pag?' + Pea®)) is >0,
and,
Py=(1-(Pa+Ps) * (Pl + Pap+ Pup)) eq.10
where,
(Pt - (Pous' + Pag?’ + Pyt)) is <O
Assuming 100 coal particles consisting of combustible, ash and pyrite rich
masses represent the sampie set, then equation 11 below must also be true. '
Py+Py=1 eq.11
Al.1.2 Flotation
During flotation energy, water, air bubbles and frother are new inputs to the
system. Combustible matter recovery by flotation can occur through four pathways:
L flotation of agglomerates formed during high shear mixing,
. flotation of agglomerates formed during flot:tion agitation,
o flotation of single combustible rich particles, sufficient in size and
hydrophobicity to cause their reporting to the froth phase, and,
® combustible matter recovery by water entrainment, which for this model
is neglected.
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The model does not discriminate between agglomerates formed as a result of the
flotation energy input, rather than high shear mixing, because agglomeraies formed in
either mixing stage would demonstrate very similar flotation kinetics and
thermodynamics. Considering a second stage of energy input and agglomerate
formation would over complicate the model. Hence, the model describing the
probability of successful formation of an agglomerate, or the successful oil wetting of a
single particles, during high shear mixing stage, Py, equation 12, has been somewhat
empirically tempered by this assumption.

Single particles sufficient in size and oil coating, will demonstrate flotation
kinetics and attachment forces similar to particles which formed agglomerates, but still
require individual transport and attachment probabilities. However, carbonaceous
particles that were not able to be properly oil coated, yet possessing natural
hydrophobicity, would require distinctively different transport and attachment
probabilities because of the lower surface hydrophobicity and the high oxidation of the
test coal. However, the model will not address this later pathway because the mass of
particles demonstrating natural hydrophobicity is small for this test coal and can be
neglected.

Agglomerate into the Froth Phase

Pa=Py* Py*(1-Pp) eq.12

In the above equation, Py, is the probability of successful attachment of an air
bubble to an agglomerate causing it to report to the froth phase. P, is the probability of
successful agglomeration; and Py, is the probability of detachment of an air bubble,
causing an agglomerate to report back to the slurry phase.

Agglomerate and Bubble Attachment

Py, the probability of successful attachment of an air bubble to an agglomerate
can be defined in terms of transport and attachment mechanisms.

where, Py = P * Puncif eq.13
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where,

P,f represents the predominant flotation transport forces,

and,

P, actf represents the predominant flotation attachment forces,

and,

Pyf= (Pf+ P4),

where,

Pfand P represent the probability that inertial and diffusion forces cause

successful contact of air bubbles and combustible agglomerates,

and,

Pattachf = (Pauf + Padf + Paif),

where,

Py, Pod, and Pf represent the probability that surface energy minimization,

adsorption forces, and chemical bonding are the predominant attachment forces

responsible for successful flotation.

Agglomerate and Bubble Detachment

The probability of agglomerate detachment, Py, depends upon the relative shear
forces the particles experience, the strength of the air bubble and agglomerate attachment
forces, and the time before the agglomerate reports to the product phase. Pgcan be
defined in terms of attachment and shear forces, by equation 14 below.

Pat= Paf - Pattach> O eq.14

where,

P, is the probability that the shear forces exceed the attachment forces,

and,

P,uschf is the probability that the attachment forces are weaker than the

shear forces within the cell, (e.g.. (Psuf + Pagf + Penf'))
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‘nerefu.e, the probability of successful flotation of combustible rich
agglomerates reporting to the product phase from the froth can be described by the
equation 15 and 16 below.

Pa=P,* (P+ Pyf) * (Pouf+ Pasf+Petf) *

(1 - (Pgtf (Pyuf + Pogf + Pif))) eq.15

where,

(Pat - (Psud + Padf + Peil)) is >0,

and,

Pa=Pa* (Pf+ Pyf) * (Pyuf + Padf+ Pr) eq.16

where,

(Pstf - (Pou® + Pagf + Penf')) is <0

Single Particle into the Froth Phase

The probability of combustible matter reporting via single particle flotation can
be described by equation 17 below.

Pro=Py* Py * (1 - Py) eq.17

where,

Py = is the probability of a combustible particle reporting with the water phase,

and

P,¢#= is the probability of the attachment of an air bubble to a single oil wetted,

particle of combustible matter,

and,

Py = is the probability of successful detachment of the same particles.

Single Particle and Bubble Attachment

The probability of successful attachment, Py®, can be related to both transport
and attachment mechanisms, Py3, and Pauact?, as described in equation 18 below.

Pa* = Py® * Pagach®, eq. 18

where,
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P,* are the transport probabilities that best describe the collision of air bubbles
and single particles of combustible matter,

P,uaci® are the attachment probabilities that best describe the attachment of air
bubbles to the particles,

P8 = (P8 + Pgt), where, P;3, and P are the inertial and diffusion probabilities

that are responsible for the transport of single particie and air bubble collision theory;

and,

Putact® = (P + Pag® + Pc®), Where Py 8, Poss, and Pey,® represent the forces
responsible for the attachmen of air bubbles to single particles.

