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ABSTRACT

Roasting of chalcopyrite to produce magnetic phases

suitable for magnetic separation was investigated.
g’-

T

. Roasting was conducted on samples of chalcopyrite,
chalcopyrite-galena synthetic mixtures and Cu-Pb separation
circuit tailings from Brunswick Mining and Smelting (B.M.S.Y).

:
3

A1l samples were -400 Mesh.
The calcines were studied by separation on the
Frantz Isodynamic Magﬁetic Separator and by X-ray diffraction,

optical microscopy and electron microprobe analysis.

The best conditions were 10 minutes of roasting in a
muffTe furnace at 320°C. There was no agglomeration and
53% of the copper was trapped in a Davis tube. The magnetic
phase was copper ferrite (CuO.Fe203). Also identifiéd.were

C
hematite and an unreacted chalcopyrite core.

A

Magnetic separation was performed using the Dawvis tube

and a High Gradient Magnetic Separator (HGMS). On synthetic
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mixtures the Davis tube yielded goo¢'séphration but the

HGMS separation was limited by magnetic flocculation.

‘Separation of the B.M.S. sample was unsuccessSful because

of locking.
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‘ ABSTRAIT ’\‘

Le grillage de la chalcopyrite pour produire des
phases magnétiques offrant des possibilités pour la sépa-

ration magnétique fut étudié. Des grillages furent effectués

" sur des é&chantillons de chalcopyrite, des mélanges synthé-

tiques chalcopyrite-galéne et des rejets du circuit de
séparation Cu-Pb de "Brunswick Mining and Smelting” (B.M.S.).

Tous les échantillons 6taient de -400 mailles,

Les produits grillés furent &tudiés en utilisant le
séparateur magnétique "Frantz Isodynamic" et en utilisant
la diffraction rayons X, 1'examen microscopique et la micro-

sonde.

Les meilleures conditions furent de 70 minutes de
grillage dans un four & moufle a 3200C. On ne nota aucune
agglomération et 53% du cuivre fut récupéré & 1'aide du tube
Davis. La phase magnétique &tait de Ta ferrite de cuivre
(CuO.;eZO ).  Auss1 identi1fié furent de 1'hématite et un

noyau de chalcopyrite n'ayant point réagi.

La séparation magnétique fut exécutée avec un tube

Davis et un Séparateur Magnétique 3 Haut Gradient (SMHG).
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Avec les mélanges synthétiques, le tube Davis donna une
bonne sé&paration mais la séparation par SMHG fut limitée
dd a la flocculation magnétique. La séparation de 1'é-
chantillon de B.M.S. fut infructueuse & cause du degré de

libération. .
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1. INTRODUCTION

1.1 Principles of Magnetism (1)

1.1.1 Magnetic Field

Every magnet is surrounded by a magnetic field
~
and any other ‘magnet placed in this field experiences

a magnetic force which is produced by.the field.

The magnetic field is well defined by its lines.
These lines emerge from one pole (north pole) and terminate
at the other pole (south pole).Fiqgure 1 shows the magnetic
£ield of a bar magnet (1) and also the magnetic field

.

around two unlike and like charges.

1.1.2 Magnetic moment and magnetization

Two unlike but equal pole strengths 9 and -9,

With a distﬁnce £ between them comprise a dipole. The dipole

is characterized by the magnetic moment.

m=qm.£ Eq.1

Intensity of magnetization is the maghetic moment per unit

volume ie.

Mam/V | Eq.2
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Figu?e 1: Magnetic lines of force

(A) Lines of force of a bar magnet. (B) the attraction
between two unlike magnetic charges can be attributed
to tension along the lines of force. (C) The repulsion
between like charges is attributed to repulsion between
adjacent lines of force. (1).



3
(- Magnetic moment acts along £ and it is a vector and‘conse-

quently magnetization is a vector so ) ‘ o,

m = qm.£ » . Eq.3

M = m/V Eq. 4

o 1.1.3 The inverse square law and magnetic
flux density
—~
’ The force which acts between two separated
magnetic poles is proportional to the magnitude of each
of the two poles and inversely proportional to the square
of the distance between them. Mathematically in a vacuum:
$
J ?
uoof oL q
F oa J.:....’D..%gﬂ : . Eq.5
an.r
where F = force, newtons (N)
Hy= constant of proportionality (permeability of
 free space) ' \

7

=41 x 107 newton/amperez‘(N/Az) or

thenrys/metre (H/m)

|

r :!distance, metre (m)
f

Q' = pole strengths, amperes-metres (A.m)

As’ the force on a pole is proportional to its magnitude

2




T T G gt

T e e

o

~q' we could define

c
9 *

F-aq, .B Eq.6

+ Combining eqs 5 and 6 we get that at a distance r from a

magnetic pole the magnetic quantity B 'is

“

am
B= ! . . Eq.7
vy !

g

The Tines of magnetic force. around a pole spre&l out
radially. If a sphere with radius r is drawn with its
centre on the pole then the number of lines of force
crossing this sphere is independent of its radius. This

number is the magnetic flux Q where
Q= Mo Eq.8

Combining eqs. 7 and 8, B is the magnetic flux density and
equals Q/4Hr2 the flux per unit area of the sphere. The
unit of flux is the weber and that of flux density the

tesla. Therefore B can be expressed as

of

(3}

B: newtons/ampere-metre or

weber/metre2 or

tesla.

8

. , \
o 1.1.4 Magnetic field strength

Recalling eq. 7 we c#n define

g



B= yu .H \ Eq.9 5 .
° | &
where ‘He dm - ,éq.lo
- 41y ’ : ,

H is the bo]e strength per unit area or magnetic field

strength with units A/m.

1.1.5 Effect of a magnetizable medium;'éusceptibility
~ l .

and Permeability

When the magnetic force acts through a medium

magnetic flux density is the sum of that in the vacuum

YuO.H) plus that due to the magnetizable medium.
Btoeta]: }JOH + -}JOM = uO (H + M) Eq.]]

In many magnetic media the magnetization is proportional

to the field strength ie.

Mak . H Eq. 12 3

where k is the magnetic susceptibility. k is a pure

number,ie. it has no dimensions. So eq.11 becomes:

¢

‘B (H+ kH) = wH (1 +k) EQ.13

total* Yo

L]

The terms (1+k) can be replaced by the ;ymbol u known as

magnetic permeability.
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In the ahsence of magnetic medium kz0 hence
=1, The quantity up sometimes is catled permeability of
free space and ; becomes the relative permeability of

the magnetizable medium .

k is the volume susceptibility whereas x is

‘ the mass susceptibility defined as

x=k/p Eq.04

where p is the density (Kg/m3).

i 1.2 Magnetic behavior of matter (2)

Matter does not behave the same when exposed to

increasingly strong magnetic fields. Three main groups of

ot

materials are formed as shown in figure 2 (2).

1.2.1 Ferromagnetic group {(1,2)

These are the strongly magnetic materials which
means that they can be magnetized by a very weak magnetic
field. Therefore the ferromagnetfc's curve in figure 2
is out of sca]k when compared to the other curves and it
is only an indication of the way that magnetization varies

with the applied magnetic field.

Inside a ferromagﬁetic material when the field is

applied all regions with paired north and south poles

4
W e
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Figure 2. Magnetic behavior of matter. (2).
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Figure 3. The magnetization curve (solid line) and hysteresis

loop (broken curve) for a ferromagnet. (1)
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become aligned.

M)

A typical example of this group is iron whose

.magnetization curve is shown in figure 3(1). This plot

of flux densitij vershs an applied external field H shows
that B reaches its saturation value S in quite small
fie]d;. By reducing the external field H and reverQing the
direction of it, the plot becomes a closed loop known as

hysteresis loop. (broken curve).' The value of B at the

point R is known as residual flux density and the retention

of magnetization in zero field is called remanence. The

value of B at point C is known as the coercive force. When

sgturation_of the material in both directions is not

.reached then this results in a curve of smaller size.

Therefore the hysteresis loop is not unique unless satura-

tion is reached in both dimensions.

o

l

1.2.2 Ferrimagnetic group (1)

These materig]s exhibit the same magnetization
curve as the ferromagnetics. However, they differ from
ferromagnetics in the way that the magnetic susceptibility
varies with tempergture. Ferromagnetics magnetic susceptibi-
1ity decreases above a certain temperature known as Curie
temperature. For ferrimagnetics a decrease in temperature
first causes an increase in k, then a decrease. The tempera-

ture at which this change in direction occurs is the lNeel

~ v S b 2 X

L e



temperature.

Minerals of the general formula MO.Fe203, where
M is a metal (e.g. Cu, Ni, Fe, etc.) are known as ferrites

c A
and display ferrimagnetism. Some rare earth iron oxides

- :
‘ '

are also ferrimagnetic: i

1.2.3 Paramagnetic group (142)

This group of materials show a much.lower responses
to applied magnetic fields. However, they can be strongly
Jmagnetized in a high maggetic field. The magnetic
susceptibility (slope of curve in figure 29 is constant
over a small range of temperature. / -

|

1.2.4 Diamagnetic group (21/

[

: /
b
This group shows a slight response to applied

magnetic fields which is opposite to that of paramagnetics. é
The magnetic susceptibility is negative but constant

over a wide range of temperature.
A

¥ ’
Y
\

1.2.5 Magnetism and the periodic table (2)

v

Figure 4(2) shows Mendeleev's periodic table
“of the elements showing to which of the above groups the

elements belong. Three (3) elements are ferromagnetic (Fe,
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B Co, Ni) and}f%fty—five (55) paramagnetic; the rest are
diamagnetic., Of the 55 paramagnetic elements
- 32 form compounds that are paramagﬁetic.
- 16 are paramagnetic in pure form but form
diamagnetic compounds. .
v - 7 become paramagnetic when one or more
N

elements are present in a compound.

Table 1(2) gives the magnetic susceptibility of

the elements in their pure form.

