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I. INTRODUCTION
This is the third semi-annual, technical progress report for this project.  The following

items are covered in the report:
A.  Progress on the development of an instrument to perform ultraviolet photoelectron

spectroscopy, UPS, on surfaces in air.
B. Further development plans for the video particle image analyzer.
C. Calculations on the effect of space charge on the electric field inside a separator.
D. Outreach education involving two Arkansas high school students in the project.
E. Additional data on the effects of  processing atmosphere on beneficiation.

Included in the last section is a description of planned experiments using charged,
fluorescent, polystyrene micro-particles to map the charge distribution on the larger coal particles
and on polished coal surfaces.

II. WORK PERFOMED
A.  UPS

In the last report we included a masters thesis proposal by graduate student Adam Brown
for the development of an instrument to perform ultraviolet photoelectron spectroscopy, UPS, on
surfaces in air.  Most of the major components for the instrument have been constructed and some
initial testing of the components has been performed.  Mr. Brown’s progress report is enclosed as
an appendix to this report.

B. VIDEO IMAGE ANALYZER
The video particle image analyzer was developed to measure size and charge of airborne

particles.  In the first laboratory prototype of the instrument it was found that the velocity of fluid
flow was significantly affected by the presence of the powders to be measured.  At higher
concentrations of powders “cloud settling” increased the downward vertical velocity of the fluid
in the measurement region, causing the measured vertical velocity to depend on particle
concentration as well as particle size.  Thus, a measure of vertical velocity does not translate
directly to settling velocity and, hence, it cannot be used to give an accurate measure of particle
size.  In the instrument the sizes of small particles (diameters less than 25 µm) are determined
based on the phase of their motion in a sinusoidal electric field.  For larger particles the phase
measurement does not give sufficient resolution for measuring size and, hence, settling velocity
must be used.
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To improve the accuracy of measurement for larger particles we are looking at several
approaches.  One is to stabilize the concentration of powder fed into the instrument.  A second is
to modify the manner in which the sample is drawn into the measurement chamber.  The powders
have thus far been pulled into the chamber in a narrow stream covering about 1/20 of the cross
section of the chamber.  This aerosol flow is surrounded by a flow of clean air.  The total flow is
kept constant but the two can vary relative to each other.  When the density of the aerosol cloud
increases its settling velocity increases and the sheath air flow decreases to compensate.  If the
aerosol flow is set to cover the entire cross-section of the tube then it must equal the total flow
and is thus constant.

We are also trying to reduce the uncertainty in determining the sinusoidal phase of particle
by modifying the image acquisition method and the image analysis algorithm.  An approach has
been outlined which could reduce phase uncertainty by a factor of five to ten.  This would allow
the phase measurement method of sizing to be extended to larger particles reducing the demands
on flow stability.  The approach requires a full-frame integrating camera.  The laser will be left on
continuously rather than switched on and off.  Particle tracks will appear in two adjacent frames
and corresponding tracks in adjacent frames will be analyzed together.  For such a system to
operate efficiently, we will need to store or process data at the full 30 Hz frame rate of the
camera.  This requires higher speed processing and a streamlined algorithm.  The current
algorithm was able to handle five or six frames per second using a 100 MHz Pentium PC.  We are
preparing to order a dual Pentium II – 300 MHz system with fast SDRAM and a SCSI wide hard
drive.  We have also identified a suitable camera for the new system.

C.  SPACE CHARGE DUE TO PARTICLES IN THE SEPARATOR
Our previously reported calculations of particle motion inside a parallel plate separator

have been based on the assumption of isolated particles in the electric field due to the applied
potential.  However, the charged particles create a space charge that changes the electric field
distribution inside the separator and under some circumstances can cause the direction of the
electric field to reverse.  This would cause positive particles to deposit on the positive plate and
negative particles to deposit on the negative plate.  Here calculations are presented for giving, to a
first approximation, conditions that would cause the field to reverse.

