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ABSTRACT

Surface science studies related to tribocharging and charge separation studies were
performed on electrostatic beneficiation of coal. In contrast to other cleaning methods,
electrostatic beneficiation 1s a dry cleaning process requiring no water or subsequent
drying. Despite these advantages, there is still uncertainty in implementing large-scale
commercial electrostatic beneficiation of coal. The electronic surface states of coal
macerals and minerals are difficult to describe due to their chemical complexity and
varability [1]. The efficiency in separation of mineral particles from organic macerals
depends upon these surface states. Therefore, to further understand and determing a
reason for the bipolar charging observed in coal separation, surface analysis studies using
Ultra-violet Photoelectron Spectroscopy (UPS) and X-ray Photoelectron Spectroscopy
(XPS) were performed on coal samples and several materials that are used or considered
for use in tribocharging. Electrostatic charging is a surface phenomenon, so the electronic
surface states of the particles, which are influenced by the environmental conditions,
determine both polarity and magnitude of tribocharging, UPS was used to measure the
work function of the materials as typically used in ambient air. XPS was used to
determine the surface chemistry in the form of contamination and degree of oxidation
under the same environmental conditions.

Mineral bearing coals are those amenable to electrostatic beneficiation. Three
types of coal, lilinois No. 6, Pittsburgh No. 8, and Kentucky No. 9 were investigated in
this study. Pulverized coal powder was tribocharged against copper. Pyritic and other
ashes forming rmnerals in coal powders should charge with a negative polarity from

triboelectrification, and organic macerals should acquire positive charge, according to the
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relative differences in the surface work functions between the mdterial being charged and
the charging medium. Different types of minerals exhibit different magnitudes of negative
charge and some may also charge positively against copper [2]. Only the mineral sulfur
fraction of the total sulfur content is accessible by the electrostatic method since organic
sulfur is covalently bound with carboh in macerals. The sizes of mineral constituents in
coal range from about 0.1 to 100pum, but pyrites in many coals are on the lower end of this
scale necessitating fine grinding for their liberatioﬁ and separation. A ready explanation
for coal powder macerals to charge positively by triboelectrification is found in the large
numbers of surface carbon free radicals available to release electrons to form aromatic
carbocations. There is evidence that these cationic charges are delocalized over several
atoms [3]. Only perhaps one in one hundred thousand of the surface atoms is charged
during triboelectrification [4], making it difficult to predict charging levels since the data
depends upon the surface chemical species involved in charging. Based on the high
electron affinity of oxygen atoms, oxidation is expected to decrease the extent of a coal
particle to charge positively. Also, ion transfer may contribute to the increasingly negative
charging character of oxidized coal carbons. A variety of oxidized surface functional
groups may influence charge properties. For example, carboxylic acid functions can lose
protons to form carboxylate anions. The samples of coal investigated in this study showed
differing degrees of beneficiation, consistent with a more extensively oxidized Illinois No.
6 coal sample relative to that of Pittsburgh No. 8. Even though oxygen in air is
deleterious to coal stored prior to beneficiation, other gases might favorably influence
charge properties. To this end, coal exposed to vapors ‘of acetone, ammonia, and sulfur

dioxide also were beneficiated and analyzed in this study.
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EXECUTIVE SUMMARY

In contrast to other cleaning methods, electrostatic beneficiation of coal for
industrial use is a dry cleaning process requiring no water or subsequent drying. Despite
these advantages, there is still uncertainty in implementing large-scale commercial
electrostatic beneficiation of coal. The electronic surface states of coal macerals and
minerals are difficult to describe due to’t‘heir chemical complexity and variability [1]. The
efficiency in separation of mineral particles from organic macerals depends upon these
surface states. Therefore, to further understand and determine a reason for the bipolar
charging observed in coal separation, surface analysis studies using Ultra-violet
Photoelectron Spectroscdpy (UPS) and X-ray Photoelectron Spectroscopy (XPS) were
performed on coal safnples and several materials that are used or considered for use in
tribocharging. Electrostatic charging is a surface phenomenon, so the electronié surface
states of the particles, which are influenced by the environmental conditions, determine
both polarity and magnitude of tribocharging. UPS was used to measure the work
function of the materials as typically used in ambient air. XPS was used to determine the
surface chemistry in the form of contamination and degree of oxidation under the saﬁxe

environmental conditions.