Single Particle and Bubble Detachment

The probability of detachment, Py, of single particles is related to the resolution

of shear and attachment forces which exist in the flotation cell. Equations 19 and 20

below are presented for further explanation.

Pw=Py* (P2+Pf) * P+ Py + Py *

(1 - (Pgf- (P + Pag®+ Pad)), q.19

where, |

(Purf (Pyus®+ Pag*+ Pey)) is >0,

and,

Pr=Py* (P34 P) * (Ppu+ Pad+ Psd) eq.20

where,

(Pl - P+ Pog®+ Py is <O.

Agglomerate Entrainment and Drainage

The high strength of the agglomeration attachment forces, and their rapid

flotation kinetics and highly hydrophobic nature, indicate that the probability of an
agglomerate reporting to the froth zone from entrainment from the transition zone is

unlikely. Hence, P,, which represents the probability of agglomerate recovery via

entrainment from the transition zone, can be neglected and assigned a zero value.
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Because of the unique design of both the flotation cell and the pyrite separator, and the
high penetration wash nozzles on both celis, it is likely that some drainage of
agglomerates back into the transition zone will occur, where they may either short circuit
to the tailings stream, or re-attach back to the froth zone. Hence, equation 21 below can
be used to describe the probability of agglomerates reporting to the product phase, Pc,.

Pea=Pp* (1-Py® + P2* Pg, eq.21

where,

Pais the probability of an agglomerate reporting to the tailings zone,

Py is the probability of an agglomerate draining to the transition zone,

and,

P2, represents the probability of entrainment of an agglomerate, and is assumed
to be zero because of the extremely high hydrophobicity of agglomerated combustible
matter. Hence, the probability of an agglomerate reporting to the product, P,, can be
described by the equation 22 below.

Poa=Pn* (1- Py €q.22

where,

P and Py, are the probabilities as previously defined, equation 15 and 16.

Single Particle Entrainment and Drainage

The attachment forces responsible for the flotation of single particles of
combustible matter are not expected to be as strong as the agglomerate bubble
attachment. Hence, the washing action is expected to cause a different rate of drainage
of particles from the froth zone into the tailings zone. Furthermore, some particles of
combustible material, particularly if they are large in diameter, or poorly coated with cil,
may exist in the transition zone for an extended period. Hence, individual probabilities
of single particle drainage and entrainment to the product phase by flotation can be
described by equation 23.

Pew=Prw® (1 - Pg®) + P * (1 - P§) eq. 23
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where,

P, is the probability of a single particle reporting successfully to the froth zone,

Pygis the probability of a single particle draining into the transition zone and

subsequently short circuiting into the tailings phase,

Pt is the probability of single particles being entrained in the froth phase,

and,

P is the probability of single particles remaining in the tailings phase within the

cell volume.

Total Combustible Recovery

Hence, the total recovery of combustible matter, P, via discrete oil coated
combustible particles, and agglomerates, can be described by combining equations 22
and 23 to generate equation 24,

Pc=Pa+ Pew

Pc=Pn*(1-Pg?) +Pw* (1-Pg*) + P2* (1-P¢) eq.24

where,

Pg® can be related to the impact force induced by the washing nozzles and t'he
attachment forces within the froth zone. Pes and Pg, the probability of entrainment from
the transitions zone, and the probability of a particle remaining in the tailings zone, are
related to the solids percent, the particle size, and the hydrodynamic cmﬁsﬁcs of
the cell.
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Al.2 Pyrite Recovery Model
Al.2.1 Agglomeration

Figure A3 summarizes the block diagram of the proposed probabilistic model
describing how the pyrite rich solids report to the product phase. Similar to the
combustible matter recovery model, the total pyrite removal model begins with the
addition of oil, energy, and feed stock ccal slurry. The probability of a pyrite particle
reporting to the agglomerate phase, via either oil coating of the pyrite surface with oil
and including the particle within an agglomerate, or by physically entrapping the particle
within the agglomerate is given by P,,P. The probability of PP can be defined in terms
of the probability of pyrite agglomeration and entrapment, P®; and by PyP, the
probability of pyrite detachment to the water phase. Equation 25 below describes the
probabilistic relationship.

Pyrite in Agglomerate Phase

PP=PP* (1 - PpP), where eq.25

PyP is the probability of pyrite agglomeration or entrapment, and,

PyP is the probability of a pyrite particle detaching and reporting back to the
water phase, via re-dispersion and reworking of the agglomerate mixing.

Pyrite Attachment

The probability of pyrite agglomeration and entrapment, P¢P, can be expressed in
terms of transport, PP, and attachment, Pauachp?, mechanisms. Equation 26 below
describes the overall expression.

PP= PyP* PysactP, eq.26

where the following transport and attachment mechanisms are predominant in

causing the capture of pyrite particles within the agglomerates.
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Py = (PP+ Py)

where PPand P, are defined as before, as they apply to the capture of free

pyrite particles, and,

Pattach? = (Pou® + PadP + Pen? + Pent?)

where PyyP, PaP, PotP and Pen® are as defined before, as they apply to the

capture of free pyrite particles, hence, the P can be defined by equation 27

below.