Charge between the plates induces an image charge of equal magnitude on the plates.  If
the charge is halfway between the plates then one half of the image charge will be induced on each
plate.  As the charge moves toward one plate the induced charge on that plate increases while the
induced charge on the other plate decreases.  There is also an induced charge on the plates due to
the applied potential between them.

We assume that the space charge is due to a thin sheet of charge parallel to plates.  Four
simple equations are the obtained relating the electric fields in the two regions between the charge
sheet and the plates to the space charge density, the potential difference between the plates, and
the magnitudes of the induced charge densities.   For these calculations a single sheet of charge
has been assumed.  Multiple charge sheets could be used to approximate a charge distribution
between the plates. One additional equation and one additional unknown (another electric field)
are added for each sheet of charge.  One attempt was made at assuming a bounded, continuous
distribution, however, the symbolic equation solver did not find solutions for the fields outside the
bounded region.
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The MathCad symbolic equation solver was used to find equations for the four dependent
variables.  We have plotted electric field in the two regions of space between the plates and the
sheet of charge as a function of the mass feed rate of the powder.  It is assumed for the
calculations that the powder remains at a fixed distance from the plates, travels at a fixed velocity
and has a fixed charge density.  From the plot it can be seen at what mass flow rate the field will
reverse directions for a given set of conditions.
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ELECTRIC FIELD IN A SEPARATOR IN THE PRESENCE OF SPACE CHARGE

     The purpose of this activity was to obtain a first approximation of the mass flow rate of unipolarly 
charged powder that would cause the electric field to reverse directions relative to that due to the 
applied potential, thus, causing particles of negative (positive) polarity to deposit on the negative 
(positive) plate. 
 
     Two parallel conducting plates are separated by a distance, D, and held at a potential difference, 
V.  A 'sheet' of charged particles is fed between the plates at a distance, P, from the left plate.  The 
particles have charge to mass ratio, qm, and are fed at a constant mass flow rate and fixed velocity.  
Thus, in this approximation the space charge can be represented by a thin sheet of charge with 
uniform charge density in coul/m^2. 
 
     The program determines the charge densities induced on the two plates and the electric fields in 
the regions on either side of the sheet of space charge.  In the calculations the x,y dimensions of 
the plates and the space charged are assumed infinite.  Dimensions of the plate are used to 
calculate charge density for the particles with a given mass flowrate and mass charge density.   
 
     The center of the charge sheet would normally be applied halfway between the two plates but 
would move quickly in the applied electric field, hence, the program allows for the calculation to be 
made with the space charge sheet at any z location between the two plates.

Given

.E1 P .E2 ( )D P V The left plate is held at a negative potential relative to the right plate.  The 
plates are separted by D.  The space charge sheet is parallel to the plates 
and located at position P between them.  E1 is the field between the left 
plate and the space charge.  E2 is the field between the right plate and the 
space charge.  The rho values are the charge densites for the space charge 
and the two plates.

.1
.2 ε0

( )ρs ρ1 ρ2 E1

.1
.2 ε0

( )ρs ρ1 ρ2 E2

ρ1 ρ2 ρs

The mathcad symbolic equation solver is 
used to solve the above four equations for 
the four dependent variables.  The 
equations for E1 and E2 were then copied 
to the next page and their magnitudes 
were determined at several values of the 
independent variables of mass feed rate 
and position of the charge sheet.
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Top traces are for E1, the electric field in the region to the left of 
the space charge.  The lower three traces are for E2, the electric 
field in the region to the right of the space charge.

Where the electric field is negative, negative particles will deposit on the negative plate. 
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D.  OUTREACH
Two high school students have worked on this project during the past six months.  Ms.

Casey Bryant, a student at the Arkansas School for Mathematics and Sciences in Hot Springs,
Arkansas, performed petrographic analyses and determined the ash content of many samples using
ASTM protocol (D 3174-89) and a temperature programmable furnace.  Some of her are
presented in section E on the effects of processing atmosphere.