INTRODUCTION

Studies are warranted in order to improve electrostatic cleaning of coal, which removes
pyrites and other minerals. In contrast to other cleaning methods, electrostatic
beneficiation is a dry cleaning process requiring no water or subsequent drying. Despite
the apparent advantages, there is still uncertainty in implementing large-scale commercial
electrostatic beneficiation of coal. The electronic surface states of coal macerals and
minerals are difficult to describe because of their chemical complexity and variability [1].
Although the triboelectrostatic properties of various substances are well documented, the
charging and separation méchanisms involved remain poorly understood.

Mineral bearing coals are those amenable to electrostatic beneficiation. Three
types of coal, Illinois No. 6, Pittsburgh No. 8, and Keﬁtucky No. 9 were investigated in
this study. Pulverized coal powder was tribocharged against copper. Pyritic and other
ashes forming minerals in coal powders should charge with a negative polarity from
triboelectrification, and organic macerals should acquire positive charge, according to the
relative differences in the surface work functions between the material being charged and
the charging medium. Different types of minerals exhibit different magnitudes of negative
charge and some may also charge positively against copper [2]. Only the mineral sulfur
fraction of the total sulfur content is accessible by the electrostatic method since organic
sulfur is covalently bound with carbon in macerals. The sizes of mineral constituents in
coal range from about 0.1 to 100um, but pyrites in many coals are on the lower end of this
scale necessitating fine grinding for their liberation and separation. A ready explanation
for coal powder macerals to charge positively by triboelectrification is found in the large

numbers of surface carbon free radicals available to release electrons to form aromatic



carbocations. There is evidence that these cationic charges are delocalized over several
atoms [3]. Only perhaps one in one hundred thousand of the surface atoms is charged
during triboelectrification [4], making it difficult to predict charging levels since the data
depends upon the surface chemical species involved in charging. Based on the high
electron affinity of oxygen atoms, oxidation is expected to decrease the extent of a coal
particle to charge positively. Also, ion transfer may contribute to the increasingly negative
charging character of oxidized coal carbons. A variety of oxidized surface functional
groups may influence charge properties. For example, carboxylic acid functions can lose
protons to form carboxylate anions. The samples of coal investigated in this study showed
differing degrees of beneficiation, consistent with a more extensively oxidized Illinois No.
6 coal sample relative to that of Pittsburgh No. 8. Even though oxygen in air is
deleterious to coal stored prior to beneficiation, other gases might favorably influence
charge properties. To this end, coal exposed to vapors of acetone, ammonia, and sulfur
dioxide also were beneficiated and analyzed in this study. |

The efficiency in separation of mineral particles from organic macerals depends
upon the efficiency of charging and subsequent separation. In order to further understand
and determine a reason for the bipolar charging observed in coal separation, surface
analysis studies using Ultra-violet Photoelectron -Spectroscopy (UPS) and X-ray
Photoelectron Spectroscopy (XPS) were performed on coal samples and several materials
that are used or considered for use in tﬁboéharging. Electrostatic charging is a surface
phenomenon. Therefore the electronic surface states of the particles, which are influenced
by the environmental conditions, determine both polarity and magnitude of tribocharging.

UPS was used to measure the work function of the materials as typically used in ambient



air. XPS was used to determine the surface chemistry in the form of contamination and

degree of oxidation under the same environmental conditions.

