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FACTORS RELATED TO MINERAL SEPARATION IN A VACUUM 

by 

1Foster F reas 

ABSTRACT 

Under a very high vacuum of 10-8 torr the transfer of terrestrial mineral 
beneficiation methods to the vacuum ambient of extraterrestrial locations such 
as the lunar surface was investigated. In the size range for the electro­
static and magnetic separation of ores (minus 35 plus 150 mesh) there is no 
adhesion of particles produced by crushing and grinding due to the limited 
contact area, and for repeated contacts area size has a frequency of occur­
rence in accordance to the normal law. The photoelectric effect which is suc­
cessful in separating a few minerals in an air ambient has a wider application 
in a vacuum, while the lack of air viscosity and sound transmission provides 
for high feed velocities and the adaptation of particle vibration to disper­
sion and grinding. Contact electrification is reversible upon return to 
atmosphere. 

INTRODUCTION 

This investigation has for its purpose the transfer of terrestrial min­
eral separation methods to the vacuum ambient of extraterrestrial locations. 
Mineral separation in a vacuum has never been considered before, although 
related information is obtained from the results of a long-range mineral bene­
ficiation program of the Bureau of Mines including theory and application of 
electrostatic (~-1) 2 and magnetic (~-2, 11) separation, the magnetization 
delay factor (10), and effects related to changes on the mineral surface 
(5-12). A pri~ry objective is the determination of the extent of the 
i~crease of particle adhesion in a vacuum and the harmful effect this may have 
on the flow of particles. Other objectives include changes in contact elec­
trification and the advantages which a vacuum may provide. 

lMetallurgist, College Park Metallurgy Research Center, Bureau of Mines, Col­
lege Park, Md. 

2 Underlined numbers in parentheses refer to items in the list of references at 
the end of this report. 
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FIGURE 1. - Flow and Contact Electrification 
Measurement Apparatus. 

EXPERIMENTAL METHOD 

The Vacuum System 

Information on the 
experimental arrangement 
may be obtained from fig­
ure 1. The Welch3 model 
3102 turbomolecular pump 
could be baked with heat­
ers supplied by the manu­
facturer while baking of 
the 18- by 30-inch stain­
less steel bell jar was 
accomplished with three 
385-watt heating tapes 
spaced on the bell jar 
surface. A double 0-ring 
seal between the bell jar 
and base plate permitted 
easy opening and closing 
of the system. Although 
a seal of this type intro­
duces limitations to the 
maximum attainable vacuum, 
satisfactory operation 
close to the 10-9 torr 
limit of the pump could 
be attained with Apiezon 
type L grease on the 
0-rings. This grease has 
a vapor pressure of 10-11 

torr at room temperature. 
A water cooled flange 

on the bell jar prevented heating of the seal during bakeout. Vacuum was 
measured with an ionization gage and NRC 720 control, while lifting of the 
bell jar was facilitated with a Heraeus-Engelhard hydraulic hoist. 

There is no oil contamination source except at the bearings located at 
the pump exhaust port. Since the pump removes all gases equally, the oil 
vapor which may arise at the bearings is continually exhausted. However, 
improper procedures, such as permitting the bell jar backfill to pass through 
the pump, will result in oil contamination. When the backfill, nitrogen or 
air, is introduced through the bell jar base plate, hydrocarbon contamination 
is prevented. 

3Reference to specific brands or makes or models of equipment is made for 
identification only and does not imply endorsement by the Bureau of Mines. 
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Contact Electrification Measurement 

Particle charging occurred on the vibrating feeder which was driven by an 
MB model SC drive unit. By means of rotation with a rotating feed-through and 
a PIC model BA3 mi t er gear the parti cles col lected in th e bin could be 
returned to the feed hopper, and by a reverse rotation, as illustrated in fig­
ure 1, the bin could be brought into contact with an insulated electrode for 
potential measurement with a Keithley model 220 electrometer. Capacitance of 
the electrical system was determined by measuring the change in potential with 
change in capacitance resulting from an added standard variable capacitance. 
The pump was protected from falling particles by a baffle of 24 stainless 
steel rings constructed of 0.02-inch-thick sheet and spaced 0.10 inch apart. 

Experimental Procedure 

The procedure for vacuum operation was first to pump with an 18-hour bake­
out period, next to cool to atmospheric temperature, and then to backfill with 
air for sample addition. This initial bakeout of the system was found to pro­
vide at room temperature a higher vacuum in a shorter pumping time. Pumping 
at room temperature was resumed for 2-1/2 more hours, after which the first 
pass of the sample under vacuum was conducted. The second pass over the 
vibrating feeder was also conducted at room temperature, but with an interven­
ing 18-hour bakeout period during which the temperature of the sample in the 
feed hopper was raised to 100°-104° C, near the maximum4 which might be 
encountered. Illumination for observation through a sight port was supplied 
by an 18-ampere, 6-volt projection lamp bulb with its base removed. 

