Magnetic and Electrical Separation, e E,,{!g:,ﬁifgi:,c's
Vol. 11, No. 1-2, pp. 9-32

TRIBOELECTRIC CHARGE,
ELECTROPHYSICAL PROPERTIES
AND ELECTRICAL BENEFICIATION
POTENTIAL OF CHEMICALLY TREATED
FELDSPAR, QUARTZ
AND WOLLASTONITE

H. R. MANOUCHEHRI*, K. HANUMANTHA RAO
and K. S. E. FORSSBERG

Division of Mineral Processing, Lulea University of Technology,
SE-971 87 Lulea, Sweden

(Received 11 December 2000; In final form 26 January 2001)

The triboelectric charge attributes of the pure feldspar, quartz and wollastonite mineral
samples, after contact with plate and cyclone type tribochargers made up of different
materials were investigated. The main electrical properties of the minerals, i.e., electrical
conductivity and dielectric constant, were measured and their energetic work functions
were estimated. In addition, the behaviour of mineral samples in the electric field of a
free-fall separator before and after chemical treatment with different organic reagents
was deduced.

The results reveal that the cyclone tribochargers are more effective in imparting
charges on mineral grains. The reproducible charges with higher magnitudes are created
when cyclones are used for imparting charges on mineral grains. Furthermore, in spite of
having relatively similar energetic structures for the three minerals, the Teflon tribo-
charger demonstrates the feasibility of quartz separation from wollastonite and feldspar.
The salicylic acid conditioning promotes feldspar-wollastonite separation.
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INTRODUCTION

Although the basic principles of triboelectric charge and separation of
minerals have been defined and the advantages of using such a dry
separation method are evident, the commercial applications of the
method has not met with success, except for potassium salts and its
associated minerals. The main reason is the lack of reproducibility of
the charging of the feed minerals due to the fact that tribo-electrifi-
cation is affected by different factors related to both the surfaces of the
minerals and the surrounding ambient conditions [1 - 6].

During tribo/contact charging and separation the main contribu-
tions to determine the particle trajectories are both the sign and
magnitude of the charges acquired by mineral grains. However, these
two change variously and particles thus behave differently.

Particles traverse paths according to the balance of forces, viz. the
electric force, which is the result of interaction between the electric
field of the separating device and the electric charges accumulated on
mineral grains and gravitational and other co-acting forces. However,
the sign and magnitude of the acquisition charge change from one
particle to the other and from one test to another, even for the same
mineral sample, due to the particle size and shape, contact time, type
of contact, surface contamination and impurities, point defects, as
well as the surrounding ambient condition. Therefore, the predic-
tion of particle trajectory through the electric field of a separator and
as a result the electrical beneficiation potential of a mineral within
a mixture becomes more complicated and far from completely
understood.

It is generally assumed that during contact/tribo electrification the
electrons are responsible for the charge transfer, although ions are
mentioned to be responsible in some cases, especially when organic
insulators are taken into account [7-9].

It is understood that the direction of the charge transfer is governed
by the relative magnitude of work functions of the contacting bodies.
So the work function difference of mineral particles and tribocharging
medium is the main contribution to determine the sign of the acqui-
sition charge. However, the magnitude of this charge is a complex
function of the work function values of the contacting bodies, particle
size and shape, time duration and the type of contact, electrical
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properties, e.g., conductivity, of materials brought into intimate
contact, as well as the surrounding ambient conditions.

It must be taken into account that the work function of a mineral
particle, especially on surface, is affected by the electronic structure of
its surface, particle size and shape, lattice defects, impurities, surface
contamination and so on [10, 11].

Electrical Characteristics of Minerals

The surface energy structure of semi-conducting minerals, as an
extensive class of natural chemical compounds, can be described by
the band theory. The position of the Fermi level in the forbidden gap
region, electron work function, width of the forbidden gap, the con-
centration and mobility of the charge carriers, i.e., either electrons or
holes, are taken into account by the theory.