1.2.6 Magnetic susceptibjlity of minerals

It is not possible to form a table with the
magneticususcepfibi1ity of the minerals becadse they vary
in chemical and mineralogical composition. Onl; experiment
can provide reliable data for the magnetic Susceptibility

' of minera]s.Q

datgoanin 3
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Table 1. Magnetic Susceptibjlities of Elements (‘2) .
= Magnetic -
Susceptibility
Element Formula x 10°
Aluminum Algg 99 + 0.61
Amerncium Am + 4.00
Antimony o Sbgg 99 . 0.75
e Arsenic (amorphous crystalline) As - 0.037
Banum Ba + 0.15
. Beryllium Be - 1.00
' " Bismuth Bi - 1.34 7
Boron B - 0.62
Bromine Br - 0.46
Cadmum Cdgg 99 - 0.176 (-0.310)
B Calcium Ca + 1.00
Carbon c + 0.49
Cenum * Ce + 17.5
Cestum Cs + 0.22
Chlormne Cl - 0.97
Chromum Cr + 3.5 R
Cobalt Co . Ferromagnetic
Copper Cu - 0.086
Dysproaum Dy + 637.0
" . Erbium Er + 265.0
Europum Eu + 2240
Gadolinum Gd + 4800.0
Gallium Ga - 0.33
Germanium . Ge - 0.105
Gold Au - 0.15
Hafnium J Hf + 0.5
Helium He - 0.47
Hydrogen H - 199
Indium In - 0.56
lodine I - 0.35,_ )
. Indium Ir + 0.16" -
Iron . Fe Ferromagnetic
Krypton “Kr - 0.344
Lanthanum La + 0.85
Lead Pb . 0.432
. Lithium L 0.50
Lutecium Lu 0.00
Magnesium Mg + 0.54
ganese Mn + 9.63
— - Mercury Hg - 0.1667
Molybdenum Mo + 0.93
Neodymium Nd + 39.01
Neon Ne - 0.33
- Nickel Ni Ferromagnetic
"Niobum + 2.20

C*

™
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Table 1. continued

' Magnetic
" Susceptibility

Element Formula x 10°
Nitrogen . Ny 0.43
Osmuum Os + 0.064
Oxygen ., , 0 + 1078
Palladium Pd + 5.33
Phosphorus ‘P - 0.86 white

- 0.67 red

Platinum Pt + 1.035
Plutonium ‘ Pu + 2.52
Potassium K + 0.53
Praseodymium Pr + 356
Rhemum Re + 0.363
Rhodium Rh + 1.08
Rubidium Rb + 0.198
Ruthenium Ru + 0.427
Samarium Sm + 121
Scandium Sc + 1.0
Selentum Se - 0.32
Silicon S - 0.13
Silver Ag - 0.22
Sodium Na + 0.70
Strontium Sr + 1.05
Sulfur S . 0.485
Tantalum Ta + 0.849
Technetium Tc + 2.7
Tellerum Te . 0.31
Terbium Tv + 9170
Thallsum -, n - 0.249
Thonum Th + 0.57
Thulum Tm + 291.0
Tm *Sn + 0.026
Titaraum Ti + 3.19
Tungsten @ w + 0.32
Uranwum ! U + 2.6
Vanadium v + 5.00
Xenon Xe - 0.334
Ytterbum ; Yt + 1.44
Yttrium Y + 2.15
Zinc Zn . 0.175
Zirconium Zrn + 1.34

w
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2. LIMITATIONS ON THE PERFORMANCE OF A MAGNETIC SEPARATOR

2.1 Forces on a particle in a magnetic

separator (2,3)

What happens in a magnetic separator is best
illustrated in figure 5(3). Every particle of the feed
! experiences forces and its motion is designated from the
force which predoﬁinates. In a magnetic separator

usuaf]y there are four types of forces;

- the magnetic force which pulls the magnetic
material towards the collecting surface
o - the gravitational force which pulls all
/ s the particles out of the separator
-'the frictionaﬁ force tending to pull out
N the,yagnetic pa;ticles from the collecting

\ surface

- the interparticle forces

When the magnetic force on a particle predomi-
nates, this particle reports to the magnetic outlet
(mags portion). When the other three forces predominate
the particle reports to the non-magnetic outlet (non-mags
portion). However, some particles due to interaction of
campeting forces do not come out as mags or non-mags.

These particles are the middlings of the separation.
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5 2.2 Size limitation on the performancé of a

-
( “
L

magnetic separator (2,3)

.

In a magnetic separator a particle experiences
. a magnetic force and competitive forces due to gravity

friction and inertia.
The magnetic forte is given by the equation
Fazd/3. wou I (k <k ) b7 H. g5 Eq. 15
where: u_:permeability of free space

u o relative permeabi]ity'bf magnetizable medium

k _: magnetic susceptibility of the particle
k_: magnetic susceptibility of the medium

b: particle radius
H: intensity of magnetic field

dH/dx:intensity gradient

The hydrodynamic drag force for a spherical particle
is given by the following equation acc¢ording to étoke's

Taw.

Fg= 6.1.v.u.b EQ. 16

‘where: v: viscosity of the fluid medium

el
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u: velgcity of particle relative to streanm.

l

The gravitational or buoyant force is given by the follow-

2

ing equation -

3 ///4/’
:4 . .b - -
Fg /3 .1 (dp dm) g | Eq.17

where: dp: density of particle

Hm: density of medium

g: acceleration of gravity.

Oberteuffer (3) plotted those completing forces
asa function of particle size as sho*n in figure 6(3).
The forces have been computed for a Cu0 particle attracted
by a ferromagnetic wire of radius 3b and magnetized by
a field of 10k0e with a slurry velocity of 5cm/sec. When'
the separator treats large particles then the gravita-
tional force will predominate. When the particles are
fine’the Jrag force wi1ll predominate. The magnetic force
Fm will predominate only if the particles are within the
size range of 5un to approximately 1mm for Cu0 case. This
is a particle size limitation on the performance of a

magnetic separator.

High gradient magnetic separation (HGMS) has

achieved successful anplication in the case of separation

between a paramagnetic and a diamagnetic mineral. In kaolin

e e omrine

. et o
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beneficiation iron and tigahium compounds are removed as

" paramagnetic impurities from the bulk diamagnetic kaolin

L

concentrate. The particle size is less thanh 200 Mesh and
preferably below 20 microns. In coal desulfurization and

ash removal, paramagnetic pyrite is removed from the

diamagnetic coal. Studies of water slurries of pulverized

cbal (4,5) proved to be succesful and the particle size

was below 42 and below 33 microns respectively.

»

/ ’

2.3 Susceptibility difference limitation

Oberteuffer (3) showed that the optimum size
for separation\is the same for all minerals and concHuded
that separation of weakly magnetic substances would be
possible only within a restricted size range.

Dogpy et al (6) studied the same prob]em‘and
presented their (esu1t in a graph which is shown in
figure 7(6). This is a plot of the relative recoveéy
versus relative susceptibility for differént particle
sizes. Assuming that a relative recovery of 5:1 is
accéptab]e hen the minimum relative susceptibility must
be 20:1 for/single-sized particles and 50:1 for a wi&e’
range (0-37Lm)of particle size. Large particles of the

weakly magnetic mineral will experience the same magnetic

force as smaller particles of the more magnetic mineral.

This plot was developed fro$ work in HGMS but the result

-

.
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is the same for any magnetic separator. Table 2(6)

shows the relative susceptibility for selected mineral
pairs. Only the pairs on the right above the double line
are offered for potential magnetic separation.

{

The results were obtained for water slurries
and would be different if the water was replaced by salt

solutions bearing a substantial km' This is considered

“later.

2.4 Dimensionless groups

High Gradient Magnetic Separation has been
studied extensively and this has resulted in two quite
useful dimensionless groups which are used for preliminary

estimation purposes.

’
2.4.1 Watson's model (7)

Watson uses the concept—ef the "magnetic vé]ocity
Vm" which is the velocity that a particle would obtain in
a uniform field gradient, when the competitive force is
the hydrodynamic drag force and the flow is Stokesian.

Vm is given by the following equation:

Vel B kg ity o Eq.18

W -+
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Table 2. ﬁg}ative magnetic susceptibility for selected
mineral pairs.
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where Mw: wire magnetization

n: dynamic viscpsity (Kg/m.s)
4

a: radius of the wire (m)

&

" For magnetic capture to occur:

Vo<V | Eq. 19

where Vo is the fluid flow velocity. Therefore for a ’
given system the operating variable V0 can be selected.

.

2.4.2 Nesset and Finch's model (8)

Nesset and Finch related recovery to a'
dimensionless group, the loading number N, . This group
represents the ratio of magnetic to fluid shear forces
at full load on the upstream side of the wire. Full
load means the maximum amount of material that the matrix
can hold for a particular set of conditions. The loading

number is given by the following equation:

_bokepgHM £q.20
L y 372 172

o +(pfen.a

where Pe is the fluid density. NL > 25 corresponded to

acceptablé recovery.

23
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Assuming build~up is oyer the front 90° of the

matrix wire, the mass Toading v, (mass of mags per unit
mass of matrix) can be predicted by the equation.

N

e [.h 0.8 1%
m * E’[(Z.S) ) ]]ow

Eq.21

where ¢ : packing density (= 0.7)
°p : particle density (Kg/m3)

py : Wire density (Kg/m3)

Eventually recovery can be estimated by assuming the matrix

loads to about 75% of full capacity
R(%)=(0.75 2™) x 100 Eq. 22
where R(%): recovery in percent

L: the mess of magnetics in'the feed

per unit of matrix mass.

e

e K 3 3
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3. METHODS OF OVERCOMING THE LIMITATIONS ON THE PERFORMANCE

OF A MAGNETIC SEPARATOR

b3

In the previoué chapter the two limitations (parti-
cle size Timitatioh and magnetic susceptibility difference
limitation) on the performance D% a magnetié separator
were discussed. In this chapter some methods for overcoming

these limitations-will be examined.

3.1 Chemical change by heating (9)

. <

4
The products of heating of some substances may
have a different magnetic susceptibility. The classic
example is the magnetizing roast of hematite to magnetite
according to the reaction,.
3Fe203 —— 2Fe304+ 0
between 400-600°C.

Another example is the roasting of pyrite to the .

more magnetic form of pyrrhotite at about 400°C

7Fe52*602 —_— Fe758+ 6502

Another important class in the sense that the product is very

magnetic are the reactions which produce ferrites from roasted l

g

ii{;'
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»

sulfides. At 300-600°C the following can occur.

InS+2FeS+50, ——— 1In0. Fe203+350

2 2

L3
zinc ferrite

e —

/ ~

Cus+2Fes+50, —  Cuo. Fe203+3502' \ :

copper ferrite

o~

N'iS+2FeS+502 —> Ni0. Fe203+3502

nickel ferrite

3.2 Adsorption of iron

The basis of this method is to selectively coat ~
¢ /
mineral particles with a thin layer of 'iron. This will
enhance the overall particle susceptibility\b /

/

The Magnex process (10) applies this concépt in the
desulfurization and ash removal from coal. It is a four step
process shown in figure 8 (10). Coal is crushed to minus
14-mesh and js heated to }70°C. Then it is exposed to iron
pentacarbonyl vapour which at that temperature decomposes

according to the following reaction.