EXPERIMENTAL RESULTS 

Particle Flow and Dispersion 

Through a sight port in the bell jar it was observed that with a vacuum 
of 6 X 10-8 to 8 X 10-8 torr a flow of minus 35- plus 65-mesh particles 
occurred without adhesion to the vibrating feeder or the collecting bin even 
though the sample was returned to the feed hopper and repassed. In the minus 
65- plus 150-mesh range an adhering single-particle layer occurred on the 
vibrating feeder near the feed hopper and at the discharge end. The particle 
sizes cover the range adaptable to electrostatic and dry magnetic separation. 

The particles were fragments produced by crushing and grinding. For adhe­
sion at these granular sizes surface contour is of prime importance. Particle 
adhesion when it does occur requires either polished dust free surfaces or 
very small particle sizes . An illustrative calculation on molecular force 
adhesion has been made by Lowe (17). Although Wagner (28) demonstrated adhe­
sion of 6-mm-diameter optically polished spheres in a v~uum of 10-9 torr, 
other data in the literature show that similar adhesion, including particle-to­
particle adhesion, occurs at atmospheric pressure for sand sizes. This fact 

4 According to Penn (20) the temperature of the lunar environment varies from 
-148° to +102° C. 
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has been demonstrated previously(~, p. 61), wherein 
dry beach sand with a surface contour similar to 
rounded gravel was found to agglomerate when stirred 
with a glass rod. Since the agglomeration disap­

q_ peared on exposure to an alternating current corona, 
A the attractive forces were identified as electro­
re static. On rounded particles of this type the total 

+ + + + attainable contacting area is close to that calcu­
lated from the particle dimensions. 

A B 
For fragmented particles contact area is lim­FIGURE 2. • Particle Charging 

ited to the surface peaks and for repeated contactsand Discharging 
an assortment of contact areas would be obtained.

Relations. It can be shown that the frequency of occurrence of 
a specific contact area is in accordance to the normal law. The procedure 
involves charge accumulation measurements as electrically conductive particles 
pass over an electrode. 

As illustrated in figure~ an uncharged particle when placed in an elec­
tric field will acquire the induced charges, q_ and q+, whose sum is equal to 
zero. In figure 2~ the particle is brought into contact with one of the elec­
trodes which produce the field, and the particle charge adjacent to the elec­
trode flows across the contact area, A. If this transferable charge is q_ and 
is discharged completely, the total charge on the particle changes from 
(q_ + q+) to q+. The relation between q and the contact area is therefore 
represented by the discharge of a condenser, where C is the capacitance of the 
condenser system contributed by the particle, Eis the potential across the 
contact area, and r is the specific resistivity of the particle. For the dis­
charge of a condenser, 

A -- dt, (1)re 

where tis the time. Integrating and solving for the integration constant at 
t = o, 

log q = -At + log CE. (2)re 

Since in the charge measurements the electric field intensity is suffi­
ciently low to eliminate electrostatic deflection, tis a constant. C is a 
constant when the particle diameter is constant. The negative sign in equa­
tions 1 and 2 appears from the rate of change of charge with respect to change 
in time. Equation 2 may accordingly be rewritten 

log q - log CE= log nQ - log CE= A ( ~~ ), (3) 

where Q is the measured charge in arbitrary units after the particle leaves 
the field, n is a constant, and q is the actual charge on the particle. 
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Data of this type represented as a straight-line cumulative percentage 
plot have been presented (~, p. 43). Differentiation through the use of Fry's 
table (11., p. 456) provides a frequency of occurrence plot as illustrated in 
figure 3. The mean charge, log Qm is equal to 0.4, and the equivalent area 
may be found by the equa tion 

log nQ - log nQm log Q - log Qm = (A-Am ) ( ;~ ). (4) 

The term on the right side of equation 4 is a function of the actual 
area A. Over the theoretical range in figure 3 this function has an approxi­
mate eightfold variation. 

Contact Electrification 

The successive contact electrification measurements are surrnnarized in 
table 1. The final weight of sample in the bin after return to atmosphere was 
less than the initial weight. Loss of sample i.s due to the higher bounce of 
the particles in vacuum, there being under these conditions no restraint to 
particle movement such as that which results from the viscosity of ambient air. 
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5 
- Ex perimen t a l rang e 

--- Theoret ical ra nge 

The actual increas e in rebound distance will 
be described later. 