PP = (PP + PgP) * (PguP + PagP + PP + Pen®) eq.27

Pyrite Detachment from an Agglomerate

The probability of pyrite detachment from the agglomerate back to the water
phase, PyP, will depend upon the resolution of shear and attachment forces. In addition
to this force resolution, the probability of detachment of the pyrite particles to the water
phase, Py, depends upon the resolution of the surface forces competing for the oil
phase. At very low oil concentrations, combustible surfaces are expected to compete
and deprive pyrite surfaoés of the oil phase. Fundamental investigation describing the
surface energy thermodynamics between carbonaceous and pyrite surfaces do not exist,
hence, for the purposes of this study, equation 28 below is presented as a summary of
the probability of pyrite particle capture within the agglomerate phase. The equation
describes the process in terms of typical transport and attachment forces.

Pyrite Capture in Combustible Agglomerate

PP= (PP + PgP) * (Psu + PagP + PetP + Pent®) *(1-PyP) eq.28

where,

P,Pis the probability of a free pyrite particle being captured within a

combustible rich agglomerate.

Pyrite in Water Phase
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The probability of a pyrite particle remaining in the water phase, Pu, is described
by equation 29 and 30 below.

PyP= (1 - PP) + PP * PyP, eq.29

where,

Pg® and PyP, are as previously defined,

hence,

PuP= (1 - (PP+ PyP) * (Pyuf + PagP + PeyP + PenP)) + (PP+PoP) *

(PguP + PagP + PcpP + Peat®) * PP, eq.30

where, PP is the probability a free pyrite particle remains in the water phase.
Al1.2.2 Flotation

Pyrite particles have three major pathways by which they report to the product:

1 pyrite particles can experience agglomeration and entrapment within the
combustible agglomerates, resulting in their recovery with the combustible agglomerate
into the product phase,

o Pyritic sulphur surfaces can be activated by dissolved organics from the
oil phase, or by oil coating. of the surfaces during high shear mixing, and

° fresh, clean pyrite surfaces which have not experience extensive
oxidation, demonstrate natural hydrophobic tendencies and report via flotation.

Pyrite Particle Capture via Agglomerate Flotation

The first pathway, the probability of pyrite recovery within the agglomerate
phase, PrP, is described by equation 31 below.

PreP= PP ® Pya® (1 - Pgs) eq.31

where,

PP is the probability of a free pyrite being captured in an agglomerate,

P,a is the probability of successful attachment of an agglomerate,

and,

Py is the probability of detachment of an agglomerate containing free pyrite.
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The probabilities of attachment and detachment of pyrite particles from the
agglomerates can be defined in the same manner as presented in the combustible matter
recovery model, where equations 32 and 33 summarize the possibilities.

PP = PP * (P2 + Py8) * (Pgu® + Pag®+ Peh+ Pentrap®) *

(1 - (Pan - (Paus® + Pag®' + Per®' + Peatrap®))) eq. 32

where,

(Pan - (Pout’ + Pagé’ + Per?’ + Peamp®)) is >0,

and,

PP = PP * (P2+ Pg) * (Pgu®+ Pag®+ Pey+ Penirap®, eq. 33

where,

(Pt~ (Pau? + Pag® + Per® + Peatrap®) is <.

Pyrite Drainage and Entrainment from Agglomerates

The final recovery of pyrite captured in the combustible agglomerates can be
described by equation 34.

PeP=PreP* (1 - Paf) + P eq. 34

where,

Assuming that P, the probability of recovery of an combustible agglomerate by
entrainment is zero, the equation can be simplified.

P P=PrP* (1 - PyP) eq. 35

The nozzle washing is performed to enhance the removal of attached, and to a
lesser degree, the entrapped and agglomerated pyrite. Hence, equation 35 can be
considered to be the final form for the first pathway of pyrite recovery.

PP, the probability of drainage of pyrite from the agglomerate from the froth
phase, can be considered to be a resolution of forces related to the strength of pyrite
attachment, the force of impact exerted by the washing nozzles, and the exposure time
of the washing action.
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Pyrite Particle Flotation

The second pathway, by which single pyrite particles report to the product
phase via flotation, may occur via three methods. The soluble components of the oil
phase may serve as:

o a pyrite collector, or for surface activation, or

4 oil may coat the pyrite surfaces deeming them to become hydrophobic,

o o, the process may depend on the hydrophobicity of the pyrite surfaces.

For the purposes of this model, the relative differences in the kinetics and
thermodynamic of each of these pathways was not considered, and the flotation of
single pyrite particles were lumped into one model. Regardless of the actual pathway
responsible for pyrite particle flotation, equation 36 describes the probability of a pyrite
particle reporting to the froth phase, Prw.

PP =PuP * PyP+ (1 - PaP), eq. 36

where PyPis the probability a free pyrite particle remains in the water phase,

which was described by equations 29 and 30 before,

and,

P,Pis the probability of attachment of a pyrite particle to an air bubble, which
can be related to transport, P,?, and attachment, PyaciP, mechanisms.

Pyrite Particle and Bubble Attachment

Po?= PyP* Pattach.P eq. 37

where,

Pyp = (PP + PeP)

where,

Prand P are the probabilities related to the coiiision of single pyrite particles

and air bubbles by impact inertia and by diffusion,

and,

PattachP = (PeottP + PoilP + Praf), where,
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PoaiPis the probability the oil phase imparts a dissolved component into the

water which in some way serves as a collector, or for pyrite surface activation,

and,

PP is the probability that the pyrite surface becomes coated in oil, without

being captured with the combustible agglomerates,

and,

Py is the probability that the pyrite surface demonstrates enough matural

hydrophobicity to permit the single particles to report to the froth phase.