L EXPERIMENTAL METHODS, RESULTS, AND DISCUSSION

A. EXPERIMENTAL METHODS

1. Sample preparation

Samples of Illinois No. 6, Pittsburgh No. 8, and Kentucky No. 9 coal were used in this
study. Samples of copper from an as-used Koflo static mixer, Polytetrafluroethylene
(PTFE) which is also used as a tribocharging material, concentrated vitrinite from a double
pass separation, pure pyrite, and graphite powder (as a carbon standard) were analyzed by

UPS and XPS in the as-received condition.

1.1 Grinding and Classification

Illinois No.6 and Pittsburgh No. 8 coal were finely ground in either ambient air, or
alternatively in a nitrogen (N,) atmosphere inside a glove bag using a Micro-Hammer
Cutter Mill (Gilson Company Inc., Model LC-5). Size classified powders were prepared
by mechanically vibrating the powders for a minimum of 20 minutes through a stack of
progressively finer screen sieves (150, 105, 75, 45 um). Typically, only a third of the
quantity of sub-45 pm powder went through the bottom sieve in the second 10 minutes as
accumulated during the first 10 minutes of sieving. After 20 minutes each fraction was

assumed to be largely depleted of sub sized powder.
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1.2 Cross-sectioning of coal nuggets

Nuggets of the Illinois, Pittsburgh, and Kentucky coal were cross-sectioned in two. A slice
of approximately 5 mm in thickness from the flat face was cut from one half of each
nugget. They were sectioned‘ using a low-speed cutting saw (Buehler Inc, ISOMET
model) and a precision diamond tipped cutting blade. Before cutting the coal nuggets, the
blade was ultrasonically cleaned in acetone, methanol, and iso-propanol. The Blade was
run at a relatively low speed of 100 revolutions per minute to minimize heat build up but
without any cutting fluid to avoid contamination. XPS analysis of practice specimens had
shown no contamination from the blade. The coal specimens were wrapped in clean
aluminum foil to prevent the exposed surface from contamination. The foil was removed

prior to analysis.

2. Tribocharging of pulverized coal

A schematic of a copper static mixer (Koflo, Inc.) is shown in Figure 1. The mixer
consists of a series of copper »spiral vanes within a steel tube. The coal pé,rticles are
injected into the air flow (dashed line) and impacted on the internal plates of the static
mixer (solid lines) as the gas flowed through the mixer changing direction to move around
the internal plates. Two conditions are required for powder tribocharging: 1) inertial
impaction between powder and charger; 2) the materials of the powder and charger should
be far enough apart in the triboelectric series sé they have significantly different work
functions. The impaction efficiency is related to the particle diameter (d,) and the inside

diameter (Dj) of the static charger by the following equation:

dso(C)'"” = [9nnD}(Stkso)] /(4P Q)" 1)
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where dso is the cutoff diameter (50% efficiency for impaction), C. is the Cunningham slip
correction factor, n is the viscosity of gas, Stks is the Stokes Number for 50% impaction

efficiency, p, is the particle density, Dj is the jet diameter, and Q is the flowrate of air.

e

Figure 1: Schematic of a static charger showing the airflow Q (dashed line) and inside
diameter Dj

From this equation it can be observed that the cut-off diameter is directly
proportional to the static mixer tube diameter D; and inversely proportional to the flowrate

Q. This relationship was confirmed experimentally in work performed at UALR® as

presented in Figure 2.
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3. Separator Design and Operation
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A schematic drawing of the electrostatic separator is shown in Figure 3. Powdered coal
was supplied to a powder pump through a Fritsch vibratory feeder (Gilson Company Inc.,
Model LCA-129). Pressurized nitrogen was used to operate the powder pump which

controlled the flow of powder at a desired mass flow rate. The coal powder was charged

by a copper static mixer of internal diameter 1.6 cm and length 30 cm. The bipolarly

