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7) ABSTRACT

An apparatus for sorting particles. The apparatus includes a
magnet mechanism for separating the particles with a mag-
netic force. The apparatus includes an electric mechanism
for separating particles with an electrical force disposed
adjacent to the magnet mechanism. The apparatus includes
a mechanism for providing the particles to the magnet
mechanism and the electric mechanism. The providing
mechanism is engaged with the magnet mechanism and the
electric mechanism. A method for sorting particles. The
method includes the steps of providing the particles to a
magnet mechanism and electric mechanism disposed adja-
cent to the magnet mechanism. Then there is the step of
separating the particles with the magnetic force from the
magnet mechanism and the electric force from the electric
mechanism.

21 Claims, 7 Drawing Sheets
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METHOD AND APPARATUS FOR SORTING
PARTICLES WITH ELECTRIC AND
MAGNETIC FORCES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation-In-Part of application
Ser. No. 09/289,929 which was filed on Apr. 14, 1999, now
abandoned.

This invention was made with Government support under
Grant DMI-9760706 awarded by the National Science Foun-
dation. The Government has certain rights in this invention.

FIELD OF THE INVENTION

The present invention relates to a method and apparatus
for sorting particles. More specifically, the present invention
relates to a method and apparatus for sorting particles using
electric and magnetic forces where the particles are electri-
cally charged by friction and by capacitive contact.

BACKGROUND OF THE INVENTION

The present invention is directed to the separation of
magnetically similar particles which otherwise have dissimi-
lar surface electric characteristics. An example of commer-
cial significance is the separation of unburned carbon from
fossil-fuel-combustion fly ash. Pulverized coal fly ash with
a mean particle size of about 10 to 30 microns is collected
dry by electrostatic precipitators to prevent emission to the
atmosphere. The fly ash is primarily composed of cenos-
pheres of aluminum-, silicon-, and ferruginous-oxides which
tend to be strongly magnetic with apparent paramagnetic
susceptibilities of the order of 100 to 10,000%10~° cm?/g.
The cenospheres are pozzolans and have significant value as
extenders for portland cement in construction applications.
When diluted with a few percent by weight of unburned
carbon, however, they are virtually worthless and must be
disposed. The unburned carbon, called Loss On Ignition,
LO]J, is increasing at fossil-fuel-fired power plants because
of the advent of new burner technology designed to lower
emissions of nitrogen oxides, NO,. The carbon chards
remaining after combustion can incorporate significant
amounts of the cenospheres so carbon/cenosphere compos-
ites with varying levels of magnetism are contained in the fly
ash. Because of this, attempts to separate unburned carbon
from pulverized coal fly ash using magnetic separation
technology have had only limited success due to the distri-
bution of magnetism in the carbon component.

Another area that the present invention is directed to is the
separation of particles which have similar surface electrical
characteristics but, otherwise, have differing magnetic prop-
erties. An example is paramagnetic and diamagnetic miner-
als found in coal. These minerals are all undesirable because
they dilute the heat content of coal and result in slagging and
fouling in coal combustion. While these minerals are of
distinctly differing magnetism, they generally exhibit the
same triboelectric charge which is negative. Another
example is the separation of nanosized magnetic particles,
such as magnetite, prepared by carbon plasma arc deposi-
tion. In the arc method, some particles are created which are
smaller than the critical size for formation of magnetic
domains. When the particle diameter is below nominally
500*107® centimeters, the critical domain size for magnetite,
they do not exhibit typical properties of ferromagnets.
Subdomain sized magnetite particles are superparamagnetic.
They are characterized by a magnetic susceptibility and do
not exhibit a locked in magnetic moment or hysteresis.
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Ferromagnetic magnetite particles are used as magnetic
media for information storage. Fine particle size offers the
potential for greater storage density. Superparamagnetic
particles also offer new methods for information storage not
now used in this industry. Currently, however, the separation
of subdomain sized particles from the carbon arc product is
limited by the electrostatic size classification method
employed. The electrostatic technology cannot be scaled to
commercial throughput which limits the potential for using
nanosized magnetic particles to the laboratory.