Fe(CO)5 ——> Fe + 5 CO ¢

The reaction is not this simple and intermediate products are formed.
The iron is preferentially adsorbed on the surface of the ash and

pyrite according to the reactions

Fe(C0)5 + Ash —— Fe.Ash + 5 CO
. ‘Iron crystals
on, Ash

P s i i
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(1-2x) Fe (Cd)5 ; FeS2 —_— 2 Fe]_xS + (5-10x) CO
pyrite pyrrhotite

Therefore pyrite and ash can be collected as magnetic refusas.
The explanation offered for the preferential adsorption of iron
is the higher energy of the surfaces of pyrite and ash,.

Meech and Paterson (11) abp]ied the same process
for the separation of chrysocolla from quartz. Iron was
preferentially adsorbed on the surface of chrysocolla."
For a synthetic mixture of chrysocoﬁ]a and quartz, with
efficient separation a grade of 82% chrysocolla at 95% reco-

very was obtained.

3.3 Temperature change

The magnetic susceptibility of a paramagnetic material
increases as the temperature decreases. This behavior {s shown"
in figure 9. The temperature where k —= « is ca{led the Curie
temperature, k — « means that the material is magnetized
spontaneous]i, a property of ferromagnetics. Therefore,
below the Curie temperature a paramagnetic materjal can be
converted to ferromagnetic material. Conversely ferromagnetics
become paramagnetics above their Curie té@perature which is
usually very high;for example for iron it is 1043 K. For para-

magnetics the Curie temperature is low,below the freezing point of

water. Conversion of a paramagnetic to a ferromagnetic is an attractive




Figure 8. The four step Magnex process.
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possibility.

Cryogenic HGMS uses this principle, the Tow tempera-
tures being achieved using liquid nifrogen, helium or natural
gas. These media also exhibit a low viscosity and decrease
the drag force. Cryogenic HGMS has been applied to beneficia- '
tion of fine (-200 Mesh) coals og a laboratory scale.

s

3.4 Selective seeding

N Selective seeding is a technique designed to
.

flocculate desired mineral(s) with introduced magnetite

seeds, The flocs are readily separable at low magnetic field.'
After separation magnetite can be recoveréd for reuse by
dispersion of the flocs.

Experiments (12) were performed using A!,(oH)3
(gibbsite), S1’02 (quartz) and magnetite. After flocculation
the flocs were captured by HGMS at 1 kilogauss. Upgrading

of AL(oH), was from 40 to 69% with 93% recovery.

3

3.5 Magnetizing leach

The basis of this method is to increase the magnetic

properties of processed minerals by leaching.

Krukiewicz and Laskowski (13) used an alkali leach
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to produce a magnetite coating on siderite. The reaction

h

proceeds in two steps: decompositfon of_FeCO3 with formation

of Fe('OH)2 and oxidation to a,é and y;Ee203 oxides and Fe304.

The oxidation step is the most important because
it determines the constitution and the magnétic susceptibility

of the Teached product.

The abové researchers carried out experiments on
different decomposition rates of siderite and on different
oxidation rates. They found that the product was more magnetic
when the siderite was completely decomposed and the oxidation
conditions were: temperature of 90°C, oxidation time of 30
min, and air flow rate of 401t/hr. The resulted magnetic sus-

3 3

ceptibility was 41.4 x 10 emu/cm~-0e and the oxides

formed were Y-F8203 and Fe304.

Magnetic separation of first and second kind

The methods described in paragraphs 3.1-3.5 depend
on the inherent'or changed susceptibility of the partic(g§.
This?can be called "magnetic separation of the first kind.” (14)
A second approach can be based on changing the magnetization
of the medium. This separation is called "magnetic separation

of the second kind".
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3.6 Changing medium susceptibility

Considering the expression of the magnetic force
(Eq.15) k, is the medium susceptibility. For water k=0
but for other Tiquids km has a certain value. For example
a solution of MnC£2 is paramagnetic, a saturated solution
(72¢gr MnC£2 in 100cm3 water) has a susceptibility of
0.87x1073,

Consider two minerals A and B with susceptibilities
Kn B
implies that for a reasonable separation the ratio of the
two susceptibilities be greater than 20. If the medium -
selected has a susceptibility km so that kA - km > kB then
relative to the medium, A is paramagnetic whereas B 1s

diamagnetic. This results in a decrease in the 20:1 ratio

of susceptibilities required for separation.

This method has been applied to the separation of
wolframite from cassiterite (15) where cassiterite carried

enough iron to be paramagnetic. As medium MnCK2 solution was

"used and the particle size was 60% minus 45 um. This method

does not depend on the density of paramagnetic particles,

Paramagnetic or diamagnetic minerals with different

and k,. As discussed the magnetic susceptibility Timitation

e A
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: densities can be separated with the magnexogravimefric

' method which uses either paramabnetic fluids or ferrofluids.’

|

. 3.7 Magnetogravimetrit separation (14)
t N

O

3.7.1 Paramagnetic fluids -
When a paramagnetic fluid is exposed to ; non-
homogeneous magnetic field it éxperiences a force that
° . acts in the direction of the field gradient and produces
an apparent density gradient. In a mixture of feebly
magnetic-and diamagnetic particles with a strongly paramagnetic

fluid such as MnCL, solution «if that force acts in the direction

2
of gravity, levitation and separation of particles can be
[

P

achieved. : ’ - L

>

§ ) The apparent density of the medium at any point in
the field is given by the following equation. -

‘ . fm dH . Eq.23
a = m . - - dx

©
3
©
o~
=}
lI
Q.

where p, and P, are the apparent and the real densities
‘ ' of the medium respectively. In figure 10 the design of the

electromagnets and the distribution of density are shown,

i . In figure 11 the channel assembly for the feed and the two
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o s W) o b Wi o W S AR o

——



\

‘ »' 33
( ‘ ,
magnetic
" / fluid
. Lights/ L
\ N \\Heavies// S _— .
¢ -
fluid |
» ' ¢ denSity

Figure 10. General Pole Design. for Magnetogravimetric
- . Separation. (9). -
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Figare 11. («) Channel separator:\k, feed hopper; B, 'lights’
outlet; C, 'heavies' outlet (b) detail on discharge
to show splitter plate (shadded). (9).
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&
different outlets for the heavy particles and the light ones
are showpn.

.

The meihod is best suited to the separation of non-
magnetic materials. At equilibrium particles are levitated
to a position in the field, which depend% on the magnetic
force, the magnetic susceptibility of the liquid and of the
partic and on the particle density. So for particles with
insig{%ﬁicant magnetic susceptibility the equilibrium height
depends only on their density. The method could be used for
mineralogical work. It has been used for the separatibn of
barite fr;m galena (particle size -1.7+.85mm) and celestite-

from galena in a pilot scale (14).

3.7.2 Ferromagnetic fluids or ferrofluids

In 1960 NASA developed a technique to prepare
stable suspensions of metallic particles of less than 150 A in
a hydrocarbon carrier fluid. The Un?%gﬂ Sta%es Bureau of
Mines 1ater~perfected this technique“’According to this tech-
nique magnetic particles are formed by precipitation of

ferrous and ferric salts with an excess of ammonium hydroxide

in an aqueous medium. Kerosene and oleic acid are added

-and the mixture is heated. During heating the magnetic par-

ticles are coated by oleic acid and transferred into the

*

JO—,
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kerosene phase, resulting in the formation of the magnetic

fluid.

These fluids when in a non-homogeneous magnetic
field exhibit an apparent density and density gradient.
The principle is the same as before in the paramagnetic fluid
case and ferrofluids behave as heavy media. However, in
compafison with conventional heavy media they are not
limited to the range of 4-4.5 g/cm3 but can be extended
over the entire density spectrum up to,,21g/cm3 or more

(platinum and gold have been levitated in ferrofluids).

Ferrofluids exhibit a hysterisless magnetization
curve as shown in figure 12(14) and reach their saturétion
level at reasonable fields. Figure 13(2) shows a magneto-
gravimetric separator and the balance of the forces which
act on a particle. The United States Bureau of Mines has a
large scale separator. This unit has been used for the }ecovery
of aluminum from a shredded automobile scrap. (partic1e‘

size: -2+1/4 inch).
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R s Levitarion farce
Fy 1 Gravirarional force
F s ResuMant force

Figure 13. Magnetogravimetric particle separator. (2).
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4, STATEMENT OF PROBLEM

4.1 Need for beneficiation of mineral fines

)

Many ores contain valuable minerals in fihe]y dis-
seminated form. The recovery of these fine mineral particles
is generally very difficult. This poses a significant prqP1em
as diminishing raw materials sources necessitates the /
recovery of these fine par;ic]es. In many systems the
efficiency of recovering fine particles is still extremely
low and often fine particles must be discarded as slimes.
Shortage of minerals does not always mean lack of resources
Sut rather lack of adequate technology to treat available

ores.

In recent years, various advances have taken place
in the recovery of mineral particles in the very fine size
range. HGMS is the most recent development in wet magagtic
separation processes aimed at fine paytic1es. The technique
has been investigated, for removal of iron impurities

from industrial minerals such as barite, calcite, kyanite (16)

and from coal (17). HGMS “9is now being applied industrially

for the purification of kaolin. Because of its applicabi-

lity to fine particles the HGMS process has large potential
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in development of mineral separation processes.

This thesis is concerned with chalcopyrite-galena g

separation in the treatment of complex sulfides. These

minerals are often initially floated together and subseqyeﬂt]y
$

separated. This separation often prove§ difficult.

*

.

4.2 Magnetic separation of chalcopyrite and galena

-

The re]aéive susceptibility of chalcopyrite to
galena is 330 (6) which exceeds the magnetic suscéptibi]ity
limitation mentioned before. However, this separation is
still unattractive when the minerals to be separated are

extremely fine (-37um), due to the very high magnetic fields

.required. However, there is evidence that chalcopyrite can

be converted by heating to a more magnetic form (i.e.
copper ferrite) and then can be more easily separated from
diamagnetic galena.- In other words a chemical change during

the roasting of chalcopyrite can overcome the particle size

limitation imposed by the low susceptibility.