charged powder then entered into the electrostatic separator. The velocity of air in the
static mixer was approximately 10ms™ while the air velocity at the entrance of the
separator was approximately 0.5 ms'. The separator conmsisted of two electrically
conducting plates 30 cm wide by 90 ¢m long, spaced 25 cm apart at the top and angles
such that the spacing between them decreased linearly to 10 cm at the bottom just above
the filter. The two electrodes were connectgd to two high voltage power supplies
(Glassman High Voltage Iﬁc., Models MJ20P0700-11 and MJ20NO0700-11): one was
positive from 0 to 20 kV, and the other negative from 0to -20 kV. In general, a 15 kV
voltage Was applied to the collection plates of the separator during each experiment. The
electric field was higher at the bottom of the plates than at the top because of the
geometry of the separator. The V-shaped walls were chosen to reduce air turbulence in
the separator. Room air flowed into the separator in a sheath around the static mixer
having passed first through a flow straightener consisting of a 2.5 c¢m layer of open foam
atop a 10 cm thick plastic honeycomb with cell diameters of 0.65 cm. Inside the
separator, the particles that were highly charged deposited near the top of the plates and
the particles that have lower charge or lower electrical mobility deposited nearer the

bottom since they required higher field and longer path for separation.
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Figure 3: Schematic showing the basic elements for triboelectrification and electrostatic
separation.

For Reynolds number less than one, the motion of the particle can be assumed to
be in the Stokes regime where the inertial forces are negligible, and viscous forces
dominate. Assuming the simple case of laminar flow of air between two parallel plates and
neglecting the influence of the charged cloud, the vertical downward velocity (Uy) due to
gravity and the horizontal velocity (Ux) due to the electric field can be expressed in terms

of the x and y coordinates of the particles;

x/y = Uy/Uy = 6Q,E/p,gd )
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where Q, is the particle surface charge density, E is the electric field applied between the
plates, p, is the density of the particle, g is the acceleration due to gravity, and d is the
diameter of the particle. |

When the particle is carried along with the air downwards, the velocity of air has

to be added to the vertical velocity of the particle and the equation gets modified to:
x/y = U/Uy + U, = = 6QE/p,gd + 18Un/d 3)

where Ua is the velocity of air at the inlet of the separator.

Equation (3) suggests that if the charge on the particle is proportional to the
surface area of the particle, then smaller diameter particles are difficult to collect since
their vertical motion in the separator is influenced more by the downward velocity of air.
Very large particles are also difficult to collect since charge/mass is in‘verseiy proportional
to the diameter. Thus it is particles of an intermediate size which are most easily collected

in the separator.

4. Environmental Conditions

Environmental conditions were of interest due to the high chemical reactivity of coal
powder surfaces and its effects on beneficiation. To augment air exposure, freshly ground
coal powders were exposed to air in open containers for 24 hours before beneficiation.
Alternatively to miﬁimize the effects of air exposure, powders were ground in an N,
atmosphere in a glove bag and beneficiated in N by fitting the inlet of the electrostatic
separator with an N, filled glove bag. The effects of three potential conditioning agents:

ammonia gas, sulfur dioxide (SO), and acetone also were tested as follows. For SO;
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exposure Illinois No. 6 coal was finely ground and sieved to —200 mesh (< 75 pm) powder
in a glove bag under nitrogen atmosphere. One hundred grams of the powdered coal were
reserved in a sealed container as a control sample and an equal amount of powdered coal
was placed in a stoppered flask equipped with side arms for tubing to allow gas flow
through the flask. The coal then was exposed to SO, gas in an argon environment. SO,
was generated by the reaction of copper powder with concentrated sulfuric acid in a
heated flask. Argon was purged over the mixture to carry the gas through a glass tube
cooled in ice water in order to condense trace water vapor. The cooled gas then passed
through the coal flask with side arms. The coal sample inside the flask was shaken during
the entire 15-minutes of exposure. Next, the flask of SO, exposed coal was processed
through the e]ectrostatié separator in N, atmosphere. The other half of the coal sample,
which had not been exposed to SO,, was beneficiated similarly. The results were then
compared. Similarly, control and test samples were also employed for both the acetone
and ammonia conditioning agent experiments. To prepare acetone-conditioned coal, N,
gas was bubbled through acetone and the vapors directed over coal powder shaken in a
side arm equipped flask for ten minutes. A similér exposure time of anhydrous ammonia |
vapor from a cylinder was used to make ammonia conditioned coal powder. These

conditioning agents were examined for improving the efficiency of beneficiation.