0.8 0.9 

After contact electrification was meas­
ured in the atmosphere, the 2-gram sample was 
returned to the feed hopper (l, fig. 1). 
With this operation there was no loss of par­
ticles by bouncing. The average charge on 
the particle was calculated on the basis of a 
measured electric capacitance of 83 X 10-12 

farad for the bin, feed-through, and electrom­
eter. The low value for the average charge 
is attributed to several factors. One is 
that the vibration intensity of the feeder is 
too low for satisfactory charging for contact 
electrification separation; another is that 
the average charge is calculated from the 
bulk charge and, as known from contact elec­
trification studies (~), some particles 
acquire a charge polarity opposite to the 
bulk polarity. 

'I Examination of table 1 indicates that 
\ 

\ the contact electrification for the first 
I 

\ 

b pass under vacuum is greater than that in air. 
This can be attributed to both the absence of 

0 '--------'-----'------''--------'-----'------'-~- ~~ a corona leakage discharge, which can occur- 0.4 -0 3 -0.2 -0.1 0 0 I 0 .2 0 .3 0 .4 0.5 

AREA FUNC TI ON, ( A- Am)( ~ ) in air, and the absence of surface conductiv­
ity due to atmospheric moisture ~). Parks 

FIGURE 3. - Frequency of Occurrence (12) has presented an excellent theory with 
of Particle Contact Area. 
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confirming data on the effect of "20 adsorption on surface conductivity and contact 
electrification. 

TABLE 1. - Contact electrification of minerals in vacuum and in air 

First pass 
Initial under vacuum 3 Second pass Pass after return to 

Particle atmos- Average under , acuum4 atmosphere 
Mineral size,1 pheric particle Actual Cor- Weight, Actual Cor-

mesh pass, Volts charge, volts rected5 g volts rected5 

volts2 coulombs volts volts 
X 101 4 

Microcline ... -35 + 65 -3.6 -12 1.8 -6.4 -7.7 1.660 - -
-65 + 150 -11 -29 1. 3 -34 -43 1. 574 -8.5 -11 

Olivine ..••.. -35 + 65 +7.0 +10 2.0 +10 +16 1.288 +5.0 +7.8 
-65 + 150 +6.0 +6.3 . 21 +8.0 +11 1.526 +10 +13 

Hornblende •.. -35 + 65 -8.6 -9.0 1.7 -5.5 -10 1.033 -4.2 -8.1 
-65 + 150 -16 -40 1.4 -26 -31 1.659 -15 -18 

Quartz .•••••• -35 + 65 -18 -64 9.5 -34 -39 1. 754 -42 -48 
-65 + 150 -14 -42 1.8 -36 -39 1.867 -12 -13 

1 Standard screen scale. Mesh sizes 35, 65, and 150 correspond to sieve openings of 
420, 210, and 104 microns, respectively. 

2 Initial weight of sample= 2.00 grams.
3 First pass at room temperature with no intervening increase in temperature. Vacuum 

values for succeeding data down column were 4.6, 5.5, 7.2, 4.9, 4.0, 4.2, 4.3, 
and 4.0 X 10-7 torr. 

4 Second pass conducted at room temperature but with an intervening 18-hour sample 
temperature of 102°±2° C. Vacuum values for succeeding data down column were 8.0, 
7.6, 7.8, 7.8, 7.6, 6.1, 6.8, and 7.5 X 10-s torr. 

5 Corrected volts are for 2.0 grams calculated from weight after return to atmosphere. 

Correction for loss of weight indicates that upon return to atmosphere the elec­
trification potentials are reversible for all minerals except the fine size olivine 
and the coarser size quartz. Since the coarse particle size tests were conducted 
during the winter low humidity period the high electrification of the quartz after 
return to atmosphere may be attributed to a lag in "20 readsorption. The fine par­
ticle size tests were conducted during the summer when the relative humidity was 
50±5 percent at 28 °± 2° C. The higher potential for the fine size olivine upon 
return to atmosphere may be explained on the basis that the relative humidity was 
54 percent at 26° C for the initial pass, and 45 percent at 26 ° C after return to 
atmosphere. 

Except for the fine size microcline and the coarse size hornblende there is a 
trend to more positive contact electrification values between the first and second 
passes in vacuum. At the low temperature and short time of the bakeout any changes 
which may occur can only be attributed to the desorption of high vapor pressure sub­
stances which may include water. 