The object of this work is to study the roasting

of chalcopyrite under various conditions with respect to .
the magnetic character of the calcine. The calcines will be

identified and their magnetic profile will be determined
7
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on the Frantz isodynamic Separator. Synthetic and
"real" mixtures of chalcopyrite and ga]eﬁa will be tested

to illustrate the separation potential. »
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5. ROASTING OF CHALCOPYRITE

5.1 Background (18)

Chalcopyrite ignites when heated in air and the
ignition temperature:is lower from the ignition temperafhre
of other su]fides of the same particle size. Table 3 gives
the ignition temperatures of pure sulfide minerals as measured
by Volsky and Sergievskaya (19). From table 3 it can be

seen that the ignition temperature increases as the sulfur

1 3

content decreases if chalcopyrite is considered as an exception. /

No reason was given for this anomaly. 3

Table 3. Ignition temperature of pure sulfide minerals (19) /

Ignition temperature Oc

-

.
N i
1

Particle Pyrite Pyrrhotite Chalcopyrite Sphalerite Ga]enaf_

size mm  53.4% S 36.4% S 34.5% S 32.9% S 13.4% $
0.10-0.15 422 460 364 " 637 720 .
0.15-0,20 423 465 375 644 730
0.20-0.30 424 471 | 380 ‘ 646 730
0.30-0.50 426 . 475 385 646 735
0.50-1.00 426 480 395 | 646 740

1.00-2.00 428 482 410 646 750

r/
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Industrial scale oxidation of chalcopyrite has been conducted

‘

in three ways,

A, Partial oxidation

During this process a certain percentage of sulfur
is removed so that the calcine can be subsequently melted to
' a matte. The reaction which takes place is the following:

5CuFeS,t20, 5 CugFe;  Sg  + xFe§+2S0,

B. Complete oxidation (dead-roasting) '

This oxidation*conducted by air or oxygen forms

oxides according to the following reaction
ZCuFe52+13/2 02 —> 2Cu0+Fe203+4SO2
Ferrites are also formed due to the reaction

Cu0+Fe,0; —» CuFe204

C. Sulfation roasting

J— +

l

This roasting is carried out usually in a fluidized
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bed reactor in“the presence of air. The following reaction

takes place:

ZCuFe52+]5/202-——, 2CuSO4+Fe 03+2502

2

5.2 Mechanism of Oxidation

The mechanism of oxidation has been studied by
many investigators. Habashi (18) summarizes the work of some
of them. Tafel anhd Greylich (20) determined the temperatures
at which there was maximum water solubility and acid solubili-
ty which suggests formation of sulfates. They found that
cupric sulfate was formed at 350°¢C up to the temperature of’
5509C. Above this temperature decomposition to copper
oxysulfate (Cu0. CuS0,) occured and was complete at 700°C.
Water soluble iron was-mainly ferrous-sulfate with negligible
amqunts of ferric sulfate. Above 650°C copper oxysulfate
\‘\\\\started to decompose to cuprous oxide and/or ferrite. Ferrous

sulfate was also completely decomposed at 600°C.

Mennier and‘VE}derpoorten (21) studied the progress
of oxidation on cha]copyr?te cubes between 300-900°C. At
the end of each test, the cube was cut into halves and the
layered structure was examined microscopically and by means

of X-ray diffraction. They found that the reaction starts
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at 330°C when chalcopyrite is covered b& a thin layer of
different colors. At 500°C the layer was of appreciable
thickness and identified as ferric oxide and bornite,
with some small amounts of cupric sulfate, cupric oxide .o
and magnetite. Near to the bornite Tlayer cuprous oxide
and cuprous ferrite Cu2Fe 0, were identified. At 800°C

274
oxidation of chalcopyrite resulted in the formation of the

k4

ferrite CuFe204.

Margulis and Ponomarev (22) and Lenchev and Bumazhnov
(23) confirmed that oxidation of chalcopyrite taken place via

bornite formation.

Maurel (24) studied the ox%dation of chalcapyrite °
by differential thermal analysis and ix-ray diffraction. He
found that at 530°cC bornite, cupric gET?ﬁﬂe and ferric oxide
were formed and at 600°C cupric oxide, cuprous oxide, ferric

oxide and cupric sulfate were formed.

Razouk et al (25) studied the oxidation of chalco-
pyrite by thermogravimetric analysis and proposed the follow-
ing mechanism which seems to contradict those proposed by

the previous workers:

Between 350 and 400°C
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A\
ngs.FeZSé+602 —_— Cu25+Fe2(SO4)3

\

Cu25+5/202 — CuO+CuSO4

Between 450 and 600°C
3 CuO+Fey(S0y)3 —= 3 CuSO4+Fe 504

Above 600°C the sulfates decompose and at 900°C copper

ferrite is formed.

There is some confusion over the mechanisms of
1
oxidation of chalcopyrite which possibly could be explained
by the different conditions by which oxidation was carried out.

. w
5.3 Thermodynamic analysis using F.A.C.T. System

Facility for the Analysis of Chemical Thermodynamics
(F.A.C.T.) is an interactive computing system for thermodynamic

-calculations.

One of the programs incorporated ih F.A.C.T., .
EQUILIB, determines the equilibrium concentration of chemical

species when specified elements or compounds react. The user

L




B e i T AL T Wk AR Semenn N

——
—
¥

only supplies the reactants, temperatures and pressures of /

,reactants and indicates which species he'would 1ike to be

Wl ANV A A I Tt YRR £y

considered in the products. The program then produces the

solution by providing the products that are most stable.

The program was used for the oxidation of CuFeS2

o

for the temperatures of 685,550 and 500°C and the printouts

are presented in Appendix A, At 685°C the products were
ferrite, Fe203 and CuSO4; At 550 and ’500°¢C only Fe203 and

CuSQ4 were predicted by the program.
v .

*

5.4 Magnetic separation of roasted chalcopyrite.’

] O ‘ Literature Survey

«

’ Near the turn of the century at Ain Barbar in
Algeria a method of magnetic separation of roasted chalcopyrite

(26) was used. The minerals to be separated,were chalcopyrite,

marmatite (Zn(Fe)S) and galena. According to this method

the mixture was heated lightly to 5259C for 15-25 minutes

- e e

depending on the particle size (+3mm). The reactions were
- ,considered to be: at 440°C the sulfur of the iron constituent

: of chalcopyrite (Cu,S+Fe,S;) disassociated giving:

Fe253 — 2FeS+S

.

4

P ( . at 525°C oxidation began following the reaction

~ /

M e o e o1 I . s S
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2FeS+70_f_, Fe203+2502
Further heating resulted in-the formation of sulfates with
agglomeration of the chalcopyrite and sphalerite. With this
treatment. the grains of chalcopyrite obtained a net magnetic
susceptjbi]ity differgnce from the rest of the mixture.

Magnetic separation was then performed by "a cross-belt . f
separator. The first pole removed all the pyrite and some .
chalcopyrite, the second pole most of the chalcopyrite with

some sphalerite, the third pole mixed products including (2
some chalcopyrite and the fourth pole mixed products without
pyrite and the tailing contained sphalerite, galena

aﬁd gangue. Copper concentrate assayed 18% Cu and represented \
a recovery of 82%, zinc concentrate assayed ;0% Zn with a

rcovery of 87%.

’

g

’

Dean and Davis (27) studied the effect of heat - ;

treatment on magnetic properties of mineral powders. Some of

their results are presented in tab]e@ (27—
1' '

. . .
' ; )
. )
|
.
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Tabler4. Effect of heat treatment on magnetic properties of mineral
powders (2/)
r
ﬁinera] Heat treatment :;h :gs]a 2ym 2?;x
(fﬁﬁ;titi;r . None ' 1,592 0.0137  2,846.10° 214,920
do ' Heated inair- 7,960 0.0240  1,200.10° 214,920
Hematite None ’ (1) (1) ~(2) 159,200
do reduced to Fe,0, 33,830 0.0340 784,000 159,200
Lepidocrocite None \ 1) (1) (é) 214,920
do ' heated in air to 3,423 0.0085 414,000 214,920
3700
do reduced to Fe 7,005 "0.0130  1,255.10° 214,920
Imenite None (1) (1) (2) 265,864
do Heated in air 26,666 0.0242 59,100 265,864
Pyrite None (1) (1) (;) 214,920
do Light roast 47,760  0.0080 180,000 214,920
" Chalcopyrite”  None (1) (1) (2) 214,920
do Light roast ' 27,860 0.0030 100,000 214,920
Arsenopyrite None ’ (1) (1) (2) 214,920
do Light roast 23,880 0.0085 230,000 214,920

(1) Too small to d8termine.

(2) Less than 12000.

Hc, Br, coercive force and remanence respectively.

My is the magnetization,

Hmax

is the maximum external field applied. |

e Wl I LSS s -

A 8 —
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0 ' 1

6. FERRITES .

6.1 Chemical composition [28)
) e 0,

»

Ferrites have thF structure of the mineral spinel
MgA£204. The general chemical formula is MeFe204, where
Me represents a divalent metal ion with an iqnic radius
approximately between 0.6 and 1 A. In the case of simple
ferrites Me is one of the divalent ions of the transition
elements Mn, Fe, Co, Ni, Cu, Zn, Mg and Cd. A combination
of these ions is also possible forming a solid solution
of two ferrites or a mixed ferrite. It is also possible for

Me to represent a combination of ions which have an average

valency of two.

The valency of the metal ions of ferrites can be
determined by an analysis of the oxygen concentration,

However this analysis does not reveal if different ions

occur in more than one valency state. For example in the

case of MnFe,0, an oxygen analysis does not reveal whether

274
I I11 IIIFeIIFeIIIO

the formula is Mn Fe2 O4 or Mn The ferrite

4
CuO.SFez.SO4 also poses.,a problem since it is not known if

iron ions are trivalent and copper ions monovalent or it is

I I1

a mixed crystal of Cu Fe204 and" Fe Fe204. In many cases

»

- A - Sra Mt
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a magnetic property, e.g. the saturation magnetization, can

distinguish between the possible chemical structures.

6.2 Crystal structure (28,29,30)

The spinel structure derives its ﬁame from the
mineral spinel MgA£204 which crystallizes in the cubic system.
The smallest cell of this structure which has cubic symmetry
contains e%ght "molecules" of MeFe204. Two kinds of interstitial
sites occur, the tetrahedral site whic? is surrounded by 4
oxygen ions, and the octahedral site which is surrounded
by 6 oxygen ions. Each cubic unit cell contains 64 tetrahedral

sites and 32 octahedral sites. O0f the 64 tetrahedral sites only

" 8 are occupied by metal jons (A sites). Of the 32 octahedral

sites 16 are occupied by metal ions (B sites). The structure
can be described by subdividing the elementary cube with
edge a into eight octants with ege 1/2 a as shown in figure

14 (28).

The oxygen ions are positioned in the same way
in all.octants. Each‘octant contains four anions, which

form the corners of a tetrahedron as shown in figure 15 (28).

The metal ions are positioned according to their

valency. It might be thought at first that the eight divalent
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Figure 14. The cube represents symbolically the elementary cell
of the spinel lattice. The four shaded and the
four non-shaded octants are occupied by the metal
ions in the same way as indicated in Fig. 15. (28).
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Figure 15. Two octants of the spinel structure. The large
spheres represents the oxygen jons, The small black
and white spheres represent the metal ions on
tetrahedral and octahedral sites respectively. (28).
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cations are situated on the eight occupied A sites and
the 16 trivalent iron cations on the 16 occupied B sites.
When this happens the spinel formed is called normal spinel.