Minerals with different energetic levels donate or accept electron(s)
when they are brought into intimate contact based on the fact that
their work functions are lower or higher than the contacting partner.
The charge exchanges continue till the Fermi energies of the contacting
bodies become coincident. Finally, when the contact ceases, materials
will be left with the same magnitudes but different signs of charges.
However, if one or both contacting bodies are good conductors the
charge will be lost soon after disconnection as a result of high surface
conductance. However, the charges will remain on semi-conducting or
insulating materials. The final charge that remains on the surface is
defined by the charge back-flow which is a function of material pro-
perties, e.g., its conductivity, surrounding ambient conditions, material
geometry and roughness, time and speed of surface separation, efc.

The Fermi energy level and the conductivity of a particular semi-
conducting mineral are defined by the concentration and mobility of
the charge carriers of either type of semiconductors as the follows
[10,12]:

Er = [1/2E, - KTin(p/n)
o =e(pup +npn) = 0o exp(—Eg/2kT)

where Eg, Eg, k, p, n, 0, 0,, fip, iin, and e are Fermi level and forbidden
gap energies (e¢V), Boltzman’s constant, holes and electron concentra-
tions (m ~3), conductivities at defined temperature and absolute zero
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(Sm™1), hole and electron mobilities (m? V~'sec™!), and electronic
charge respectively.

The above equations indicate the fact that the electro-physical
characteristics of semi-conducting materials, especially on their sur-
faces, are affected mainly by the concentrations and mobilities of the
charge carriers thus, their capability to accept or donate electrons can
be modified. However, the modification for specific mineral is limited
by the width of its energy gap, i.e., the higher the width of gap energy,
the greater is the capability of mineral to be modified. Minerals having
narrow forbidden gap within their energy bands are thus barely
modified by different pre-treatment methods.

Modification of the Electro-physical Properties of Minerals

Surface treatment methods, e.g., thermal, chemical, . irradiation,
doping, and humidity modification, are suggested in order to improve
the possibilities for separating different minerals from each others
when an electrical separation technique is utilized.

The sign and magnitude of tribo-electric charge acquired by mineral
particles under standard conditions can be altered or even artificially
modified in a reproducible manner by adsorption of different condi-
tioning agents. The phenomena have been studied in details and
observed for some mineral systems [13—16].

An addition of oxidizing or reducing agents changes the equilib-
rium distribution of electrons through the valance states of ions and
electrons of the whole system [17, 18]. The addition of oxidizing agents
on mineral surface decreases the concentration ratio of electrons and
holes and the position of Fermi level, while the reducing agents
increase these two parameters. Thus the probability of transferring an
electron from the valance band of the minerals increases and decreases
since the position of the Fermi level changes through the width of the
forbidden gap. Adsorption of ionic and cationic reagents by mineral
surfaces decreases and increases the thermoionic work function of
minerals. So the capability of minerals to be charged negatively or
positively will be affected. According to a simple triboelectric theory a
mineral must posses a work function greater than charging surface
when it is negatively charged and vice versa.

Adsorption of hydrophobic or hydrophilic surfactants on mineral
surface gives an opportunity to decrease or increase the avidity of
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mineral surface to adsorb water molecules. Therefore the conductivity
and as a result the magnitude of the acquisition of charge can be
modified by selective adsorption of these kinds of surfactants. When
such an adsorption occurred, the electrical electrophysical character-
istic of the minerals should be modified by adjusting the relative
humidity of the ambient or even by spraying an ionic solution on
mineral surfaces [19]. Such a treatment method is more favourable
when conductive-induction and corona type separators are utilized for
separating a mixture.

For separating silicates by electrical separation techniques, different
investigators made their efforts to find the best conditions for a suc-
cessful separation. For example the use of HF under different environ-
mental conditions is suggested for separating quartz from feldspar.
However, the use of hydrofluoric acid, sulphuric acid, organic acids
having hydrocarbon group of sufficient length including salicylic,
phtalic, heptylic and cresylic acids, etc., are recommended for separating
different silicates, e.g., sillimanite from quartz and biotite, kyanite from
quartz-muscovite-chlorite, ezc. [1, 2, 20].

EXPERIMENTAL

Materials

Pure crystalline quartz, feldspar (orthoclase) and wollastonite were
obtained from Gregory, Bottley and Lloyd. Ltd, UK. These minerals
were ground by using jaw and roller crushers respectively, and
classified within a different particle size fractions however, the particle
size range of — 710 um were considered for separating tests.