Pyrite Particle and Bubble Detachment

Equation 38 summarizes the probability of single pyrite particles reporting to the
froth phase.

PruP= Py * (PP + PyP) * (PooiP + PoilP + Prat?) * (1 - PatP) eq.38

where,

Py, is the probability of detachment, and is related to the resolution of the
shear forces present in the cell and the attachment forces typical of the single particles.

Pyrite Particle Drainage and Entrainment

When the single particles of free pyrite report to the froth phase, the washing
nozzle impact may be strong enough to cause detachment of the pyrite and subsequent
drainage of the particle back to the tailings phase. The probability of entrainment of
pyrite does not seem likely due the particle high density. Hence, equation 39 can be
presented as the probability expression relating to the recovery of single pyrite particles.

PewP =Py * (1 - PyP) €q.39

where,

PP is the probability of drainage of a single particle from the froth phase, and is

distinctively different than the drainage from pyrite particles within the
agglomerate phase. Hence, the total recovery of pyrite can be described by equation 40
below.
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PP = PP+ Peo? eq.40

where,

P..Pis the probability of pyrite particles reporting o the product phase via
agglomerate recovery,

and,

P.Pis the probability of pyrite particles reporting to the product phase via single
pyrite particle flotation.
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Al.3 Total Ash Recovery Model
Al.3.1 Agglomeration

Ash Particle Capture in ‘he Agglomerate Phase

Figure A4 summarizes the probabilistic ash recovery model for coal and ol
agglomeration. Energy, oil and a coal water slurry is added to the high shear mixing
system to promote the deashing of the combustible matter. The probability of an ash
particle reporting to‘the froth phase can be given by equation 41 below.

Ppash = Pyash * (] - P,ash) eq. 41

where P2th is the probability of ash reporting to the agglomerate phase,

and,

Pgash js the probability of an ash particle being captured within an agglomerate,

and,

Pyeh is the probability of ash washing free from a combustible agglomerate

Ash Attachment within Agglomerate

The probability of the capture, Pash, of ash particles into the agglomerate can be
defined in terms of transport and attachment mechanisms, Py, and Paach. Equation 42
below describes the possible arrangement.

Pyash = Pysh ¥ Py, path eq. 42

where,

Pyath = (P + Pyith)

where,

Pash and Pgash are the probabilities of transport of an ash particle by impact

inertial and diffusion mechanisms, and,

Patach® = (Pag™h + pentnp“h)
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where,
Pyg®h and Pentrapash are the probabilities of successful capture of ash within a
forming combustible agglomerate by the forces of adscrption or physical entrapment of

the particle within an agglomerate. Hence, the probability of capture of an ash particle
within a combustible agglomerate can be defined in equation 43.

Pyath = (Psh 4 Pyish) % (Pytsh + Pongrpsh) ec. 43

Ash Particle Detachment from an Agglomerate

The probability of ash particle detachment, P,th, is the resolution of the shear
forces present within the mixing vessel and the forces holding the agglomerates
together. High shear mixing systems tend to rework the agglomerates, which help
release the captured ash particles because of their relatively weak adsorption forces.
Equation 44 can be used to describe the process.

Pyash = Pyash . Py, opash eq. 4

where,

Pgh2sh > Pyyacptsh

Ash Particle C;zpture in Combustible Agglomerate

Hence, the probability of an ash particle reporting to the combustible
agglomerate phase can be described by equations 45 and 46.

Pratsh = (Pjash 4 Pash) % (Pogath 4 Poyyracish)

(1 - Pgh = (Pag®®® + Pegerap®h)) eq. 45

where,

(1 - Pgy - (Pag®h + Pepyrap®h)) is > 0,

and,

Pratsh = (Pjash 4 Pygash) * (Pyyash + Pegyraghh) eq. 46

where,

(1 - Pgy- (Pag®h + Pequragh®®) is > 0.
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Ash in the Water Phase

The probability of an ash particle reporting with the water phase, Py, can be
defined by equations 47 and 48.

Pgash = (1 - Ppsh) 4 Pash * Puash when P25t > 0, eq. 47

where,

Pyeh and Py are as previously defined,

and,
P2t = (1 - Ppsh), when Ppb=0 eq. 48
Al1.3.2 Flotation

Liberated particles report to the product phase via two major pathways: by
capture within the combustible agglomerate and by water entrainment in the froth phase.
Ash particles are typically hydrophilic in nature, and are very fine in size distributicz,
therefore, the flotation of ash particles is not considered to be a major pathway and was
neglected in the model development.

Liberated Ash Particle Capture via Agglomerate Reccvery

The ash component captured within a combustible agglomerated may be
described by equation 49 below, where, the ash recovery is directly related to the
probability of capture of ash within the agglomerate, P,%b, and the probability of
successful flotation, Pptsh.