5. Chemical Analysis of Beneficiation
Powder samples collected as clean coal on the negative electrode and as refuse on the
positive electrode were analyzed for their chemical constituents and mineral content.

Quantitative determination of (1) total sulfur content, (2) pyritic and sulfate sulfur content,
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(3) ash content, and (4) moisture content of feed, beneficiated, and refuse coals were
determined according to ASTM standard tﬁethods: D3177-84, D2492-84, D3174-89, and
D3173-87 respectively. Duplicate analyses were performed on each sample. Triplicate
gravimetric and total sulfur analyses were conducted on samples from the acetone,
ammonia, and sulfur dioxide conditioning experiments.

Petrographic analysis of powders was used to determine the charging
characteristics of the various coal macefals for electrostatic beneficiation. Samples of
clean and refuse coal powders deposited on the negative and positive plates of the
separator were collected and prepared for petrographic analysis by casting the powders in
epoxy resin and forming the bonded material as a flat slab by polishing with a water-
alumina slurry. The polished slabs were then mounted on a microscope slide for
petrographic analysis. A minimum of 800 particles from both clean and refuse powder
samples were individually identified and classified by maceral type (i.e. vitrinite, liptinite,
or inertinite) using optical microscopy. If the particle was composed of more than one
maceral type, the particle was classified according to the dominant maceral component
present in the particle. Similarly, particles readily identifiable as minerals or macerals in
which entrained minerals could be clearly seen were also classified. The petrographic
analysis showed the physical and morphological composition of the particles separated in
the charge separator. |

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy of feed and
electrostatically separated coal powders was used to monitor composition differences with
respect to organic functional group vibrational frequencies. Samples were prepared as a 2

wt% mixture of coal with finely ground dry KBr. The DRIFT spectra were obtained using
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a Nicolet Instrument model Magna-IR 500 Series II spectrometer and an International
Crystal Laboratories DRIFT cell. The spectral outputs were adjusted for scattering effects

using the Kubelka-Munk algorithm available with the instrument software.

6. Surface Analytical T echniques

6.1 XPS Measurements

The XPS data were obtained on a PHI Quantum 2000 ESCA Spectrometer using a
focussed monochromatic Al Ka (hv = 1486.7 eV) x-ray source. The x-ray beam used was
a 100W, 100 pm diameter beam and was rastered over a 1.5 mm by 0.2 mm area. The
survey scans were collected using a pass energy of 117.4 eV producing a FWHM of better
than 1.6 eV for the Ag 3d 5/2 peak. The high energy resolution data were collected using
a pass energy of 23.5 eV, producing a FWHM of better than 0.75 eV for the Ag 3d 5/2
peak. The collected data were referenced to an energy scale with binding energies for Cu
2p 3/2 at 932.67 +/- 0.05 eV, and Au at 84.0 +/- 0.05 eV. Low energy electrons and

argon ions were used for specimen neutralization on insulating samples.

6.2 UPS Measurements

The UPS data were obtained on a Riken Keiki AC-2 photoelectron spectrometer. The
samples and detector were placed in open air. The UV source was a deuterium (D,) lamp
with a spot diameter of 2 mm by 2mm. FQr the samples with a high efficiency of
photoemission (the metals and graphite) the light source power was 49.9 nW, and for the
samples with a low efficiency of photoemission (the polymers, coal, pyrite, and vitrinite)

the light source power was 600.2 nW. The specified repeatable precision of the
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instrument is given as 0.02 eV. The samples were analyzed at a temperature of 22°C, a

relative humidity of 40%, and a pressure of 1012 kPa.