The chemical reagents, i.e., sodium oleate, sodium stearate, salicylic
acid, benzoic acid and stearyl amine acetate were obtained from
different resources and used for conditioning of the minerals.

METHODS

Charging Minerals and Charge Measurements

At least two different categories for tribocharging can be assumed
in real separation process, i.e., particle-media and particle—particle
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contacts. Therefore two different methods for imparting charge on
minerals were considered, i.e., single particle charge where a particle
contacts the plate or slides on it, and a cyclone tribocharger in which a
mass of particles are present and particles are able to contact the wall
of the cyclone and each other. The latter is more familiar with the real
separation process, however the contact between the tribocharger and
mineral grains seems to be more dominant.

The Faraday well connected to Keithely Electrometer was used for
detecting the triboelectric charges acquired by mineral grains.

Electrical Conductivity and Dielectric Constant
Measurements

A Hewlett Packard 4342A Q-meter was used to measure the main
electrical properties of mineral samples since both the magnitude and
the polarity of the acquisition triboelectric charge are affected by these
two parameters to some degree. The Landau and Lifshitz equation
[21], suggested for the permittivity of a mixture, was used to correct
the measured dielectric constants because of the porosity of the
mineral powders.

It is proven that both the conductivity and dielectric constant are
frequency-dependent. When the frequency of the measuring device
increases the measured dielectric constant decreases. Both the con-
ductivity and dielectric constant increase when the temperature in-
creases [22, 23]. The measurements were done in room temperature and
with the fixed frequency of 100 kHz.

The Chemical Conditioning Procedure

Different Pyrex glass beakers containing dissociated chemicals in
the distillated water were obtained. Mineral samples were added to the
bekers and the slurries were slowly rotated using mixer. The con-
ditioning time and the amount of chemicals were about 15minutes
and 500 g per ton respectively for all experiments. After condition-
ing, the slurries were filtered and dried. However, for preventing un-
desirable effects of high temperatures a desiccator with temperature of
50—60°C of the air circuit was used to dry the mineral samples.
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Triboelectric Separation Tests

Steel and Teflon micro-cyclones and a aluminium tribocharger (i.e., a
bent aluminium tube) were used as the tribochargers for electrical
separation tests. Mineral grains were passed through the electric field
of a laboratory free-fall electric separator (Fig. 1) after undergoing a
contact with tribochargers. On the basis of the mass of differently
charged particles accumulated in three bins of the separator the elec-
trical beneficiation potential for each mineral sample was defined.
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FIGURE 1 The general description of the separating device and the separation
procedure.
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According to the first series of tests the feed rate, the cyclone
pressure and the electric field of separator were optimized. So the
potential of 30kV and the air pressure of 1.5 bar were used. In
addition, in order to avoid of reduce the role of humidity of the
surrounding ambient environment both minerals and tribochargers
were heated up to 45-50°C.

RESULTS AND DISCUSSION

Dielectric Constant and Electrical Conductivity
of Mineral Samples

Figure 2 shows the results of the dielectric constant and electrical
conductivity measurements. The values of electrical conductivities for
quartz, feldspar and wollastonite are about 58, 710 and 580 nSm~!
respectively. However, their dielectric constants are found to be 4.40,
5.36, and 5.65. These measured values are in a good agreement with
some reported data and indicate that the mineral, samples posses
similar electro-physical properties [24—26]. This is the why these
minerals cannot be separated from each others by conductive in-
duction and corona charge separation techniques. These results
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FIGURE 2 Electrical conductivity (left) and dielectric constant (right) of mineral
samples.
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indicate that quartz tends to be charged negatively if it contacts
two other minerals. This means that the highest magnitude of negative
charges should be observed for quartz.

According to the values of the dielectric constant for mineral
sampled one can predict that quartz must be charged negatively when
it contacts two other minerals. However, wollastonite must hold the
positive charge polarity when it contacts quartz and feldspar. This can
be explained by the Coehn’s rule, which was formulated by Beach [27].
However, the phenomenon is of a limited value due to the difficulties
in determining the effective relative permittivity of the surface layer
which is often different from the bulk and to the fact that tribo-
electricfication is based on electronic properties of solids rather than
on ionic one.