Mr. Ross Brown, a student at Central High School in Little Rock, Arkansas performed
work for his high school science fair project at our facilities under the supervision of graduate
student Mr. Adam Brown.  His goal was to examine the effect of particle size on separation
efficiency and beneficiation.  A condensed version of his report follows.

Efficiency of Electrostatic Coal Beneficiation as a Function of Particle Size
by Ross Brown

Little Rock Central High School

HYPOTHESIS
Beneficiation will improve with decreasing particle size until the particles are small enough

that charging becomes inefficient due to reduced number of impactions in the copper static
tribocharger.

PROCEDURE
Illinois No. 6 coal was ground and then sieved into five size fractions -- <45µm, 45-75

µm, 75-106 µm, 106-150 µm and >150 µm.  Ten grams of each size was passed through the
copper tribocharger and the electrostatic separator.  The separated fractions were collected and
weighed to determine the relative amounts deposited on the positive plate, negative plate, and
filter. Two repetitions were made for each size range.  The ash fractions of the coal collected from
the negative plate (corresponding to the clean fraction) was determined for each size range using
a programmable oven and ASTM procedures.

RESULTS

Table 1.  Mass fraction of electrostatically separated Illinois No. 6 coal powder collected
on the separator plates and the filter at the bottom of the separator.  Each measurement is
the average of two runs.

Size Range
µm

% Collected
Negative Plate

% Collected
Positive Plate

% Collected
Filter

% Recovered

< 45 39.1 27.8 17.9 84.8
45-75 33.9 36.1 18.0 88.0
75-106 20.0 49.7 16.1 85.8

106-150 6.8 20.6 49.0 76.4
> 150 0.7 4.4 64.3 69.4
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Most of the measurements of ash fraction gave unreasonable numbers.  Some samples
showed weight gain after cooking.  This was probably due to unfamiliarity with the balance,
possibly resulting in inconsistent zeroing and taring.  Only the 106-150 µm size range, with an ash
fraction of 3.24%, showed a measurement in the expected range.

The smallest grind size led to the highest percentage of coal collected on the negative plate
(clean fraction).  The ratio of coal collected on the negative plate relative to that collected on the
positive plate increased with decreasing particle size.  The larger particles are more likely to
contain minerals, which tend to charge negatively.  If the entrained minerals dominate the particle
charging, larger particles would be expected to be collected with greater frequency on the positive
plate (refuse fraction).

CONCLUSION
Within the range of size fractions used in this experiment, the smaller the particles the

better the separation and beneficiation.

E. EFFECTS OF PARTICLE SIZE AND ATMOSPHERE ON BENEFICIATION
Table 2 presents, in a different format, data from Tables 6 and 7 of the last semi-annual

report.  Additional data have been added for ash measurements for the coal processed under
nitrogen atmosphere. The new values, added by Ms. Bryant, are shown in bold type face.  The
values represent the average of three determinations.  The standard deviation of the triplicate
determinations for the size range 150-300 microns was high (3.16%), but reproducibility for the
other samples was good with standard deviation of 0.62 or lower.

In most cases blanks are left in Table 2 where measurements were not performed.
However, for the ash content from coal collected from the negative plate in the nitrogen
processed test we have calculated values based on a mass balance of the total ash.  The feed coal
and the filter collected fractions were assumed to have 7.25% ash (the average of the ash
measurements for all other feed).  The exact values calculated for ash content of the clean fraction
depend on the assumed value for the feed coal.  Thus the calculated magnitudes are not highly
accurate.  However, there is a trend in the data.  Ash content decreases with decreasing particle
size.  This trend was not seen in the coals exposed to air.