However this does not happen in all cases. Experiments show
<

that there is a whole range of distributions represented

. IT  I11 IT o III
by the chemical formula Me; Fe]-d [Me]_éFe]ﬂs} 04>

where the brackets indicate octahedral sites. The limiting
case §=1 is the normal spinel and the limiting case §a0
is called an inverse spinel. The case 6=0 is more likely

because rs > Ta and ™™™ I1 > rMeIII where r is the ionic

e
radius, The distribution of the metal cations on A or B

sites has been examined by x-ray diffraction, neutron
diffraction and magnetic measurements. Ffor MgFe204 and

CuFe204 the temperature dependence of the distribution

/ corresponds to a Boltzmann distribution

§(1+8) . o -E/kt
(1-8)7 Eq.24

-

D=

»~
k)

The activation energy E is approximately 0.14 eV. The factors
which determine the distribution of’the cations on A and B
sites are jonic radius, electronic configuration, electrostatic
energies and polarization effects. '

-

6.3 Chemistry of ferrites (29)

Most of the ferrites of spinel structure decompose

1



when melted under normal conditions (in air or under 1 atm

oxygen pressure). The oxygen splits off at higher temperatures
Il ITI

®

reducing Fe " to Fe following the reaction

MeFe204 (spinel )——» (Me,Fe)o (wUstite)+02
Figurel16 (29) shows the oxygen equilibrium pressures of the
different iron oxides Fe203 (hematite), Fe;0, (magnetite)
and Fe0 (wlstite) as a function of temperature. Oxygen
pressures are given in terms of the logarithmic ratio
PCOZ/PCO which cor#esponds to the oxygen partial pressure

)2

according to P02 -*K(PCOZ/PCO

The dissociation temperature of hematite

decreases in the presence of spinels as the Fep04

I jons and cation

dissolves into MeFe204 under formation of Fe
vacancies. This property of Fe203 is very important since it
implies that ferrites cannot be processed to desired shépes
by me]ting,'as happens with metals. The technology of
ferrites consequently is a ceramic technology. The starting
materials, mostly oxides or compounds easily convertible to .
oxides by thermal decomposition, are mixed and converted

into the desired products by solid-state reactions at higher
temperatures between 800 and 1500°C. Then the products

are pressed to desired shapes by a sintering process at this

high temperature. The following reaction is taking place /
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vFigure 16. Oxygen equilibrium pressures ofi different iron
oxides as a function of temperature. Oxygen pressure

in terms of log PCO,/PCO for hematite Fe203,
magnetite Fe304, ang wlistite Fe0. (29).
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I1 II
Me O+Fe203 —3 Me Fe204

The mechanism of this Eeaction has(éeen studied by Wagner (31) 1

who suggested that the spinel phase ﬁeIIMeZIIIO4 is formed

IT III0

0 and Me2 The reaction proceeds

I ITI in

3.
by counterdiffusion of the metal cations Me

at the interface of Me
' and Me
the ratio of 3:2 through a lattice of oxygen anions. The

speed of the form;tion is determined by the speed of the
slowest diffusing ion. So far, few diffusion measurements

Y

have been performed.

Diffusion through solids is possible only by fon
displacement. The reactants are dissolved into the reacpion
layer and produce vacancies and point defects enhancing
the diffusion. According to Zener (32) the diffusion coef-"
ficient D is given by '

~y

D = Do e'AU/RT £q.25

where AU = BHet8Hp, 'EqQ.26

This means that the activation energy AU is the sum

of the enthalpies to form (4Hg¢) and move (AHm) a defect.

»
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5.4 Magnetic properties

56

Table 5 summarizes the magnetic properties taken

from reference 28.

Table 5. The saturation magnetization Ms together with

the Curie points Tc of some simple ferrites

with spinel structure (28)

Ferrite 0% 209
uoMs oMl MoMs MM T
p p
2 \ 2
Am~/kg A/m Am®/kg A/m OC
MnFe,0, 112.10°6  0.70 80.10°6 0.50 300
Fe40, 98.10°%  0.64 92,1076 0.60 585
) C
CoFe,0,. 90.1076  0.60 80.10" 6 0.53 520
NiFe,0,  56.1076 0.38 50.10" 8 0.34 585
N _6 '6
CuFe,0, 30.10 0.20 25.10 0.17 455
-6 -6
MgFe,0, 31.10 0.18 27.10 0.15 440
Li. -Fe, .0,.69.10°8  0.42 65.10" © 0.39 670
0.5"€2,504-09- . - .
p is the density (kg/m3). v

e ikt o 1 o ik e i e e Pk S -
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7. ROASTING OF CHALCOPYRITE IN A MUFFLE FURNACE

7.1 Roasting of chalcopyrite in a muffle furnace .

for 6 hours =

7.1.1 Experimental procedure

For this set of experiments chalcopyrite samples
from Rouyn Dist, Québec, with ~ 10% wt. impurities such
“ as silica and pyrite, was ground (-37um) and heated to different
temperatures. Heating was in a Lindberg furnace with
(; automatic control of the temperature. The sample (5g) was
put in a tray and then into the furnace. The furnace was
turned on and zero time was taken when the desired temperaturg
was obtained. A1l heatings were for 6 hours to reach equ.i- A
librium, Every hour during heating, the sample was taken
out of the furnace and was ground to -37um in a mortar and

pestle to increase the homogeneity of the mixture and

reduce agglomeration.

The calcine after air cooling was examined by
R means of x-ray diffraction. 1In each case the conditions were:

40 kV, 20 mA, 6 hrs of exposure with a Fe tube and Mn filter.

‘Intensities of the lines were estimated by eye. Six experiments

NI he e el e At WA W

T e
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were carried out at the temperatures of 300, 320, 450, .
500, 550 and 685°C to ascertain when copper ferrite is g

formed and to what extent.

The amount of the strongly magnetic material can

be measured using the Davis tube which produces a

S Kot b e b

relatively weak magnetic field (e.g. hematite cannot be

trapped). A description of this device is.given in
Appendix B. Water flow rate was 0.6 cm/s in the Davis \\\\\\
tube for all experiments.

7.1.2 Results

The full x-ray diffraction resultsare given in Appendix
C. A summary of the results is given in table 6. The sample

consisted of CuFeSZ, FeS and Cu,S. Reaction starts at 3209£

2
/

with the formation of CdSO4 and hematite. Copper ferrite

was formed at the temperatures above 500°C. The amount of §

magnetic material caught in the Davis tube in these cases

was very small (less than 10% wt.).

7.1.3 Thermodynamic analysis of the results

The above results were checkéd against those thermo-
dynamically predicted by F,A.C.T. System (section 5.3.). The

predicted results are in good agreement as shown in table 7.
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Table 6. Summary of x-ray diffraction results
Temperature Products
- CuFeSz, FeS, CUZS ;
300°%¢ CuFeS,, FeS, Cu,sS
320 CuFeSz, CuSO4, a-Fe203 ,
450 Cu504, a:Fe203
500 CuSOA, a-Fe203, CuFe204 :
550 Fe2(504)3, a-Fe203, CuFe204
685. G—Fe203, CuFe204
Table 7. Comparison of products predicted by F.A.C.T. 4
and obtained by x-ray diffraction ;
Temperature F.A.C.T.ﬂ‘r x-ray diffraction ’ %
é
0 ;
685°C CuFe204, Fe203, CuSO4 CuFe204, Fe203
550° Fe203, CuSO4 CuFe2 4> Fe203, Fg2(504)q
500 Fe203, CuSO4 CuFe204, Fe203, CuSO4
450 Fe203, CuSO4 Fe203, CuSO4

* Assuming only CuFeS2 as feed.



B e L Yt It <. L= N . [P . N

60

7.2 Roasting of chalcopyrite in a muffle furnace for

short time periods

Six hours was felt to be sufficient to reach equilibrium.
Fefrite forma;ion was not favoured. Censequently tests
were done with much sHorter times. For this set of
experiments famples of synthetic mixture of chalcopyrite
and galena,"andAof material from Brunswick Mining and Smelting
Co.-(BMS), were roasted in the muffle furnace for short time
periods not exceeding 10:minutes. The temperature of 320°C

was selected from table 6 (section 7.1.2) as the temperature

T

where some reaction takes place, and from table 3 (section

-

5.1),

v Experimental:work was done on mixtures of chalcopyrite

and galena and not on chalcopyrite only, because the ignition

AR T T T V3, 76 7yt «
v
,

temperature of galena is very high (table 3, pargg%aph 5.1)

and does not affect the results. The samples tested were:
»

N\

-

et T

-

‘ L LA synthetic mixture consisting of 60% of chalcopy-

0 rite (same as before) and 40% wt. of galena (-37um)
with 8% wt. 5102. The synthetic mixture was used
in the beginning in order to avoid any liberation

problems thch might interfere in the separat10n</

process.

e s o

e ——— o~
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- The B.M.S. sample Was a 3rd cleaner -tail from the
Cu-Pb separation circuit. Major phases of this
sample were chalcopyrite, galena, pyrite an& silica.
The particle siie of the sample was -37um. The
degree of liberation of chalcopyrite was found

to be 88% and that of galena 55% (see Appendix D).

-n

e #
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»

7.2.1 Roasting of the synthetic mixture

7.2.1.1 Experimental procedure -

\

The synthetic mixture was roasted at 320°C in a

muffle furnace. The hearth of ;he furnace was open so that
ajir freely circulated the space above the sample. Five

" grammes of sample were put into the furnace. Then the
furnace was turned on to reach the temperature of 320°¢.
As soon as it reached the desired temperature, it was left
for 10 minutes. After. air cooling the -37+15um fraction
was collected by microsieving and the magnetic profile

was measured on the Frantz Isodynamic Magnetic Separator

(see- description in Appendix E).
7.2.1.2 Results

The magnetic profile of the unroasted material is
shown in figure 17 and that after roasting is shown in figure

18.

In table 8 the results of the separation of the roasted
synthetic mixfure at 250 mA are presented. Lead is concentrated

in the non-mags along with a very small amount of copper and

da o
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iron. Only 74% of the lead is recovered in the non-mags,’
the rest of it beiﬁg trapped in the mags.
Table 8. Separation of synthetic mixture at 250 mA
Size I Product Wt. Assay (%) Distribution (%)
(um) (mA) ;4 Cu Pb  Fe Cu Pb Fe
-37+15 250 Mag 43.6 22.5 35 40 93 26 95

Non-mag 56.4 1.2 75 1.6 7 74 5

100.0 100.0 100.0 100.0

' Calculat. feed 10.5 57.6 18.3

1 Asspyed feed 1 55 16

-

7.2.1.3 ldentification of the roasted product

The product of the roasting was identified by means
of x-ray diffraction, microscope examination, and electron

microprobe examination.