Pptth= P uh® P a% (] - Pg?) eq. 49

where,

Pt is the probability of capture of a free ash particle within a combustible

agglomerate,

P, is the probability of an agglomerate reporting to the froth phase by air
flotation, and,

Py is the probability of agglomerate detachment back to the transition zoae
during air flotation.
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Transport, Attachment, and Detachment of Ash Particles

The probabilities of transport and attachment of ash particles within an
agglomerate can be described in equation 50.

Pptth=Pp ash* pa* P, .2 eq. S0

where,

Py*= (P2+ Pg?)

and,

PFi* and P4 are the transport probabilities of inertial impact and diffusion,

respectively,

and,

Patach® = (Pru + Pag®+ Pey?+ Penna®)

where all these probabilities are as defined before, and the probabilities of

detachment depends upon the shears forces which exist in the flotation cell.

Equations 51 and 52 summarize the possible scenarios.

Prtih= Ptsh# (Pa+ Py) * (Pyy®+ Pag+ Pen®+ Petrap®) .

¥ (1 - Pgh - (Pour®™ + Pag® + Pey? + Pegurap™) eq. 51

where,

(1 - Pgh - (Pyye® + Py + P + Penurgp®) is > 0,

and,

Prtsh= Pt * (P24 Pgd) * (Pyy®+ Pagt+ Pey®+ Pentrap?) eq. 52

where,

(1 - Pyt - (Pyurd’ + Pagd’ + Pcpt' + Pentrapd’) is < 0.

Drainage and Entrainment of Ash Particles from an Agglomerate

The final recovery of an ash particle captured within an agglomerate can be
described by squation 53.

Peetsh = Push® (1 - Pyash) + P, eq. 53
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where, as before, P,, the probability of recovery of a combustible agglomerate
via entrainment is assumed to be zero, hence, equation 53 can be simplified.

Peetth = Pptsh® (] - Py2sh) eq. 54

The high penetration washing nozzles are used to dislodge, or wash free any
attached ash particles. The probability of drainage, Py, is considered to be a
resolution of forces holding the ash particle within the agglomerate, and the impact
washing exerted by the nozzles, and the washing time exposure.

Liberated Ash Particle Flotation

It may be possible that some ash surfaces could be modified into a hydrophobic
state and report to the froth phase by flotation. However, considering the test coal used
in this experimental program, the ash component was extremely hydrophilic in nature,
and very fine in size distribution, the probability of single particles of liberated ash
reporting to the froth phase, Pryh, can be assumed to be zero. Hence, the only other
pathway for particles of ash to report to the frth phase is via water entrainment.

Liberate Ash Particle Entrainment

The probability ol' free ash particles reporting to the product phase via water
entrainment, P, can be described by equations 55 and 56.

Pcytth = Pash * P uh % (] . Py ash), eq. 55

where,

P.h, is the probability of ash entrainment,

Py?sh, is the probability of ash drainage from the froth phase,

and,

Pash js the probability of an ash particle remaining in the water phase,

where,

Pysh = Pysh & (] - Py tsh) + Pypsh & Pyh,

however, because P, is & zero probability, the equation can simplified,

Pt.'h = PW”ho
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hence,

Pcy/tth = Pyash # Pash, eq. 56
where the probability of entrainment is related to the water entrainment.

Total Ash Recovery in the Product Phase

The total ash recovery in the product phase can be summarized by equation 57.
P.ash = P ash 4 P ash eq. 57
where,

P2 is the probability of ash reporting to the product with the aggiomerates,

and,

Py#h is the probability of ash reporting to the product by water entrainment.
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Appendix 2 Summary of Regression Work for Test E10
COL02=% Soids
COLO3=0il
COLO4=Frother
COLOS5=Energy
COLO6=Temperature
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Appendix 3 Summary of Regression Work for Tests E11
COLO2=% Soids
COL03=0il
COLO4=Frother
COLOS=Energy
COLO6=Temperature

252



$06°9¥ 11 456°STS WVNAISy
000°0 8TT 91 020°9S5L v 080° 2ot NOISSIWOIY

d oIivd-4 NWVADS-NVIN 40 SYVADS-40-NNS 3UN0S

JONVIYVA JO SISATVNY

S00°0 8¥S°'€- +86°0 Ty o- 92L°1 9219~ 90100
856°0 ¥50°0 256°0 900°0 892°T S60°0 S0100
000°0 L1S°S ¥86°0 0r9°0 922°% ¥25°6 $010)
100°0 TSy +86°0 ¥Zs°0 922t 882°2 €0100
000°0 v29°SYy * 000°0 92.°1 758°82 ANVLSNOD
Qve 2)d 1 FDNVYIT0L 4300 AiLS - Yoyl ais INIIITI44300 JTGVINVA
6¥8°9 $31VAILSI 40 ¥OWYI QUVANVLS 108" ¥ IVWdILINK QIWVNADS QILsSncav
$58° ¥ IVAILINN aUVADS  #26° ¥ IVWAILINN 9T N 80100 ‘¥VA 430

119153 Joj sio10e-] utej Joj (%) YD Jo sisfeuy uoissai8ay ['gv djqel

253



vie‘0

131 A
r48 A
900°0
100°0
v€S°0
000°0
000°0
000°0

Qavi

¥9L°v
SS6°

1191534, J0j suohdeiaju] pue siojde] IR 10§ (%) YIND JO SISATRU®: UOISSe™S 1y Z'EV dqeL