Dielectric constant for a mineral does not change in a wide extent.
However its electrical conductivity may change over about three
orders of magnitude which is based not only on the experimental
conditions but also on crystallographic features of a mineral the
existence of the impurities in crystal lattice and so on [26]. It is also
understood that dielectric constant and electrical conductivity of a
mineral change as a result of the mineral sample characteristics, such
as particle size and shape, irregularities, crystal defects, impurities,
porosity of the sample, efc.

Triboelectric Charge Characteristics of the Minerals

Table I contains the results of the charge measurement of single
particles of mineral samples at room and 50°C temperatures. Alumi-
nium, copper, nickel, steel and PVC plates were used as the tribo-
charging in media.

The charge measurements of single particle, indicate that all mineral
samples have tendencies to be charged negatively when they contact
metals at both room and elevated temperatures, except in the case of
wollastonite and feldspar when they contact aluminium plate at room
temperature. The latter observation could be the result of the effect
of humidity of the surrounding environment. In some cases both
polarities of triboelectric charges were monitored for a specific mineral
which could be the result of the fact that in some cases the rubbing
or the sliding is predominant. So either the charge polarity, charge
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TABLE I The average charge-to-mass ratio for single particle (Imm < P < 2mm)
mineral sample (nC/g)

Tribocharger|Temperature Feldspar Quartz Wollastonite
Room temp. 0.029* —0.026 0.01*
Al 50°C —0.835 —4.26 —0.093*
Room temp. —0.085 -0.133 —0.015*
Cu 50°C —1.62 -1.33 —0.164*
Room temp. -0.174 —0.465 —0.039*%
Ni 50°C -3.26 —9.04 -1.56
Room temp. —0.226 -1 —0.067
Steel 50°C —1.54 -2.92 —1.62
Room temp. 5.16 7.4 7
PVC 50°C 20.5 20.1 20.2

* Both. polarities have been detected for charges.

magnitude or both should be affected. The same has been reported by
others [7].

Furthermore the charge increases with increasing temperature. It is
result of the reduction of the effects of humidity on the surfaces of
both the minerals and tribochargers. The most common mechanism
whereby the relative humidity is believed to influence charging is to
help increase the surface conductivity of the particles. Therefore the
acquired charge will easily drain off to the earth when in contact with
the earthed surface. However, it is also proven that the values of the
work function as the most important contribution to the governing
entity of the contact charging, are reduced by increasing the humidity
of both the particles and the tribocharging surfaces [18, 28].

As a result of the high value of the work functin of PVC all mineral
grains acquire positive charges when they contact it. However, the
charge increases with increasing temperature.

Table II comprises the measured charges for different size fractions
of mineral samples when cyclones are utilized for imparting charges.
The results indicate that metals induce negative polarity of charges on
mineral grains. Furthermore, higher magnitudes of negative charges
were observed when minerals contact Perspex due to the fact that
Perspex holds the lowest work function value about 2.7eV [29].

The polarity of charges is positive when Teflon cyclone is the
tribocharging medium. However the polarity for quartz is converted
to the negative value at elevated temperatures. Tests with the same
materials when the minerals were heated up to 100°C and 150°C



-a1njerodwd) WOy 4

S8y — 6t — 05°6— ¥86 — 98— 'is— €L VoL— Y- D05
e SIi— wr— reg— Pse— 9Cl— £89— (4% 1425 *W00I xads1od
e €LT 6°0L V8 — €8 — L91— 091 698 L'8T D408
66¢ 861 S8y 'y £9¢C 16’8 60C £'69 0°sT xW00I uogsL
yo1— L €0y — 9T~ cel— S6'S— LLi— LE9— 96'€— D08
601 — 69— SLe— 89°L— LTl — 66V — |4 S (43 2 19C— ool [°218
T68— €6l — 0Cl— 08E— L'8C— 86'8— €Le— 0l — 6y — D408
Ty €yl — ¥$'9— 69— 181 — 69°¢ — (445 L8— 1€c— #WooI sseigq
SL+ 0ST+ 00¢ + SL+ oSt 00¢+ SL+ 0S1+ 00€+ aumpiaduia ]
0ST— 00g— 009 — 0ST— 00— 009 — 0ST— 00e— 009 — [42310Y20q14 L
211u03sD]10M z140n0) vdspag
1081RYO0qI SUOPAS Sursn “(wr) suonoely azis SpNIed TUIIPIP 10§ (5/OU) oner sSewI-01-0518Yd 011090 qL) a8e1oAe o4, [I H1dV.L