Figure 19 shows the x-ray diffraction pattern of the
roasted product with the phases identified. Copper ferrite
and hematite were formed. However, galena was also oxidized
which was not expected at this low temperature, giving Pb203

and PbSO4.

PP
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For microscope examination a Carl-Zeiss microsco-
pe with reflected light was used. Figures 20 and 21 show
first the roasted synthetic mixture and second the

mags up to 15mA under polarized conditions.

In electron microprobe examination whén the
beam was scanned through oxidized chalcopyrite grains
frqm the edge towards the center, showed a decrease of
Fe conceniration and an increase in S concentration.
For a particular grain shown in figure 22 scanning‘from
the edge towards the center gave Fe:Cu and S:Cu ratios
of weight concentrations which are pre&ented in figure
23 (seé also Appendix F). Position no.1 of beam corresponds
to the edge of the grain anq position no. 8 corresponds to

the center of the grain. The 'distance between two conse-

cutive positions of beam is apphoximate1y 2um.

v




Figure 21.

68

Microphotograph of -37t15um particles of the

roasted synthetic mixture at 600 magnificatian

with reflectedlight, under polarized conditions.

C = chalcopyrite, P = pyrite, F - ferrite, H -« hematite.

Microphotograph.of -37*15um particles of the mags
fraction up to 15mA on Frantz of the roasted synthetic
mixture. Magnification of 600 with reflected 1ight,
under polarized conditions. F = ferrite, P - pyrite,

H = hematite.




i

Fiquresf22. An oxidized particle of chalcopyrite on which
microprobe examimation was performed. .
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Fe:Cu ratio for ferrite 1.76. Fe:Cu, S:Cu ratios for chalcopyrite
0.88 and 1.01 respectively.

-~

0L



7.2.2 Roasting of the B.M.S. sample

It was mentioned before (paragraph 7.2) that the
degree.of liberation of chalcopyrite for the B.M.S.

sample was 88% and that of galena 55%.

Figure 24 shows a Jlocked particle of chalcopyrite
with galena (size -37+25im) and figure 25 a particle of
galena locked with chalcopyrite.(size -25+15um) under
polarized conditions. Figure 26 shows the magnetic profile

of the B.M.S., sample.
Roasting of the sample was done under various
conditions in order to study the effect of temperature,

method of heating and retention time.

7.2.2.1 Effect of temperature

The sample was heated at the temperatures of 320
and 350°C. It was slowly heated to the desired temperature
and was held there for 10 min. Figures 27 329/68 show the )
magnetic profiles of the calcines. The most bromising \

for separation is when the temperature was 320°C.

7.2.2.2 Effect of method of heating

Since the slow heating is not practical industrially,

.
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Figure 24. Microphotograph of a -37+25um locked particle of
chalcopyrite with galena, of B.M.S. sample.Magnifi-
cation 600, reflected light under polarized
conditions. C = chalcopyrite, G = galena.

fFigure 25. Microphotograph of a -25t15um locked particle of
galena with chalcopyrite of B.M.S. sample.
Magnification 600, reflected light under ‘
polarized conditions. C - chalcopyrite, G = galena.
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Figure 27.Magnetic profile of B.M.S. sample after roasting at 320°C, by slow
heating for 10 min. Size -37+15um.
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76
two other methods of heating were examined. Direct heating
when th;,samp1e is put into the furnace held at the desired
temperature and also by preheating the sample at 150°C then

putting 1t into the furnace held at the desired temperature,

Figure 29 shows the magnetic profile of the calcine
after direct heéting in 350°C for 10 minutes and figure 30
the magnetic profidte afte¥ preheating at,]SOOC, then roasting
at 350°C.

Figure 31 shows the magnetic profile of the calcine
after direct heétlng in 320°C for 10 minutes and figure
32 the magnetic profile after preheatin; at 1500C, then'roasting

\ Y
at 320°c.

7.2.2.3 Effect of retention time

—

Since the curve of slow heat1ng°at 32q°C is the
most promising for potential separation, it was decided to
examine the effect pf time by roasting with slow heating
at 320°C for 5 minutes. The magnet1cﬁprof11e is shown in

figure 33 and it seems that 5 minutes 1s not enough.

Table 9 gives the results of separation at 25mA of the

roast at 320°C by slow heating for 10 minutes. ®
-’

Table 10 gives the results of separation on the Davis

ugube of the calcine ropsted.under the same conditions as before.

Water flow rate was kept constant at 0.6cm/s.
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;ab]e 9. Sép@ration of B.M.S. sample Tt 25mA

/

Shze I Product Wt Assay (%) Distribution (%)
(pm) (mA) (%) Cu Pb Fe Cu Pb Fe
-37+15 25 Mags 34 15 6.5 16 42 24.6 35
Non-mags 66 10.2 10.2 15 58 75.4 65
- ' 100 100.0 100.0 100.
' i ”~
* ’ \ Calcul, feed ]]08 8.9 15.3
13 8.8 18.7

Assayed feed

[N

Table 10. Separation of B.M.S. sample on Davis tube
7

Size Flow Product Wt Assay (%) Distribution (%)
(um) cm/s (%) Cu Pb Fe Cu Pb Fe -
-37 0.6 Mags 14.8 9.5 7.5 36 11.5 8.7 19.4
Non-Mags 85.2 12.8 13.7 26 88.5 91.3 80.6
100.0 100.0 00.0 100.0

Calcul. feed 12.3 12.4 27.4

Assayed feed 13.7 12.5 27.0

Figure 34 shows the mags up to 10mA for the sample

roasted by slow heating at 320°C for 10 minutes.

Figure 35

shows a locked particle of chalcopyrite with galena‘hhich

o
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reports to the mags on the Davis tube. The roasting was
done under the same conditions as before. This figure ’shows )
clearly that the locking of thé sample is a very serious t
problem and grinding is needed for further liberation.

¢




- .

.
Figure 34. Microphotograph of -37t150m particles of the mags
. up to 10 mA on Frantz, of the roasted B.M,S.
sample at 37200C, by slow heating for 10 min. Magni-
fication 600, reflected 11ght, under polarized
conditions. C = chalcopyrite, P - pyrite, F = ferrité,
H = hematitce. -

Figure 35. Microphotograph of a 437o15um'particle of the mags
on Davis tube, of the roasted B.M.§5. sample at

- 3200C, by slow heating for 10 min. Magnification
6000, reflected light, under polarized conditions.
C = chalcopyrite, 6 - Galena, F = ferrite.
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8. ROASTING OF CHALCOPYRITE IN A TUBE FURNACE

o "For this set of experiments chalcopyrite powder
(-37um) from Rouyn Dist, Quebec, was roasted in a tube furnace.
Thiss kind of furnace was selected so that the roasting could
be conducted under various controlled conditions, which more

‘ 4
closely approximate industrial conditions.

8.1 Experimental procedure

~

_The roasting took place in a Lindberg tube ¢furnace.
The tube was tilted at an angle of 20° so that the material
couid easily move through the tube assisted by a vibrator.
Air or oxygen was introduced from the upper side’and came
out freely imto the atmosphere. The tube was loaded from the .
+ upper end with 5g of material and the g;s flow was turned
. on. By means of the vibratqr the material moved into the
tube and after roasting was collected from the Tower end of the

tube.

Three parameters were studied temperature which was

o

automatically controlled, gas'fiow rate measured by a flow

meter and retention time of the pariic]es in the tube.

¢
» The roasted material after collection was ground

for 1 min., with the mortar and the pesstle and was then screened

~ o L
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through a 400 Mesh (37um) sieve and the percentage of

material over 37 um was recorded. This was an ind{eation of s
the agglomeration.which took place. A1l the material was then l
ground down to -37um and passed through the Davis tube concen-

trator to measure the amount of chalcopyrite converted to magnetic
product (identification is discussed ]ater). The flow rate

of the washing water in the Davis tube was kept constant

at 0.6 cm/s.
8.2 Results

8.2.1 Roasting with oxygen

v.

Experiments were carried out at the tem;eratures
of 320, 335, 350, 370, 385 and 400°C. The "agglomeration
index" (material over 37.um after 1 min. grinding) and the
percentage of chalcopyrite canvertgd to magnetic proéugt were
meas;reh and plotted against temperature. The other two
parameters, retention time and oxygen flow rate were kept
constant at_15 second; and 0.35 1t/srespectively. -Results

Ll

are presented in figures 36 and 37.
The goal of this study was to mininize 1hegagglomera-
tion of the material but maintain conversion of chalcbpyritg

to magnetic product. Following these criteria the temperature

P

—



e R T—

) ' ‘. . ..
100 )
: time : .15 sec ,
N | Og flow rate : .35 ll/scc' v
s 80| _
. 0 .
.2 ~ .
E
~ 60 .

. - .,
. ‘ 1
°" aol

s -
. . |
: 20 - ‘ o . | . )
R B

- 0 ] L 1 L | l | l ] L

300 310 320 330 340 350 360 370 380 390 400
| | ) Temperature °C

Figure 36. Roasting of CufFeS, in tube, furnace. The "agglomeration index"
vs. temperature.
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" of 320%C was selected for fu#thqr experimentation in order

‘to increase the percentage of chalcopyrite converted.

To study the effect of retfention time, experiments

I e
with different retention times were carried out. The tempera-

ture was 320°C and oxygen flow rate 0.35 1t/s. Results are
presented in figure 38. A time of 45s was selected as no
further conversion appears to occur at longer times.

The effect of oxygen flow rate is presegted in
figure 39. The temperature was 320°C and the retention time
45 sec. Although there is not much difference between

0.30-0.35 1t/s, the best results were at 0.33 1t/s.

So far one could conclude that 75% of chalcopyrite

- - is converted to magnetic produét at the temperature of 320°¢C

,with a retention time of 45 seconds and an oxygen flow rate

at 0.33 1t/s.

+

Oxygen is an expensive chemical product and probably
the cost of this roasting ®ould climb to unacceptable levels.

So for the next set of experiments compressed air was used.

8.2.2 Roasting with air

s

The experiments were carried out the same way as

W

-ﬂ\

e
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before but iné;@ad of oxygen compressed air was used.

Figure 40 presents the effect of temperature when
the retention time is 45s and the air flow rate is 0.35 1t/s.
A temperature of 700°C is needed for an acceptable conversion

of 70%. However, the agglomeration effect almost disappeared.

Figure 41 preseﬁts the effect of retention time
when temperature is 700°C and the al® flow rate 0.35 1t/s.
A conversion of 75% was achieved at 700°C with 30 seconds
retention time and 0.35 1t/s air flow rate.

The oxidizing conditions are not as strong as before
and chalcopyrite needs higher temperature to be converted

to magnetic product.