We found that powders exposed to air for 24 hours showed enhanced beneficiation over
freshly ground powders.  Processing in nitrogen atmosphere significantly increased the mass
collected on the clean (negative) plate, though we cannot conclude on the effect on beneficiation.
Although the data remains incomplete, it appears that fine grinding is important for success.  We
will be reproducing these beneficiation and analyses experiments to verify these findings.
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Table 2.  Comparison of beneficiation parameters for different size fractions of Pittsburgh
No. 8 coal handled using different gaseous exposure conditions.

Size
Range
(µm)

Feed Coal Coal Collected from
Negative Plate

Coal Collected from
Positive Plate

Coal
from Filter

Ash
Fract’n

%

Sulfur
Conten

t
%

Mass
Fract’n

%

Ash
Conten

t
%

Sulfur
Content

%

Mass
Fract’n

%

Ash
Conten

t
%

Sulfur
Conten

t
%

Mass
Fraction

%

Ground and Sieved in Air – Separated with Minimal Delay

150-300 6.2 2.10 53.3 1.48 19.3 10.1 27.4
106-150 7.2 59.8 3.41 1.52 38.4 12.7 3.14 1.8
75-106 7.3 2.06 61.3 3.22 1.47 37.7 14.9 3.44 1.0
45-75 8.4 61.3 3.43 1.46 37.4 15.4 3.65 1.3
< 45 65.6 27.0 7.4

Ground and Sieved in Air – Separated after 24 Hours Open to Air

150-300 7.8 1.87 46.8 3.38 1.53 15.4 13.2 37.8
106-150 6.7 66.3 1.41 32.0 2.95 1.7
75-106 7.1 2.06 65.2 4.50 33.5 15.9 3.55 1.3
45-75 7.1 2.10 66.5 3.25 1.37 33.1 16.0 3.68 0.4
< 45

Ground and Sieved in Nitrogen – Separated with Minimal Delay

150-300 56.2 (6.1)a 15.6 11.9 28.2
106-150 67.5 (4.65) 30.0 13.1 2.5
75-106 67.1 (3.8) 30.8 14.7 2.1
45-75 68.3 (3.7) 29.6 15.4 2.1
< 45 77.4 20.5 2.1

a Values in parentheses were calculated based on a mass balance using the other numbers in the row.  The
feed coal and filter collected fraction were assumed to have 7.25% ash.
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III.  PLANS FOR THE COMING SEMESTER

1. Complete UPS instrument and measure effective work functions for different subclasses of
coal from different mines.

2. Complete construction of the video image analyzer for size and charge spectrum studies of
coal and mineral particles charged by triboelectrification.

3. Apply newly developed high-voltage electrometers to separator studies to provide real time
monitoring of the charge separation process.

4. Perform additional investigations on two-stages of separation.

5. Charge Distributions Using Fluorescent Polystyrene Micro-Particles
Experiments are also planned for the upcoming months in which fluorescent micro-spheres

will be used to probe the charge distribution on the surfaces of coal particles.  This imaging
process will allow identification of bipolar charge distributions - if present - on the particle
surfaces.

The coal particles will be charged in one of two ways -- by passing the air entrained
particles though a copper static tribocharger or by milling (tumbling) them with copper beads.
The charged coal will be injected by aerodynamic forces into a chamber containing a high
concentration of fluorescent, monodisperse polystyrene latex (PLS) spheres with diameters in the
range of 0.3 to 0.6 µm.  The PLS spheres will be aerosolized from liquid suspension using a
pneumatic jet nebulizer.  They will be dried and then charged by field charging in a Boxer Charger
(Sankyo Dengyo Co.; Tokyo, Japan).  PLS spheres with one charge polarity at a time will
normally be used in the experiments.

The coal particles, which will have collected the fluorescent micro-spheres by coulombic
attraction, will then be passed into an electrostatic separator for separation based on their
remaining net charge and for collection onto substrates.  The collected coal particles will be
examined in an ultra-violet epi-fluorescence microscope and/or with a scanning electron
microscope to observe the distribution of collected micro-spheres.  The pattern and quantity of
deposition will give information about the charge and charge distribution on the coal particles.  A
comparison can be made with coal particles that are field charged.  Field charging by a corona gun
should produce a more uniform distribution of charge on the surface of the coal than does
tribocharging.