20 H. R. MANOUCHEHRI et al.

showed the same behaviour for quartz, i.e., its acquired charge was
negative, but no changes were monitored for wolastonite and feldspar.

Moreover, the monitoring of triboelectric charges induced by
cyclones indicates that the magnitude of these charges is rather higher
than single particle charges which should be because of the impact
resulted from air pressure as well as the probability of particle/particle
contacts. No changes for the polarity of the charges were observed
after repeating the tests and the charge magnitude varies within a
narrow range so they have contemptible standard deviations. Conse-
quently they are more reliable and reproducible.

Furthermore, the results indicate that feldspar and wollastonite
have almost same triboelectric charge characteristics. Quartz however
behaves somewhat differently. It seems that these minerals can be
ordered in a series based on their work function values. It is thus
predicted that quartz and wollastonite posses the highest and the
lowest work functions respectively, besides the differences are very
low. From the results it can be expected that Teflon tribocharger is the
best medium for imparting charge and separating quartz from feldspar
and wollastonite. Aluminium tribocharger may be suitable for the
same propose or even for separating wollastonite from feldspar.
Finally it must be added that the acquisition of charges by minerals is
in a good agreement with their electrical properties, especially their
conductivities. It suggests that the lower the conductivity, the higher is
the detected triboelectric charge.

The Estimation of the Work Function Values
for Mineral Samples

It is widely understood and accepted that the magnitude and polarity
of the contact charging are work function-dependent and a linear
relationship has been found between the magnitude of triboelectric
charges accumulated on surfaces and the values of their work function
[30—32]. It could be possible therefore to estimate the value of the
work function of one partner by knowing the work function of the
other. The trustworthiness of the attained work function is dependent
not only upon the experimental precision but also on the accuracy of
the known values of the work function.

Accordingly, both the measured charges, i.e., single particle and
mass charges imparted by different plates and cyclones respectively,
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were considered and plotted against the values of the work function of
tribocharging material chosen from literature.

The magnitude of work functions for metals vary within a wide
range and different value of the work function were reported for a
metal even by a single researcher. These reported values vary as a result
of different experimental methods as well as experimental conditions
[33-36]. For metals the values are normally vary between 4 and 5eV.
However, the values of the work function for insulators, such as PVC,
vary in narrow ranges and are generally greater than the values of
metals.

Figure 3 shows the plotted charges acquired by single particles of
mineral samples under two different conditions, i.e., room and 50°C
temperatures, as a function of the value of the work function of the
tribocharging media. For all cases the lines with correlation coeffi-
cients greater than 82% are met. The results would be the best if the
values of the work function for tribochargers were estimated in situ
based on experimental conditions.

The estimated values at the room temperature are 4.394, 4.366 and
4.350eV for quartz, feldspar and wollastonite, respectively. However,
these values increase to 4.512, 4.421 and 4.384 eV for the same mineral

a
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FIGURE 3 Charges acquired by mineral samples as a function of work functions of
tribochargers at room temperature a and 50°C b.
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grains when the temperature is raised to 50°C due to the decreasing
humidity of the surrounding ambient and the increasing magnitude of
the acquired charges. These estimates for the values of the work func-
tion of mineral samples were constructed on the basis of deliberated
work functions of 4.2 eV for aluminium [34], 4.3 eV for nickel [36], 4.4
for steel [18], 4.6eV for copper [18, 34], and 5.15¢V for PVC [37].