020°0

056°0-

922°0
128°0
616°¢t-
4 5 I
¥59°0-
/74 A
¥99°9
9 9

2)d 1

569°2¢
2%9°22¥

YVNOS-NVIN

L ¥98°8ST
8 v21°18€E

40 S3UVNDS-10-WNS

FDNVIYVA 40 SISATYNV

££9°81
OILVY-4
668°0 080°0-
6£6°0 ¥90°9
668°0 v20°0
6€6°0 vee°o-
6£6°0 6EV°0-
668°0 SS0°0-
6€6°0 €19°0
6£6°0 186°0
' 000°0

JONVHITOL 4300 ALS

992°1t €02°1-
622°1 ¥56°0
992°1 1
622°1 218° -
622°1 625°9-
992°1 828°0-
622°'T T2T1°6
62¢2°'1 2618
622°1 ¥s2°62

$JLVWILSI 40 YONY¥I QUVANVLS

¥ INAILINN GVNdDS 226°

2 NAILINN

" ¥OoWy3 aiLs IN3IDI4430)

TVAQISY
NOISS3¥ON

32UN0S

90100
+«S0100
+¥010)

90100
«¥070)

S0100
+»¥010)

#0100
+£010)

90170)

S0100

¥010)

€01700

LNVLSNOD

379VYINVA

$06° ¥ INJILINN AIUVADS Q3ILSACAY

91 ‘N 8010D

‘¥VA d3a

254



200°0

000°0
000°0
000°0
000°0

000°0

4498 o

81278~
298°8
99272
29V €L

Qi1ve 2Xd L

vel'v
€V6”

26V°81
€S2°SY 60€ " HES
oILvVd-4 IHVNOS-NVIN

000°1
1 I
000°1
000°1

JONVHIT0L 4300 AiS

14 208°¢0¢ vAaISHN
4 SEZ L€ NOISSTUO

40 S3YVNOS-40-HNS dninos

JINVINVA 40 SISATUNY

262°0- €20°T
ETv 0- €0°1
e €20°1
¥25°0 €20°1
00e"o 174

SJLVWILST J0 HO¥Y3 QUVANVLS
‘¥ INIILINA QFYVNDS  T26° ¥ IN4ILIAW

Sev - +0102
«£070D
8€T°O- 901700
€1S°6 0700
008°2 £0700
€98°82 LNVLSNOD

yoy¥3 GiLs ANIIDI4430D ATAVIIVA

226" ¥ 314ILINK GIWYNDS @aLsncav
91 ‘N 80100 ‘YVA d3c

1173 159, JO) suonodRIdU] pue SI0)OE] UlRly J0OJ (%) AND JO Sishjeuy uoissaiday €€V Qe

255



200°0

000°0
000°0
000°0
100°0

000°0

2L6°¢-

TEV°S-
€66°9
€EL°9
6E9° ¥

IvL 2)d 1

e v
£vo’

£€82°81 IT
259°St 2€2°VE8 4
oIivi-4 JUVAOS-NVIN 40

JONVINVA 10 SISATVNY

S80°0 6.6°0- 669°8EE
666°0 06€ "0~ 160°0
TET"O 98€°1 6€S "6SE
261°0 160°1 09Z2°9
: 000°0 ¥6€ "2
JDNVE3T0L 4300 aiS JoY¥3 ais
{31VWILSI 40 UOHUI QUVANVLS £€26°

¥ IHILIAN aFWVNDS  T26°  d FHILINK 9T

TTI1°102 wVNAIS3y
226°8EEE NOISSIWIIY

S3YVNADS-40-HNS 3un0s

TOE"SVET- ¥010D
«£070)

96v°0- 90160

139198 4214 0100

L4 W44 €0700

90t "t ANVLSNOD

INIIDI44302 379VINVA

¥ I14ILINN QIUVADS aaisncav
*N 80700 S¥VA d39

115 1S9 JOJ SUOnORIAU] pue SI010e] Utely 10] (%) YD JO sisAfeuy uoissaidsy eV 2qel

256



ove o 11 Sy 0 wnaIS
000°0 €02°41 S69°0 14 182°2 NOISS3O3d

d oILVd-4 YVADS-NVIH 40 SIUVYNDS-40-KNS 22Un0s

JONVIHVA 40 SISATVNY

000°0 00Z°S- +86°0 285°0- 150°0 €92°0- 90700
8vs°o 029°0 256°0 T06°0 250°0 2E0°0 S0100
000°0 822°S ¥86°0 259°0 150°0 €62°0 $070D
22070 @9s” ¥86°0 682°0 150°0 otT’0 €0102
0000 896°¥6 ‘ 000°0 150°0 28 v ANVLSNOD
vl 2)d 1 IINVHITOL 4300 4LS Joy¥3 aLs AN3III34300 J18VI4VA
102°0 ‘JLVAILSI 40 HOMY3I QUVANVLS 218" ¥ I14LILINW GIUVNDS a3Iisncay
298° ¥ IIAILINN aYVMdS 626° ¥ IHILMN 9T ‘N 6010 ‘¥VA d30