A vibrating feeder with a contacting surface more negative in contact potential 
value than the aluminum used in these tests would decrease the magnitude of the 
microcline, hornblende, and quartz negative charges and might change them to posi­
tive electrification polarities. It has previously been shown(~) that when a num­
ber of nonconductive minerals and electrically conductive contact surfaces are alter­
nately arranged in a series according to contact electrification polarities, the con­
ductive contact surfaces are automatically arranged in a contact potential series. 
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By inference the nonconductive minerals are also arranged in a contact poten­
tial series. Contact potential theory is based on the flow of electrons in 
metals and the energy required to remove them from the Fermi level. For an 
extension to nonconductors Vick (27) postulated the existence of lattice imper­
fect i ons on the nonconductor surface. 

At temperatures sufficiently higher than 100° C, contact electrification 
upon return to atmosphere would not be reversible because of the changes in 
the lattice imperfections at th e surface. It has previously been shown(~, 
p. 64) that beryl when heated to 500 ° Closes cations from its surface with a 
change from positive to negative contact electrification. The cations could 
be restored by treatment in solutions of NaOH and Nl40H. Restoration to a 
positive electrification polarity can also be accomplished by an electrical 
discharge in hydrogen (!l)· 

Advantages of Vacuum Operation 

Vacuum operation eliminates the factors related to air, viscosity, the 
transmission of sound, and the restrictions to the transmission of electromag­
netic radiation and atomic particles. 

Air Viscosity 

Air viscosity may either stop a particle having an initial velocity, or 
limit the maximum velocity which a particle attains under acceleration by grav­
ity. The stopping distance, s, can be calculated by the use of T, the time-of­
flight factor. If the initial velocity of the particle is v, then the stop ­
ping distance is 

S = TV, (5) 

For particles which follow Stokes' law, T can be calculated theoretically. 
For the case in which the theoretical conditions do not hold because of 
changes in the Reynolds' number due to turbulence, Davies (~) has presented a 
table of values. The same table supplies terminal velocities, v, for par­
ticles falling in air. 

An unexpected high bounce of particles in vacuum has been noted. Compar­
ison with the rebound in air may be calculated with the use of the above data 
and the equations 

s = 1/2 gt2 (6) 

and V = gt, ( 7) 

where g is the acceleration of gravity and tis the time. Rebound calcula­
tions in air and vacuum are summarized in table 2. 
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TABLE 2. - Rebound comparison of a 200-micron particle1 

Flight factors Air Vacuum 
ambient ambient 

Fall distance, crn2 •••••••••••.•• 16.4 16.4 
T , seconds3 •• .•.••.••••..••••••• 7.14 X 10-2 

co 

v, cm per second4 
••••••••••••••• 70 180 

Rebound distance. cm••••.••.•••• 5 16.4 
1 Spherical particle of unit density. 
2 Distance from feeder to collecting bin. 
3 Data of Davies (4). 
4 Terminal velocity of fall. 

Sound Transmission 

The much higher velocities of fall which a particle can attain in a 
vacuum result in much higher intensities of resonating vibrations initiated by 
the elastic deformation of the particle during rebound. The vacuum also 
reduces sound radiation losses to zero. At the small particle sizes where the 
sound radiation losses in air become prohibitive, there is an increased possi­
bility for stored energy because of the less likely occurrence of cracks and 
polycrystalline structure. 

The total energy of a system is the sum of the potential and kinetic 
energies and is equal to the kinetic energy when this is a max imum. The incre­
ment in energy, oW, in a layer of unit area of incremental thickness, ox, is 

(8) 

where pis the density of the medium (29) . When the kinetic energy is a maxi-
. ds 

mum, the rate of displacement of medium, dt' is a maximum. At the maximum in 

simple harmonic motion, 

~ = 2nfa, (9)
dt 

where f is the frequency and a is the amplitude of vibration. For unit volume, 
equation 8 at the maximum kinetic energy becomes 

W = ~ p (2TTfa) 2 
• (10) 

With the sound wave s reflected back from the surface of a solid cube of 
dimension z and density Ps, the retained sound is the stored energy repre­
sented by 

(11) 
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When the cube particle is placed in air with a density Pa and a sound 
velocity c, the rate of energy decreas e by radiation from two opposited faces 
would be 

dw 
(12)

dt 

Combining equations 11 and 12, 

dw Pa 2c 
- - - dt. (13)

w Ps z 

Integration of equation 13 and solving for the integration constant at 
t = o provides the equation 

log w, - log w (14) 

where w, is the initial stored energy at t = o and w is the stored energy 
after an elapse of time. With a constant elapse of time the loss of energy 
increases with decrease in the particle dimension z. We therefore conclude 
that for small particles resonating vibrations will be retained much longer 
with a vacuum ambient than an air ambient. 