The number of PLS particles on each coal particle will be estimated to determine if there is
a correlation of number with the size and maceral type of the coal particles and conditions, i.e.
humidity and time of exposure to atmosphere.  We will identify any clustering that occurs and
determine how clustering is associated with physical surface features and the distribution of
macerals in the coal.
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Low Energy Electron States Related to Tribo-Electrification of Particles Using Photo
Emission in Air.

Adam Brown

In the last four months I have been working to design and construct the electrical and
optic components of the air counter proposed in previous reports.  The following is a study of the
techniques employed to develop these components.

Photoelectron spectroscopy has usually been performed in vacuum.  An instrument exists
which uses photoelectron spectroscopy to find the work function of materials in air. The original
version of this instrument was designed by H. Kirhata.  If a surface in air is bombarded by photons
of sufficient energy, electrons are ejected.  Since oxygen is electronegative, free electrons will
most likely form negative O2 ions.  One ion is formed for each electron ejected from the surface.
Hence, rather than finding the electron’s kinetic energy, all of the electrons released can be
counted by counting the ions.  The electron yield is then plotted to extrapolate the cutoff
frequency.  This frequency correlates to the minimum photoenergy required to eject an electron,
which is the work function.   Figure 1 shows the general experimental setup and Figure 2 shows a
general block diagram of the components in the ion counter.

Figure 1. Experimental Setup
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Figure 2.  Ion counter
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Electrical Circuits

The electrical components of the ion detector show in Figures 1 and 2 perform five basic
tasks.

1.  Amplify the signal from the anode show in Figure 2
2.  Isolate and remove the signal from the 5 kV high voltage source that drives the anode
in Figure 2.
3.  Detect an ion initiated electron cascade
4.  Count the ion initiated cascades
5.  Switch the voltages V1 and V2 on the suppressor and quenching grids shown in Figure
2.
A circuit was designed to perform these tasks.  The circuit consisted of two parts; an

emitter circuit, which used an infrared, photo diode to transmit the signal from the anode to a
receiver circuit which used a photo transistor to a receiver the signal.  The receiver converts the
transmitted light back into a voltage signal.  This system is called an optical couple and isolates
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the control and detection circuitry from the high voltage on the anode. The circuits are shown in
Figures 3 and 4.

In the emitter circuit a 900 nm photo diode was used.  The phototransistor in the receiver
was sensitive to 900 nm light.   This reduced interference from external light sources.  The emitter
circuit also featured a diode clamp to protect the op amps from catastrophic currents that would
be generated if the high voltage line where shorted to ground.  In the timing circuit an And gate
prevented oscillation induced by secondary pulses during the count time of the counter.  The
count time was controlled by selecting an output bit. This bit when multiplied by the frequency of
the oscillator generated the quenching time.  In the receiver circuit a pulse would trigger the
comparator.  This sent a binary high to the And gate connected to the counter reset.  The AND
gate then reset the clock. At this point the timing bit goes low. The second input of the And gate
went low preventing any further pulses from resetting the counter until it times out.  While the
counter was counting the timing bit is low.  This low is inverted and sent to the switches and
counter.  Every time the timing counter cycled the timing bit went low, hence the input to the
cycle counter went high once per cycle.  This provided the ion count.  Every cycle or high
represents one electron cascade in the ion counter.  Each cascade was initiated by one ion.  Hence
the timing counter kept a count of the ions entering the detector.  Since the timing bit stays low
during a cycle the switches would receive a high.  This would switch the switches form 80 and
100 volts to -30 and 400 volts, which initiated the quenching of the electron discharge.  The timer
counts until the timing bit was reached. A high on the timing bit stopped the count.  It would
bring the second input of the And gate connected to the counter clock low.  With no clock input
the counter would wait for the next pulse.