119 153 L Joj SI01e UIR|N J0J (Jep %) S.L Jo sis[euy uoissaiday S'eV AAqel

257



11e°0 et
0000 642°8S ¥Z9°0 S

d OILVd-4 IHYNDS-NVIN 40

FDNVIYVA 40 SISATVNV

o000 919°S- €86°0 9¢e 0" 9¢0°0
000°0 600°0T- €86°0 185°0- 920°0
v80°0 616°1 2£6°0 1419 220°0
000°0 0ZE'TT €86°0 859°0 920°0
100°0 188"+ £€86°0 ¥8Z°0 9Z0°0
000°0 6Zv°v81 . 000°0 920°0
Qrve 2)d i JONVHITOL 430D ALS JoWd3 ais
€0T°0 *3LVWILS3 JO ¥OYY¥3 QUVANVLS 0s56°

296° ¥ INHILINN AIWYNOS €86° ¥ ITdILVANW 91

Z01°0 WNAISIY
8T1°¢ NOISSIUOIY

SIYYNDS-40-HNS 3NN0S

910~ 90102
*«¥070)
192°0- 9010)
250°90 <010
S62°0 $010)
221°0 €070D
ot8°v 1NVLSNOD

IN3IDI44300 JTGVINVA

‘¥ 37dILINW a3¥vAdDS aaLsncav

‘N 60100 “dVA d3a

119 159 JO] suondrIaju] pue sio)oe urejy 10j (Jep %) S.L JO sisAjeuy uoissaidoy 9'¢v dqel

258



100°0

000°0
900°0
1006°0
000°0

vs8°v-

¥i2°6-
110701
2£9°%
2267991

QIve 2)d 1

SIT°0
SS6°

*J1VWNILS3 40 YO¥Y¥3 QUVANVLS

€10°0 14 9vT°0 WVNAISIY
228°4S 022°0 14 6L0°€ NOISSIUON
ortvy-4 JYVADS-NVIN  d4a SIYVADS-40-KAS 33un0s
AINVIYVA 40 SISATUNYV
0001 Z1e°0- 620°0 ert-o- 90100
+¥010)
L 96S5°0- 620°0 89¢°9- 9010)
000°1 €19°0 620°0 682°0 0100
000°T 86Z2°0 620°0 vET O €010D
' 000°0 620°0 918°¢ ALNVLSNOD

JONVH3T0L 430D ais

¥ 3N4ILINK aIWVNDS  226°

‘Y INAILNN

oyl ais IN3IDI4430D0 31GVINVA

8€6° ¥ IVdILTaW Q3WvAdS a@3isncav

91 N 60700 ¥YA d30

119 1S3, 10j suonoeiau] pue sio)oe] urepy Joj (Jep 9) SL Jo sisAjeuy uoissaidoy £ €V 2GRl

259



09S°0
000°0
100°0
000°0

2€e’S-

209°0
8s¢°8
129°v
608°L1

Qive 2 1

€110
956"

v20°0 81¢°1- 9620
00Z°0 S80°0 S00°0
€o1°0 €29°1 ¥9.2°01
6660 262°0 v.0°0
) 000°0 112°0
JONV¥3T0L 4300 A5 yoyy3 ais
131VAILS3 40 ¥OUY3 QUVANVILS ov6’

€10°0
S¥0°09 122°0
OILVY-d JYVNDOS-NVIN

440

JONVIYVA 4O SISATVNY

;3 314ILINN a3WvndS 8260 ¥ FTAILINN

91

wi-e VAAISY
¥80°¢ NOISSIUIIY

S3YVNOS-40-KNS 324n0S

8¥S°1- ¥0100
+90102
£20°0 90100
€88°88 $¥010)
ove'e €010)
¥9.°E ANVLSNOD

IN3IDI44300 37EVINVA

¥ INGILINN QIWVRdS @3Lsncav
N 6070) ‘YVA 430

{ 19 159 10J SUORORIU] PUE SIOIoE] MRl S0 (Jep %) S.L Jo sishjeuy solssa13ay B'EV 3Iqel

260



210°0 [4* 910 naIs3y
0000 8Zv°v8 9Z0°1 € 620°¢ NOISSIUSIY

d CILvd-d AVNDS-NVIN 40 SIYVNOS-40-HNS 34n0S

FINVIYVA 40 SISATVNY

060°0 T8L°0T- JL9t°0 260°T- 621°0 68¢°1- 20100
+¥0170)
000°0 2€0°ST  Z9t°0 €25°1 2¥S°S 68€°€8 ¥0710)
000°0 9tL’¥ 000°1 162°0 220°0 6EE°0 €0100
0000 STy : 000°0 ¥60°0 228°¢ ANVLSNOD
Qv 2)d L IINVHIT0L 4300 4LS Yoyl aLs AINIIDI4430D JTEVIYVA
o110 SILVAILSI 40 YO¥Y¥3 QUVANVLS €¥6° Y IVMILINN GIWVNDS QILSACAY
6S6° ¥ 3WJILINW a3WVRDS  226° Y INHILUNNW 9T N 60700 YVA 430

1191531 1o} suonoeiauj pue siojoe urejA 10j (Jep %) S.L Jo sisjeuy uoissasday ¢'€V 2Iqel