B. RESULTS

1. Efffects of coal maceral composition on beneficiation

Minimizing carbon loss to the negatively charged mineral refuse is critical to the succesé of
electrostatic beneficiation. Losses may be attributed to organic particles having mineral
inclusions not liberated during grinding prior to beneficiation, or perhaps in some cases, by
the organic maceral particles that charged negatively. The comminution studies reported
by King [6-8] showed that many pyrites remain entrained in macerals even when coal is
ground to dimensions of a few tens of micrometers [6-8]. Therefore, the distribution and
compositions of macerals and minerals influence both the efficiency of liberation and
electrostatic separation.

Petrographic analySes of the charge-separated powders provide information on
microstructural composition of the particles and its influence on beneficiation. The
macerals of coal are of three major types: vitrinite, liptinite, and inertinite. Vitrinite,
derived primarily from cellulose and lignin has the highest oxygen and also organic sulfur
content of macerals [9]. Vitrinite is predominant, comprising 80 to 95 percent of the
organic fraction in low rank coals. Liptinite, from fatty acid residues as found in cutine
and spores, is rich in aliphatic structures with greater hydrogen and lesser oxygen content
~ than other macerals. Liptinite, chemically similar to amber, exhibits ultraviolet stimulated
fluorescence properties in the optical microscope due to the existence of metastable

excited electronic states. Carbon rich inertinite, which contains significant amounts of
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fused aromatic ring carbon structures, most resembles graphite. [Inertinite is among the
more conductive macerals due to its electron-delocalized pi bonding. Inertinite macerals
often contain plant cell remnant cavities, which harbor mineral inclusions.

[f coal is ground into ultrafine particles, a larpe portion of the coal is reduced to
particles consisting largely of individual macerals or minerals. Only when the minerals are
physically liberated from minerals does it become possible to beneficiate coal before
combustion. This limitation is present both for wet and dry pre-combustion cleaning.
Since coal is pulverized down te —200 mesh (< 75um) in an industrial power plant, the
grinding process was limited to this subrange. Petrographic analyses of electrostatically
separated —200 mesh Illinois No. 6 coal powders showed that the physical liberation and
separation were both inefficient. The results are summarized in Table 1. Each number in
Table 1 represents the number of particles of each type as a percentage of all particles
counted in the clean or refuse samples respectively.

Table 1 illustrates that liptinite and inertinite are enriched in the refuse whereas
vitrinite is enriched in the clean fraction. There were many more mineral particles in the
refuse portion than in the clean samples. There are many sources of error in the method
used to identify particles comprised of both macerals and minerals, as given in Table 1.
The small pyrites were difficult to observe in the optical microscope, and the macerals,
particularly inertinite, were not easily identifiable. However, particles of the three maceral
classes themselves were readily distinguishable from one another by microscopic

inspection.
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Vilrinite  Liptinite Inertinite  Vitrinite  Liptinile  Inertinite  Mineral
wiMineral w/Mineral w/Mineral

Clean Coal 78.0% 6.3 % 6.8 % 6.4 % 0.7 % 0.6% 1.1%

Refuse Coal 66.1% 1035 % 9.2 % 53% 14% 06% 6.9 %

Table 1: Petrographic analyses of beneficiated Illinois No. 6 coal powders

The higher inertinite content in the refuse was confirmed also by the technique of diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy. DRIFT spectra of powders
from several beneficiation experiments conducted with both Illinois No. 6 and Pittsburgh
No. 8 coal consistently exhibited a greater absorbance intensity for the aromatic ring
vibration at a frequency of 1608 cm™ for refuse in contrast to clean coal. Figure 4 (a)
shows the DRIFT spectra of feed, and 4 (b) and 4 (¢) shows the processed Pittsburgh No.
8 powders. The 1608 em™ absorption may be ascribed to inertinite based on the chemical
composition of increased aromatic content for this maceral. The bands at 862, 817, and
751 em”, of the Figure 4 spectra comespond to deformation modes of aromatic ring
structures and appear to be of greater intensity in the spectrum of the clean fraction.
However, this is not the case. Close inspection reveals that the shoulders of these bands
are masked by mineral vibrations in the spectrum of the refuse, but the vibrations are
actually of greater intensity than in the spectrum of clean coal. By petrography, others
also have found a higher inertinite content in the negatively charged processed fraction
from electrostatic beneficiation.” Mineral inclusions in the inertinite particles are a likely