The information received by the detection circuit is dependent on the intensity of the light
incident on the photo transistor this generated a possible source of noise.

The circuit was constructed and tested using a voltage spike. The spike was generated by
a square wave across a capacitor and resistor.  The time constant was such that the spike lasted
around 40 ms with an amplitude of 5 mv.  This simulates the pulse that would be generated in the
ion counter.   Upon testing no interference was observed in the output from the photo transistor
in the receiver circuit.  The signal was delayed 8 ms. This was due to the rise time of the photo
diode.  A small unexplained oscillation was observed in the feed back loop of the x10 amplifier in
the emitter circuit.  However this oscillation was not observed in the receiver circuit.  The circuit
was found to be adequate in identifying a 40 ms pulse similar to that expected from the ion
counter during an electron cascade.
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Figure 3. Emitter Circuit
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 Figure 7.  Experimental Setup for testing Optics
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Optical Components

The optical components where tested using the experimental setup show in Figure 7.  In
the figure monochromatic light was produced by a modified spectrofluorometer.  A
spectrofluorometer consists of a xenon arc lamp, two diffraction gratings, two slits, a sample
chamber, and a PMT.  The original purpose of the spectrofluorometer was to illuminate a sample
and record the spectral intensity of its fluorescence.  The spectrofluorometer was modified to use
only one of the gratings and one of the slits to generate monochromatic light from the xenon light
source.  The light was focus into a fiber optic relay using a lens assemble.  The fiber optic
transports the light to the sample area.

As seen in Figure 7 the light from the fiber optic was the passed into a photomultiplier
tube, PMT.  The PMT contained a focusing slit and a diffraction grating much like the one in the
spectrofluorometer.  However, the grating in the PMT was previously calibrated to provide
accurate wavelength separation. The grating was used to allow one wavelength of light to incident
on the slit on the PMT.  The PMT outputs a voltage proportional to the intensity of the light
component.  This voltage was digitized and transferred to a computer using a Radio Shack
voltmeter with a serial buss as show in Figure 7.

The spectrofluorometer was set to six different frequencies.  The grating on the PMT was
then set to 15 nm below the wavelength selected on the spectrofluorometer.  The grating on the
PMT was driven by a stepper motor, which was set to increase the wavelength by 0.1 nm per
sample per second.  The system was then allowed to sample increasing wavelengths until a peek
was defined. Data acquisition was then halted manual and the data recorded.   The data showed a



15

peek centered at the frequency set on the spectrofluorometer.  This meant the grating on the
spectrofluorometer was properly collaborated.

The second concern with the use of a modified spectrofluorometer was the spectral
intensity.  The spectrofluorometer must generate light of sufficient intensity to generate sufficient
electrons for counting at wavelengths less energetic than the work function of the sample.  The
spectra intensity was measured by incrementing the grating on the spectrofluorometer and the
PMT simultaneously so the frequencies remained the same. The frequency Vs intensity is show in
Figure 8.

Figure 8. Spectral intensity of spectrofluorometer
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The intensity displayed a cutoff at around 280 nm.  This cutoff should not effect the
analysis of coal.  Due to the high intensities generated between 400 and 500 nm the graph is not a
good representation of the spectral intensity below 300 nm.  This graph is also slightly distorted
by the response curve of the PMT.  For this reason the light produced from the
spectrofluorometer should be sufficient. A coating on the Xenon arc lamp used to prevent the
formation of ozone by air ionization causes the sharp cutoff below 280 nm.  If sufficient electrons
are not produced using this illumination source the lamp can be equipped with an uncoated bulb.
This will bring the cutoff down to around 200 nm, which will provide photon energy levels well
below those required.  However, if such a bulb where used the ozone produced must collected.
For this reason the coated bulb is currently preferable.