SUMMARY OF THE INVENTION

The present invention pertains to an apparatus for sorting
particles. The apparatus comprises a magnet mechanism for
separating the particles with a magnetic force. The apparatus
comprises an electric mechanism for separating particles
with an electrical force disposed adjacent to the magnet
mechanism. The apparatus comprises a mechanism for pro-
viding the particles to the magnet mechanism and the
electric mechanism. The providing mechanism is engaged
with the magnet mechanism and the electric mechanism.

The present invention pertains to a method for sorting
particles. The method comprises the steps of providing the
particles to a magnet mechanism and electric mechanism
disposed adjacent to the magnet mechanism. Then there is
the step of separating the particles with the magnetic force
from the magnet mechanism and the electric force from the
electric mechanism.

The present invention pertains to an apparatus for sorting
material having paramagnetic material and diamagnetic
material. The apparatus comprises a region for introducing
triboelectric charge to the paramagnetic material and the
diamagnetic material. The apparatus comprises a magnetic
region having stronger magnetic fields and weaker magnetic
fields that cause paramagnetic material to move to the
stronger magnetic fields and diamagnetic material to move
to the weaker magnetic fields. The apparatus comprises an
electric region overlapping with the magnetic region having
an electric field which causes positively charged diamag-
netic material to move in a first direction and negatively
charged diamagnetic material to move in a second direction
different from the first direction. The magnetic region and
electric region are in communication with the region for
introducing triboelectric charge.

The present invention pertains to a method for sorting
material having paramagnetic material and diamagnetic
material. The method comprises the steps of introducing
triboelectric charge to the paramagnetic material and the
diamagnetic material. There is the step of applying a mag-
netic force to the paramagnetic material and the diamagnetic
material to separate the paramagnetic material from the
diamagnetic material. There is the step of applying an
electric force, which acts in conjunction with the magnetic
force, to the diamagnetic material to separate positively
charged diamagnetic material from negatively charged dia-
magnetic material.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings, the preferred embodiment
of the invention and preferred methods of practicing the
invention are illustrated in which:

FIG. 1 is a schematic representation of an apparatus of the
present invention.

FIG. 2 is a schematic representation of a splitter configu-
ration.
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FIG. 3 shows lines of electric equipotential in the space
between the flow dividers and the magnet surface.

FIG. 4 shows magnetic flux lines in permanent magnet
separator.

FIG. 5 shows the magnetic energy gradient near the
surface of the permanent magnet separator.

FIG. 6a is a perspective view of an electric and magnetic
separator used to separate feebly paramagnetic and diamag-
netic particles with differing surface electric charging char-
acteristics.

FIG. 6b shows variation of the magnetic energy gradient
along a line in the mid-plane between the poles.

FIG. 6c is a plan view of an alternative embodiment of the
present invention employing an electromagnet or permanent
magnet.

FIG. 7 shows the lines of electric equipotential in the
space between the magnet poles of an alternative embodi-
ment of the present invention.

DETAILED DESCRIPTION

Referring now to the drawings wherein like reference
numerals refer to similar or identical parts throughout the
several views, and more specifically to FIG. 1 thereof, there
is shown an apparatus 10 for sorting particles. The apparatus
10 comprises a magnet mechanism 12 for separating the
particles with a magnetic force. The apparatus 10 comprises
an electric mechanism 14 for separating particles with an
electrical force disposed adjacent to the magnet mechanism
12. The apparatus 10 comprises a mechanism for providing
the particles to the magnet mechanism 12 and the electric
mechanism 14. The providing mechanism 16 is engaged
with the magnet mechanism 12 and the electric mechanism
14.

Preferably, the providing mechanism 16 includes a
mechanism for imparting an electric charge to the particles.
The magnet mechanism 12 rotates about a horizontal axis
20. Preferably, the electric mechanism 14 includes an elec-
trode 22. The electrode 22 is preferably disposed adjacent
the magnet mechanism 12 so a voltage difference is applied
between the electrode 22 and the magnet mechanism 12 by
DC voltage source 60. Particles which are magnetic will be
attracted to the magnet mechanism 12 but repelled by inertia
and electrical forces if they are charged the same way as the
magnet mechanism 12, with a balance of forces on each
particle dictating where the particle goes as the magnet
mechanism 12 rotates.