8.3 Identification of the roasted products

The products of the roasting were identified by

means of X-ray diffraction and microscope examination. o

Figure 42 shows the X-ray diffraction pattern
of the roasted chalcopyrite under the following conditions:
temperature 320°C, retention time 45 sec. and oxygen f]oh

rate 0.25 1t/s.,

Mounted samples of roasted chalcopyrite were observed
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using a Carl-Zeiss microscope with reflected light. Figures

43 aqd 44 show chalcopyrite roasted at 3200C, for 45s at an

oxygen flow rate of 0.33 1t/s. The first microphotograph

shows the feed to the Davis tube and the second one the

Davts tube mags.

| S

Figures 45 and 46 show chalcopyrite roasted at

700°C for 30s at an air flow rate of 0.35 1t/s. The first

photograph again shows the feed to the Davis tube and

. the second one the Davis tube mags.

"

-

The oxi1dation of chalcopyrite takes place only

on. the surface of the p@gtﬁcle producing a layer.

this layer seems to be enough as 1t change

However,

the overall

susceptibility of the particles significantly.

8.4 Attempt at separation between chalcopyrite

and galena

A synthetic mixture of chalcopyrite (60% wt, -37 um)

and galena (40% wt, - 37 um) was prepared. The mixture was

7

roasted in the presence of oxygen at 320°%¢C for 45s, at an

5%¥gen flow rate of 0.33 1t/s, as the best

i Before that galena was roasted on

the same conditions and the "agglomeration

conditions found.

its own under

index"

of the




Fiéure 44 .
'

Microphotograph of -37sm particles of roasted
CuFeS
Magni
cond\

at 3200C, for 45s at Op flow rate 0.33 1t/s.
ication 440, reflected Tight under polarized
tions.C - chalcopyrite, P - pyrite, F - ferrite.

—

Microphotograph of -37um particles of Davis tube

mags of roasted CufFeS, under the same conditions. ,
Magnification 440 ref%ected light under polarized ‘
conditions. C = chalcopyrite, F = ferrite.

s
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Pigure 46.

Microphotograph of -37um particles of roasted.:>
CuFeS% at 7000C, for 30s at air flow rate :

0.33 Tt/s. Magnification 440, reflected light

under polarized conditions. C = chalcopyrite,
F = ferrite, H = hematite.

Microphotograph of -37um particles of Davis tube mags
of roasted CuFeS2 under the same conditions.
Magnification 440, reflected light, polarized
conditipns. C = chalcopyrite, P = pyrite, F = ferrite,
H = hematite. ‘

\ A
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material was determined in various temperatures. Some kind

of sintering seems to take place around 400°C, as figure 47
shows. However, the product of roasting of the synthetic
mixture was agglomerated as figures 48 and 49 show. It

is then apparent that the two minerals cannof_be separated

’

-
-

by means of a physical method.
| . A .

For the anafysis of this result the REACTION program
of the F.A.C.T. system was used.. This program calcu]akes’z
changes in extensive thermodynamical functions. Printouts
of the program for roasting in the presenée»of oxygen and .
for roasting-in the presence of air, are presepted in Appendix
F. Both show tﬁgt the reactions are exothermic as the .
change in enthalpies is lower than ;ero (A H < 0) which
means that heat is liberated. Therefore, the particles attain
much higher temperature than is set by the furnace. In the
temperature of 320°C the chalcopyrite starts to oxidizé and

the syfface temperature increases apparently causing sintering

withfother chalcopyrite and galena grains.

B

Fram——g
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Figure 48.

Figure 49.
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Microphotograph of -37um particles of sintered
product of roasting of synthetic mixture at

3200C for 45s at 02 flow rate 0.33 1t/s. Magnifi-
cation 440, reflected 1ight, polarized conditions
C - chalcopyr1pe, G = galena, H = hematite.

“\ f": B oo !
N i )
e 2,

. {B

",q\

Microphotograph of -37um particles of sintered
product of roasting of synthetic mixture under
the same conditions. Magnification 440, reflected
light, polarized conditions. C = chalcopyrite,
G - galena, H - hematite, P « pyrite,.F - ferrite.
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’

9. HIGH GRADIENT MAGNETIC SEPARATION STUDY
LY .

9.1 Background

In High Gradient Magnetic Separation (HGMS) the .

k)

magnetic trapping force is much greater than in any other
magnetic device. These strong trapping forces are created

by fine filamentary ferromagnetic matrices perturbing a

strong background field and creating high field gradients.
Becausg the force 1s ]aqgg*/fﬁhe and weakly magnetic particles

can be captured by the matrix.™

N

9.2 Equipment

The equipment used was an ERIEZ-MAGNETICS model. A,
schematic diagram of the HGMS and the feed system is presented
in figure 50. The separator consists basically of:

a) A magnet and a power'supply which provides fields

up to 2 Tesla.

b) A feed unit, which keeps the solids in suspension
while they are fed into the system, and a flush
used to flush out the magnetics trapped during

the tests.

-

e



Fig. 50

Schematic' diagram of HGMS.

- o FEED TANK

¥

POWER SUPPLY

V2
\FLUSH.

NON - MAGS
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c)vA canister of 3.8cm in diameter and 10.2cm long

to hold the matrix.

9.3 Experimental procedure

'HGMS\tests were carried out on both unroasted
synthetic mixtures and roasted synthetic mixtures. The
synthetic mixture consisted of 60% wt. of chalcopyrite
(37 um) and 40% wt. galena (-37 um). The roasted synthetic
mixture was prepared by slow h@atwng at 3209 for 10 min.,
in a muffle furnace. %he same fluid flow velocity in HGMS,

<

of 5.3¢cm/s was used for both roasted and unroasted samples.

The goal of this study was to illustrate the

effect of roasting on reducing the magnetic field required

to trap the chalcopyrite.

14

9.4 The Recovery model for HGMS

104

This model developed by Nesset and Finch is described

in paragraph 2.4.2. In order to predict the recovery, the
particle parameters k and b must be known as well as the

operating parameters.

Particle parameters

The particle volume susceptibility, "g " can be

L



%

measured from the magnetic profile developed on the
Frantz separator. In the S.I. system the appropr1a33

calculation is

. -7 p
k _ 2.5 sin 8 ; 10 P (dimensionless) +Eq. 27
I

50

~ A

The profile of the unroasted synthetic mixture is

a

giveh in figure 17. The current I 1s taken as tﬁg current

50
ats which 50% reports to magnetics. From figure 16, 150 = 0.995 A
| 4

and since 0 = 20° and Pp = 4200 kg/m> then k = 3.6 x 10°

The profile of the roasted synthetic mixture is
giVen in figure 18. Since 150= 0.015 A, 0 = 209 and Pp =
§.33 g/cm? - 5330 Kg/m> then k = 2.014.

¥

’

The particle radius b was determined from figure 51.
T%ese curves were obtained on a X-ray sedimentometer, the e
Sedigraph 5000D0. This device employs a finely collimated X-ray
beam to measure the change of particle concentration with
time during settling in a sample cell. Curve 1 was obtained
for the unroasted synthetic mixture and curve 2 for the
roasted one. As particle radius thg radius at which the

cumulative mass percent equals 50 was selected. This radius

for the unroasted and the roasted mixtures was 5 and 7 um
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Figure 51. Size distribution of the synthetic mixture before and after roasting
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at 3200C, by slow heating, for 10 min.
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respectively.

Operating parameters

0
As matrix expanded metal was used. The wire
s
diameter was 0.9mm, so o = 0.000045m. and 25g of metal were
packed into the canister. The weight of each sample tested.

was 25g.

The mass of magnetics in the feed per unit of matrix
was L = 25 (0.60/25) = 0.60 where 0.60 represents the 60%
content of chalcopyrite in the feed. The flow velocity
was sélected to be 5.3cm/s. Once the above parameters had
been selected it was onﬁy necessary-to set the recovery
and back ca]cu]qte the req&ired magnetic fields.

o
Tables 11 and 12 summarize the calculations for

the unroasted and roasted synthetic mixtures. Recovery

in both cases was set at 90%.
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Table 11. Summary of calcufations %o estimate the required-

magnetic field. ‘Unroasted synthetic mixture

[y

—
'

- 0.60 . . . .
90%

o]
n

R« (0.75Ym x 100
T

Ym = 0.72 . - e
Po 2 4200 Kg/m3"
Pw' = 7756 Kg/m3
e = 0.7
Ym = % (;%g)&'g -1 ;%
NL/ZV;;.S )
b = 0.000005m
k - 3.627 x 10°° 0
a = 0.00004%m
pf = 1000 Kg/md
Vo = 5.32cm/s = 0.0532m/s
n = 0.001 Kg/m.s

M -7
W = uoHo/walo

b.k.uO.Ho.Mw

L - g03/2(pf'n.a)1/2

u_H = B =z 1.05 Tesla.

o

- R

WD b i s

1 b
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Table 12. Summary of calculations to estimate the required

~magnetic field. Roasted synthetic mixture

"m . 0.72 (as before) . (_

ep = 5330 Kg[m3

°w = 7750 Kg/m3 Q .

e - 0.7 ' ,

el |

N, = 28.5 "

b - 0.000007m

k = 2.014

‘@ = 0.000045 g
Pf = 1000 Kg/m

Vo = 5.32cm/s = 0.0532m/s

n = 0.001 Kg/m.s ‘
Mu = Hy/2n x 1077
- b.k.uy.-Hy M
Vo3/2.(0f‘n.a)]/2

LH =B = 1.02x 1072 Tesla.

W
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9.5 Conditions of the tests

!
p
N H

Having calculated the magnetic fields required,
for a given flow velocity tests were organized around these
fields. Because the field required for the roasted synthefic
mixture 1s very low and cannot be produced accurately on the
HGMS machine, the field of 0.228T was selected as the

lowest operational field. The test conditions are summarized

in table 13. b
Table 13, Conditions of the HGMS tests ¢
Series Run ngple Velocity Field
# # (g) (cm/s) (T)
Unroasted
] 25 5.3 1.776
7 1 2 25 5.3 1.565
3 25 5.3 1.431
4 25 5.} 1.277
Roasted
5 . 25 5.3 0.903
2 6 25 5.3 0.688
7 25 5.3 0.451
8 25 5.3 0.228
, . /
Roasted
9 25 9.7 0,228
3 10 25 19.8 ° 0.228




. 9.6 Results of test series 1 and 2

JEIPRREN -

Runs of the tesf series 1 were carried out with

e S v b el o VR R Py

an applied flow velocity of 5.3cm/s.