cause. Similarly, the greater quantity of liptinite in the refuse may be attributed to trapped
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minerals promoting a negative electrostatic tribocharge. Other salient features of the
spectra in Figure 2 include: aliphatic C-H stretching 2800 to 3000 cm™, aliphatic bending
(deformation) at 1457 cm™, and aluminosilicate mineral vibrations [11] at

1034 cm™ and 541 cm™. The mineral bands are clearly largest in the refuse spectrum as
expected. DRIFT spectra of Illinois No. 6 powders (not shown) illustrate ’a lower
aliphatic C-H content than Pittsburgh No. 8 consistent with more oxidation present in the

Illinois No. 6 coal as described below.
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Figure 4. DRIFT spectra of (a) Pittsburgh No. 8 fresh feed coal, (b) processed No. 8 coal
from the negative plate, and (c) processed No. 8 coal from the positive plate

The presence of increased quantities of inertinite and liptinite in the refuse is also
reasonable considering the distribution of macerals and minerals in the coal matrix.

Commonly, microscopic layers of homogeneous vitrinite bands are found to alternate with
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complex layers composed of all maceral types in bulk coal. The complex layers are
appropriately named “trimacerite”. The alternating microstructure results from the
original plant deposits. Whereas bulk plant parts such as leaves and stems were converted
to vitrinite during coalification, their surfaces were sullied with fine material from the
environment. It is thus the interface of two plant part surfaces, which produced the
complicated trimacerite. ~Bacterial action also prevailed on plant surfaces yielding
increased pyrite in trimacerite in conjunction with increased inertinite and liptinite.
Conversely, a greater abundance of vitrinite in the clean coal fraction is a reflection of low
mineral content and expected preference to charge positively.

Charge-to-mass ratio data also indicate a more complex composition for the refuse
relative to that of clean coal. Ranges in charge to mass values obtained from four separate
beneficiation experiments conducted on each of three different size classified Pittsburgh

No. 8 coal powders are shown in Figure 5.
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Figure S: Charge to Mass Ratios for Pittsburgh No. 8 clean and refuse coal powders

As seen in Figure 5, variability in charge to mass ratios for the refuse was greater
than for the clean coal for all three powder sizes. However, variability decreased with
decreasing powder size. The smallest powder (45-75 um) showed the smallest average
deviation for both the clean and refuse and also the highest positive value for the clean
fraction. Therefore, finely ground coal exhibited improved dipolar charging character.
Clean and refuse fractions of Illinois No. 6 coal exhibited lower degrees of charging than
those of Pittsburgh No. 8. The average measured charge-to-mass ratios for Illinois No. 6
(<75 pum) clean and refuse powders were 9.66 uC/g and -12.6 uCl/g, respectively. These
values are smaller than for the 45-75 um powder fraction shown in Figure 5 and are

consistent with the oxidized condition of the Illinois No. 6 sample.

2. Effects of particle size and atmosphere on beneficiation
Improved beneficiation is expected with fine grinding due to enhanced liberation of pyrite
inclusions. Figure 6 shows the average total sulfur content of feed and beneficiated

Pittsburgh No. 8 coal for two size classifications.
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Figure 6: Average total sulfur content of feed and beneficiated Pittsburgh No. 8 coal for
two size classifications.

Refuse from 45-75 pm powder was appreciably enriched in sulfur relative to that
of 75-105 um powder and the cleaned 45-75 pm powder had slightly lower sulfur content.
However, the percentage of feed recovered as clean was not improved for the smaller
sized powder, Specifically, the average mass percentages of clean coal recovered were
63.2% and 63.5% for the 45-75um and 75-105 pum powders respectively. Therefore,
clean coal yield was not increased wit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>