Preferably, the imparting mechanism 18 includes a vibra-
tory tray 24 upon which the particles are vibrated and creates
triboelectric charges in the particles by contact of the par-
ticles with the vibratory tray 24 and among themselves. The
imparting mechanism 18 preferably includes a feeder belt 26
which receives particles from the vibratory tray 24 and
carries them to the magnet mechanism 12 and creates
triboelectric charges in the particles by contact of the par-
ticles with the feeder belt 26 and among themselves.

Preferably, the providing mechanism 16 includes a feeder
hopper 28 through which the particles are fed to the vibra-
tory tray 24. Preferably the providing mechanism 16
includes a permanent magnet 35 suspended over the belt 26
near the exit of the vibratory feeder tray 24 for removing
tramp iron from the feed to the permanent magnet separator
12.

The particles preferably release from the magnet mecha-
nism 12 at various angular locations around the axis of
rotation 20 depending upon the angular velocity of rotation,
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the radius of the magnet mechanism 12, the voltage applied
to the magnet mechanism 12, the magnetic force of attrac-
tion produced by the magnet mechanism 12, the electrical
properties of the belt 26, and the size, weight, the electric
charge of the particles, and aerodynamic drag force.

Preferably, the apparatus 10 includes mechanical splitters
32 aligned with the magnet mechanism 12 which separates
particles that leave the magnet mechanism 12 into streams of
differing magnetic, electric, mechanical and chemical
attributes. The magnet preferably comprises a cylindrical
arrangement of alternating segments of permanent magnets
37 separated by magnetic steel spacers 34, where the per-
manent magnets are magnetized parallel to the axis of the
cylinder and are arranged so that the nearest faces are
magnetized in opposite directions with the magnetic flux
from the magnet emerging radially over the surfaces of the
steel spacers 34, as shown in FIG. 4.

Preferably, the applied electric field strength is up to the
breakdown strength of air. Preferably, the voltage is up to
20,000 volts. The electrode 22 is preferably as close as 7
millimeters with the magnet and may be as far away as 50
mm. Preferably, the electrode 22 is located from O degrees
to 90 degrees with respect to the horizontal axis 20. The
particles are preferably between 0.05 micron and 2.4 milli-
meters in diameter.

Preferably, particles with low work function give up
electrons and become positively charged, while particles
with large work function acquire electrons and become
negatively charged. The particles are preferably weakly
magnetic such as diamagnetic or paramagnetic or strongly
magnetic such as ferromagnetic or anti-ferromagnetic or
mixtures thereof. Preferably, the magnet rotates at a variable
speed to enhance the electric and magnetic separation of the
particles.

The present invention pertains to a method for sorting
particles. The method comprises the steps of providing the
particles to a magnet mechanism 12 and electric mechanism
14 disposed adjacent to the magnet mechanism 12. Then
there is the step of separating the particles with the magnetic
force from the magnet mechanism 12 and the electric force
from the electric mechanism 14.

Preferably, providing a separation step includes the steps
of imparting and electric charge to the particles. Before the
separating step there is preferably the step of applying a
voltage difference between the magnet mechanism 12 and
the electric mechanism 14. Preferably, the separating step
includes the step of rotating the magnetic magnet mecha-
nism 12 about a horizontal axis 20 so particles which are
magnetic are attracted to the magnet mechanism 12 but
repelled by inertia and electrical forces of the electric
mechanism 14 if the particles are charged the same as the
magnet, with the balance of forces of each particle including
aerodynamic drag dictating where each particle goes as the
magnet mechanism 12 rotates.

The present invention pertains to an apparatus for sorting
material having paramagnetic material and diamagnetic
material. The apparatus comprises a region 649 for intro-
ducing triboelectric charge to the paramagnetic material and
the diamagnetic material, as shown in FIG. 6a. The appa-
ratus comprises a magnetic region 700 having stronger
magnetic fields 711 and weaker magnetic fields 712, as
shown in FIG. 7, that cause paramagnetic material to move
to the stronger magnetic fields and diamagnetic material to
move to the weaker magnetic fields. The apparatus com-
prises an electric region 751 overlapping with the magnetic
region having an electric field which causes positively
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