Figure 4 depicts the plotted charges acquired by different size frac-
tions of mineral samples as the work function of cyclone tribochargers
at room and 50°C temperatures where the work functions of 4.4 eV for
steel, 4.2eV for brass, and 2.7¢V for Perspex were considered. For
both the quartz and feldspar mineral samples good correlations were
found between the measured charges and work functions of the
tribochargers. However, wollastonite behaves differently and generally
the correlation coefficients for different size fractions vary in a wide
range.

The estimated work functions for quartz vary in the range of 4.399
to 4.815 and 5.476 to 5.508 for 50°C and room temperature meas-
urements respectively. However, for the feldspar mineral these ranges
vary from 4.521 to 4.68 and from 4.353 to 4.616 individually.

Since the effects of relative humidity of the surrounding ambient
can be reduced or even omitted by heating both the minerals and
tribochargers, the estimated values when both minerals and tribo-
chargers are heated up to 50°C should be more reliable. Accordingly
the average estimated values of the work functions for quartz and
feldspar are 4.6 and 4.58¢V, respectively, These are in a good
agreement with the reported values [4,29,36]. For wollastonite, as
described before, the estimated work function varies widely. However
the most reliable value for its work function should be 4.48¢V.

The estimated work functions testify that quartz has a higher value
of the work function than two other minerals so its avidity to accept
electron is higher. Consequently quartz must possess more negative
surface charge characteristics with a higher magnitude when it
contacts metals. On the other hand wollastonite holds a lower work
function and the magnitude of its acquired charges when it contacts
different metals must be lower. These observations are in agreement
with the results of the charge measurement. The magnitude of the
estimated work functions are somewhat higher when the cyclone
charging data are used. The main reason would be the particle size
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FIGURE 4 The charge acquired by different grains of minerals as a function of the
work function of cyclone tribochargers, at room temperature (left) and 50°C (right).

dependency of the work function for insulating materials which is
illuminated by Gallow and Lama [38]. According to their model the
work function increases with decreasing particle size.
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Electrical Separation Results

Mineral samples after and before conditioning were triboelectrically
charged and passed through the electric field of a separating device.
The mass of differently charged particles occupying positive, neutral
and negative, compartments of the separator were considered as the
electrical beneficiation potential for each mineral sample. In order to
avoid or reduce the humidity effects and to prevent the undesired
influence of temperature on chemicals both minerals and tribochargers
were heated up to 50°C during the separation process.

According to the results, quartz has more avidity to accept electron
from aluminium (Fig. 5). However, feldspar behaves differently
which could be because of the humidity effect. Despite the fact that by
heating mineral samples and the charging system the effect of humidity
is reduced, it cannot be completely omitted. So the feldspar can behave
as an electron donor because of humidity

This phenomenon was investigated and reported by Parks et al. [39].
Their experimental results indicated that at the relative humidity about
20% or even less feldspar acquired positive charge by contacting an
aluminium plate. No significant differences were observed by con-
tacting chemically treated minerals with an aluminium tube except for
the case of feldspar when salicylic acid was used. In this case feldspar
behaved differently and showed accepting properties. In addition, it
can be concluded from the separation results that the avidity to accept
electrons for all mineral samples increases after using amine. This is
because of the fact that amines introduce positive ionic species on
mineral surfaces, reducing thus their surface work functions.

Figure 6 shows the separation results of conditioned and non-con-
ditioned mineral samples when they were charged by a steel cyclone.
It can be deduced from the this figure that, except for the non-condi-
tioned feldspar, in all other cases the negative charges on mineral
grains are predominant. However, the capability of minerals to be
charged negatively is greater when amin is used for conditioning.

The responses of minerals to the electric field of a separator when
Teflon is utilized for imparting charge are shown in Figure 7. The
results are interesting and indicate that without conditioning there is a
possibility to separate quartz from wollastonite and feldspar, Both
feldspar and wollastonite possess positive charges whereas quartz
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behaves in an opposite way. In addition, capability of quartz to be
charged negatively decreases after chemical conditioning. However the
effects of oleate and stearate are significant.