261



Z6E°0 ot £26°¢t NaISy
000°0 T2S°SS 008°1¢ S T100°601 NOISSIUOIY

d orivy-4 JUVNADS-NVIN  4a SIYVNDS-40-hNS 3NUN0S

FONVIIVA 40 SISATYNY

000°0 619°4- /2870 v6v "0~ 5to°e cIt°0- 9010)
9010 92.°1- 008°0 L11°0- €€0°0 850°0- S010)
¥00°0 4 728 3 98°0 we’'o 800°1¢ £86°42 0100
000°0 80€E 'S ov8°0 we'o o o 111 4 €010
000°0 252°21- 019°0 296°0- 190°0 08s°0- 20700
000°0 2eV°El ‘ 000°0 LI1°2 evv° 82 LNVLSNOD
Qrve 24 i JONVH3ITOL 4300 GLS YyoUH3 ais AN3ID124300 378VIYYA
929°0 $31VWILSI 40 HOYWYI QUVANVLS 8¥6° ¥ IAILINW GIWVADS aILsncav
S96° ¥ INMILINW GI¥VNDS 286° ¥ INAILINW 9T N 2070) ‘dVA d3a

[ [9 1S3, 10} suonoRIaU] pue s10}oe Ulely 10§ (QP %) YsV Jo sisAjeuy uoiss21§ay QI°€V 2(qel

262



000°0
200°0
100°0
000°0
000°0

QIvi

589°0
¥56°

69v°0 11

000°0 22v° LS 6°92 14
d o1iv3-4 JYVNDS-NVaIN  da
JINVIYVA 40 SISATVNV
082°9- 068°0 €9 0- steo
L16°¢E 088°0 692°0 €9¢°22
88S°¥ €06°0 T1€°0 2
8b0°2T- 2€.°0 806°0- e g
ov°oe ) 000°0 gee't
2)d 1 JINVHE3T0L 4303 QLS " doww3d ais
(ILVNILST 40 YOUYI QYVANVLS 8¢6°

¥ IILINN aFYVADS 226°

2y AHILTINN 91

T9T°S
€9i°201

S3YYNOS -40-KNS

sot-o-
661°48
1 494

SEL0-
192°S¢

AN3III44300

IVAAISIY
NOISSIUIIY

ININ0S

90100
$01702
€000
2070)
ANVLISNOD

378VINVA

¥ INdILINN GIYVNDS a3isncav

‘N 20100

YVYA d3a

1 19 159, 10} SUONDRISIU] pUe SI010e. ULe|N] JO} (QP %) YSV JO SisAfeuy uoissaIday [1°'€V 2lqel

263



Appendix 4 Summary of Regression Work for Tests E10 and E11

COLO2=0il

COLO3=Frother

COLO4=Energy

COLOS5=Temperature

COLOG6=Size

COLO7=% Solids
COLOB=Age
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Appendix 5 Summary of Regression Work for Tests E10, E11, and E12

COLO2=0il

COLO3=Frother

COLO4=Energy

COLOS=Temperature

COLO6=Size

COLO7=% Solids
COLO8=Age
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Appendix 6 Summary of Regression Work for Tests E10, E11, E12 and E13

COLO2=0il

COLO3=Frother

COLO4=Energy

COLOS5=Temperature

COLOG6=Size

COLO7=% Solids
COLOB=Age
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Appendix 7 Summary of Computer Data used in Regression for Appendices 1-6
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Appendix 8 Graphic Evaluation of Main Factors
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Figure A8.1 % Combustible Matter Recovery
versus Coded Oil Concentration for Test E10
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versus Coded Oil Concentration for Test E10
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Figure A8.3 Total Ash Content (% db)
versus Coded Oil Concentration for Test E10
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100.

£ %0

§8°-I CMR

C -

ivo-:

:

50

40.""!""!"”!‘ IR AR

Figure A8.10 % Combustible Matter Recovery
versus Coded Temperature for Test E10
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Figure A8.11 Total Sulphur Content (% daf)
versus Coded Temperature for Test E10
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Figure A8.12 Total A ;h Content (% db)
versus Coded Temperature for Test E10
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Figure A8.14 Total Sulphur Content (% daf)
versus Coded Oil Concentration for Test E11
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Figure A8.17 Total Sulphur Content (% daf)
versus Coded Frother Concentration for Test E11

Total Ash
Content (% db)

Tetalish Content (¥ 43}
T

s LARAS RARAN RAAAS RANES RERESN BLERE
1§ 10 45 00 05 10 15

Coded Frother Concentration Level

Figure A8.18 Total Ash Content (% db)
versus Coded Frother Concentration for Test E11
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versus Coded Energy Input for Test E11

25‘4: /
B . Total Sulphur
j 4 Content (% daf)
1N e ———
l ] =—m —
g«t.z-
3 .
3S-trrrrrrrerrreeTreTTPTTTTTTTYTY

15 10 05 00 05 10 15

Coded Energy Level
Figure A8.20 Total Sulphur Content (% daf)
versus Coded Energy Input for Test E11

302



2 20-
.
i | _
i —
5]‘-
8
15 10 45 @9 15 15

Coded Energy Level
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versus Coded Temperature for Test E11
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