The large intensities of stored resonating energy resulting from the 
rebound of particles falling from a great height in vacuum would contribute to 
the dispersion of agglomerates and the removal of dust from the particle sur­
face. Piezoelectric properties of the particles, of which 20 of the total of 
32 crystal classes are piezoelectric (Q), provide for electromechanical cou­
pling @). Application of an external resonating electric field would accen­
tuate the vibrations to increase dispersion and provide means for particle 
size reduction by fracture, particularly at the grain boundary of two locked 
minerals. 

Radiation Transmission 

A vacuum ambient permits the unrestricted transmission of electromagnetic 
radiation and atomic particles. Of particular interest is ultraviolet radia­
tion which has a high absorption in air at wavelengths less than 2,000 A (24). 
That the photoconductive effect can be adapted to the separation of minerals 
was demonstrated in air with the equipment shown in figure 4. Here the amount 
of sphalerite particles collected in the conductor fraction bin changed from 
8 to 91 percent of the total feed when the particles on the separator roll 
were irradiated with ultraviolet light from a high-pressure quartz envelope 
lamp. 

Although sphalerite is not included in the list of minerals postulated as 
existing on the lunar surface, Hartmann (14) measured the photoemission of 
silica with an electron camera. The same technique was used by others Q-1). 
Additional data on insulators using electric current methods include photo-
emission (15) and photoconductivity effects (l, 1:2-23, 26). In the range 
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20 to 120 A two photoemission peaks 
occur near 100 A for BeO (24). 

Photoactivation may be supple­
mented to some extent by thermal activa­
tion. This is illustrated in table 3 
with diamond. For a conductive response 
in an electrostatic separator the con­

1012tact resistance should be ohms or 
less (l). Since the nlllllber of photocon­
ductors is proportional to the square 

/ Vibrat i ng feeder root of the light intensity (~), a lamp
2 Ultrav iolet lamp with at least 100 times the intensity
3 Cylindr i cal high-voltage electrode, 2-i nch d iameter 

would be required for a resistance of
4 D ividing edge . Conductor particles arrive at C 

1012 
and nonconductor part i cles arr i ve at N ohms at 50 ° C. 

5 Ground potent i al cylindr i ca l rotat ing roll, 
6-inch d iameter Atomic particles in the form of 

electrons from a heated cathode, or
FIGURE 4. - Apparatus for Photoelectric positive ions such as hydrogen ions,

Mineral Separation. would have application in the electro-
static separation of conductors from 

nonconductors. In terrestrial applications this separation is carried out 
with an air ionizing electrode (i). An alternative application of electrons 
or positive ions when deposited on particle surfaces is the dispersion of 
agglomerates by the repelling effect of s imil ar charges. 

TABLE 3. - Results of supplementing photoactivation with 
thermal activationl 

Treatment Temperature, Contact resistance, 
o C ohms 

None . •.•...••..••.. so 1Ql 6 
1013None • .••••.••••.••• 200 

Irradiated2 
•••••••• so 1013 

Irradiated2 
•••••••• 200 1012 

1 Contact resistance of a 200-rnicron diamond particle 
using the method previously described (i, p. 69 ) with 
200 volts across the electrodes. 

2 Irradiation from a Continental Lithograph Corporation 
H4 high-pressure quartz lamp. 

CONCLUSIONS 

With particles produced by crushing and grinding there will be no diffi­
culty in the electrostatic and magnetic separa tion of minerals in a vacuum, 
provided separation is confined to particles coarser than 150 me sh. The lack 
of air viscosity permits magnetic and el ectrostatic separation a t high feed 
rates, while the absence of sound transmission in space results in a vibra­
tion method for the dispersion of particle agglomerates and the removal of 
particle surface dust. 
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Another advantage of vacuum operation is the elimination of the ultravi­
olet absorption which occurs in air at wavelengths below 2,000 A. At the 
shorter wavelengths photoconductive and photoemission effects may be useful in 
increasing the selectivity of mineral separation. The increased electrical 
insulation of a vacuum provides for larger contact electrification charges and 
higher electrical operating potentials, both of which would contribute to elec­
trostatic separation at larger particle sizes. Even though the air ionizing 
electrode, normally employed in the electrostatic separation of conductors 
from nonconductors, will not operate in a vacuum, the same separation can be 
accomplished by the use of electrons from a heated cathode, or by the use of 
positive ions such as hydrogen ions. A secondary effect of ion deposition is 
the dispersion of particle agglomerates. 
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