It seems that the value of the work function of Teflon is very close to
that of quartz. By adsorption of the negative ionic species of stearate
and oleate, the work function of quartz decreases and it gains positive
charge after contacting Teflon. However, in the case of wollastonite and
feldspar there are no distinguished changes between the non-condi-
tioned and conditioned samples since the work functions for these two
minerals are less than for Teflon tribocharger. Furthermore, feldspar
behaves rather differently when it is treated by salicylic acid, i.e., its
avidity to be charged negatively increases considerably. This means that
salicylic acid may be adsorbed on feldspar more easily than on quartz
and wollastonite during wet conditioning. These results disclose a
possibility for separating wollastonite from feldspar and quartz. Final-
ly, it must be added that although benzoic and salicylic acids both
contain carboxyl groups attached to aromatic rings, their influence on
mineral surfaces cannot be the same. This could be because of the fact
that they hold different activation energies, solubilities, melting points
and densities, so their effects are different on mineral surfaces.

Generally, the adsorption of different cationic and anionic reagents
on mineral surfaces increases and decreases the concentration ratio of
the charge carriers. The ratio of n./n, changes and the Fermi energy
level shifts. Therefore the avidity of mineral surfaces to accept or
donate electrons changes. These kinds of adsorption influence the
conductivity of minerals as well since the conductivity of semi-con-
ducting components is a function of concentrations of charge carriers.
The effect of chemicals on conductivity was already studied and
described for different mineral samples [16]. Based on the physical or
chemical adsorption and also on chemical components, the mineral
surfaces can behave differently. Normally, when inorganic chemicals
are considered the mineral surfaces change due to the formation of
new surface compounds. However, this could happen when the or-
ganic chemicals are present due to chemi-sorption of the reagents.

The electronic transport in two different bands at different energy
levels for semi-conductor gives a possibility to have different reactions
within a solution. The exchange of the charges between a semi-con-
ductor and ions in solution normally takes place by tunnelling [40].
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However, there will be an easy exchange with free electrons when the
energy level of an ion lies near that of the conduction band edge of a
semi-conductor. On the other hand, the exchange of free holes will
easily take place if this energy level lies near the energy of the valence
band edge. Neither carrier exchanges readily when the ion level is deep
within the forbidden gap.

CONCLUSIONS

The experimental results lead to the following conclusions:

e Diclectric constants for quartz, feldspar and wollastonite were
found to be about 4.4, 5.36 and 5.65 respectively. Their estimated
electrical conductivities are 58, 710 and 580nSm ~'. These values
reveal that the electro-physical properties of mineral samples are
substantially similar which hinders utilisation of the conductive
induction and corona charging techniques for separating these
minerals from each other. On the other hand, the dielectric and
conductivity values point out that wollastonite and feldspar must
behave similarly.

e The triboelectric charge attributes of minerals disclose that they
possess negative charge characteristics when in contact with metals.
However, PVC imparts positive charges on all mineral samples
because of its highest value of the work function. Therefore minerals
must possess values of the work function lower than PVC.
Furthermore, monitoring the charges indicates that more reliable
and reproducible charges with considerably higher magnitudes can
be imparted by cyclones. So the use of cyclones for triboelectric
separation is suggested.

e The magnitude of the work function of mineral samples were
estimated based on charges acquired by them after contacting
different tribochargers. Accordingly the values of the work function
found in the range from 4.39 to 4.6, 4.36 to 4.58, and 4.35 to 4.48eV
for quartz, feldspar and wollastonit, respectively.

e Teflon is found to be able to impart negative charge on quartz and
positive one on feldspar and wollastonite when both minerals and
tribochargers are heated, hence, the separation of quartz from
others can be achieved.
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e The separation results after treating minerals with organic agents
showed that again Teflon tribocharger could be the best for
separating feldspar from wollastonite when minerals are treated
by salicylic acid. In addition the triboelectric separation character-
istics of quartz when Teflon was the tribocharger completely
changed after treating it with sodium stearate and sodium oleate.

e Despite the fact that the results cannot be easily interpreted, they
suggest a possibility to separate a mixture of quartz, wollastonite
and feldspar from each others by using Teflon cyclone tribocharging
device. However, two stages are recommended. First, quartz can be
separated from the others without any conditioning and in the
second stage the separation of feldspar from wollastonite could be
achieved after conditioning the minerals with salicylic acid.
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