Table 14 summarizes / i
the results of runs 1,2,3 and 4. ) - t

- >

The maximum operated ﬁie]d of 1.776 Tesla appears

; to be not enough for trapping most of the chalcopyrite

as only 23.2% Cu report in the mags. However, the separation

:ﬁis very clean. ' The magnetic product contains 23.5% Cuand
only 4%Pb,

-

al‘

Runs of the test series 2 were carried out with'/

. s 9
an applied flow velocity of 5.3cm/s. Table 15 summarizey/
. ' /
- ¢ the results of runs 5,6,7 and 8. /
] £

i

’

Much higher Cu recoveries (66%) are obtaimed at

. much.lower fields (0.228T). This difference 1is }11ustrated ,

in figure 52. However, unacceptably largg Pb Toss to the

y mags also occurs. This suggests either agglomeration of the

material during roasting, or Eagnetic flocgulation when

\ exposed to the magnetic field. Further tests were conducted
. to determine which was responsible.
. v 1
, Figq;e 53 shows the.copper grade-magnetic field
'] ‘ .
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flow velocity 5.32 cm/s
aunroasted syn. mixture

R . eroasted syn. mixture
o 8o} . '
o
© . s
- 2 ) o
. . ,
c
[ 60..
» |
g ‘ _ ~
o 50] o . .
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3 g0} e
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Figure 52. Copper Recovery in the magnétics vé.“magﬁetic field, after HGMS on
,unroasted and roasted synthgtiC‘mixture:
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14. HGMS results
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Table of series 1 .
Run Product wt Asgéy (%) Distpibution (%)
# “ (%) Cu Pb Cu . Pb
Mags ) 15 23.5 4 23.2 3.3 ”
1 Non-mags 85, - 13.7 30.5 76.8 97.7
100.0 100.0 100.0
Calculated "feed 15.2 26.5 .
Assay feed .- 17 27.5
: Mags 13.2 23.8 3.8 20 2.
2 Nan-mags 86.8 14.5 30 80 98 .
100.0. 100.0 100.0
Calculated feed 15.7 26.5 v
Assay feed 17 27.5
Mags 13 24.4 3.6 " 19.6 1.8 *
3 . Non-mags 87 15 - 29.5 80.4 98.2
100.0 100.0 100.0
Calculated feed 16.2 26.1
Assay feed 17 27.5
Mags 9.4 25.5 3.1 14 1.2 '
4 Non-mags 90.6 16.3 25.8 86 98.8
100.0 " 100.0 100.0
Calculated feed 17.1 23.6
Assay feed 17 27.5 R
i
‘ .
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relationship when topper is considered in both mags and

non-mags.-Copper grades slightly decrease as the magnetic

-~

field increases.

o

|

Table 15. HGSM Results of series 2

LY

T4

Run Product wt

Assay (%) Distribution (%)
#e . (%) Cu Pb Cu Pb
Mags : 67.3 10.8 23.7 74.8 ‘ 61.8
5 Non-mags 32.7 7.5 30.1 25.2 38.2
100.0 100.0 100.0
Calculated feed 9.7 25.8 :
Assay feed 11 24
Mags 63.7 11.4 -21.6 74 . 58.2
6 Non-mags 36.3 7 27.2 26 41.8
' 100.0 100.0 100.0
Calculated feed: 9.8 23.6 :
., Assay feed 11 24 |
 Mags 61.7 ‘11?5\ 20.6 64.6 45,2
7 Non-mags 58.3 6.8 6.4 35.4 54.8
: 100.0 100.0 100.0
Calculated feed . 11.2 28.1
Assay feed 11 24 \\\\\
Mags 51,9 12.3 18 66.1 \\\\\gz.s
8 Non-mads - 48.1 6.8 26 33.9 7.2
: N L 100.0 1od>Q\
Calculated feed 9.6 21.9 . ,
Assay feed 11 24

~

VPR —



Cu Grade %
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aunroasted syn. mixture T ‘ T
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Figure 53. Copper grade in the magnetics and non-magnetics vs. magnetic field,

after HGMS on unroasted and roasted synthetic mixture.
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9.7 Magnetic flocculation or agglomeration?

In order to test whether magnetic flocculation
or agglomeration caused the poor results obtained in
the case of the roasted synthetic mixture, two tests

were conducted.

In the first test 15¢ of chalcopyrite (-37um) and
10g of galena (-37um), (ratio: 15:10 = 60:40), were roasted
separately under the same conditions (320°C, slow heating
for 10 min.). The two calcines were thgroughly mixed
and passed through the HGMS. The results are presented in
table 16. Although, most of the copper is recovered ~
in mags, about 31% of lead also reports to the mags. This
test shows clearly that magnetic flocculation takes place

as the feed to the separator cannot be agglomerated.

In the second test roasted synthetic mixture was
passed through the Davi; tube and the results are presented
in table 17. Although only 53% of copper 1s recovered in
mags, 15 is very clean with 27% Cu and 3.2% Pb. This resul®
supports the fact that magnetic flocculation occurs during
HGMS. Mggnetic flocculation does not occur in Davis
tube because of the iower magnetic field and the vigorous

washing action that takes place.

AR Lr 7
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Table 16. HGMS separation of roasted chalcopyrite and
roasted galena '
Field Flow velocity Product wt Assay (%) Distribution (%)
(T) (cm/s) (%) Cu Pb Cu Pb
0.228 ‘ 5.3 Mags 46.4 13.8 16.3 67.7 31
) Non-mags 53.6 5.7 31.4 32.3 69
100.0 100.0 100.0
Calculated feed 9.5 24.4
Assay feed 11 24

Table 17. Separation of roasted synthetic mixture on Davis tube

Flow velocity Product wt Assay (%) Distribution (%)

(cm/s) (%) Cu Pb Cu ‘ Pb
0.6 Mags 22 27 3.2 53 3
Non-Mags 78 6.7 31 47 97
- 100.0 100.0 100.0
Calculated feed 11.2 24.9
Assay feed 11.2 24.5
f
w

9.8 Results of test series 3

Runs of the test series 3 were ccarried out with an
applied magnetic field of 0.228 Tesla. Table 18 summarizes

the results of runs 8,9 and 10..

F

This series of tests was carried out in order to

try to overcome the problem of magnetic flocculation, by
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'

simply processing at higher flow velocities in the HGMS.

The lowest magnetic field is limited by the equipment

at 0.228 Tesla and the highest flow velocity at 19.8 cm/s.
The results generally improve as only 15% of Pb

reports to the mags. However, the results suggest ghat

an even lower operating magnetic field may be necessary to

reduce the magnetic flocculation further or possibly a

change in matrix design.

Table 18. HGMS Results of series 3

Run Product Wt Assay (%) Distribution (%)

# (%) Cu Pb Cu Pb
Mags 51.9 12.3 18 66.1 - 42.8
8 Non-mags 48.1 6.8 26 . 33.9 57.2
100.0 100.0 100.0
Calculated feed 9,6 21.9-
Assay feed 11 24
Mags 32.7 14.5 17.4 51 23.7
Non-mags 67.3 6.7 27.3 49 76.3
9 100.0 100.0 100.0
Calculated feed 9.4 24,1
Assay feed 11.2 24.5
Mags 23 17.8 16.5 40 15
1 Non-mags 77 8 28 60 85
0 100.0 100.0 100.0
Calculated feed 10.3 25.3 ~
Assay feed 11.2 24.5
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A.9 HGMS of the B.M.S. sample

o

The B.M.S. ,sample was ground in a ball mill in
order to increase the degree of liberation of galena. The

grinding was wet, the fractional volume filling of the

[PPSRV

mill by powder was 0.05, the fractional volume filling

JETIPIN

by balls was 0.40 and the grinding time was 3 hours. ~—
Size analysis before grinding showed that the sample
was closely sized with 80% of the sample was less than i

29um, and 30% less than 1lum. After grinding,80% of s

P N

the sample was less than 19um but 30% was again less ,than.
1lum. Particles of less than 10um had undergone no size

reduction. . .

T

The product of grinding was dried and then roasted
in the muffle furnace at 320°C for 10 min. by slow heating.
HGMS was then performed on the roasted product. Conditions
and results of the HGMS are presented in the following
tables 19 and 20. This series of tests was performed under
the same conditions as series 3. The product in this case
is more magnetic as the recoveries to mags are higher.
However, the recovery of lead in the mags is higher than
before (23% instead of 15%) suggesting that besides the
problem of magnetic flocculation locking is still a major a‘ ‘ :

difficulty.

onten o
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Table 19. Conditions of HGMS tests

120

Serijes Run Sample Velocity . Field
# # (g) (cm/s) (T) :
Roasted
11 25 5.3 0.228
4 12 25 9.7 0.228
13 25 19.8 0.228

Table 20. HGMS Results of series 4

s

Distribution (%)

Run Product wt Assay (%)
# * (%) Cu Pb Cu Pb
Mags 58.6 - 12.3 12 67.8 53.1
1 Non-mags 41.4/ 8.3 ., 15 32.2° 46.9
100.0 100.0 100.0
Calculated feed 10.7 13.2
" Assay feed 11.8 13.6 N
Mags 39.3 12.6 11 48.1 31.2
12 Non-mags 60.7 8.8 15.7 51.9 68.8
. 100.0 100.0 100.0
Calculated feed 10.3 13.8
Assay feed 11.8 13.6 ‘
Mags 30.7 13.2 10.4 38.9 22.8
13 Non-mags 69.3 9.2 15.6 61.1 77.2
100.0 100.0 100.0
Calculated feed 10.4 14
Assay feed 11.8 13.6

'
T
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10. DISCUSSIQON

10.1 Roasting of chalcopyrite

Muffle furnace

Roasting of chalcopyrite for 6 hours at various
temperatures was not successful in terms of the amount
of ferrite obtained. However, it revealed that the ignition
temperature of chalcopyrite was btheen 300 and 320°C which
could be predicted to some extent from table 3 (paragraph
5.1). Products in temperatures between 320 and 5009C were

mainly sulfates. Above 500°¢C copper ferrite is formed.

‘Because of the long roasting time, equilibrium is established

which allows the use of the F.A.C.T. system. The roasting

products are in good agreement with those predicted thermo-

dynamically.

Roasting of synthetic mixture at 320°C for 10

min. by slow heating gave appreciable amount of copper ferrite.

Galena also reacted at this low temperature, which means

that the actual temperature is muéh higher.

Roasting of B.M.S. samples at 320°¢ by different

A
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heating methods for 10 min. showed that the method of heating
is an important factor. Direct heating 15 more suitable

for industrial roasting, however slow heating looked the

most promising for separation. Why this happens is a point

that needs further investigation.

Electron microprobe examination revealed thaf
Fé:Cu ratio declines from 9 at the edge of the grains to
about 0.9 at the center of the grains. The ratio of 0.9
is close to that for unroasted chalcopyrite suggesting
that the core of the grains 1s unreacted. The S:Cu ratio
increases from almost zero (no sulfur at the edge of the
gréins due to oxidation) to 0.9 at the center of the grains,

again corresponding to chalcopyrite.

4

The ratio of susceptibilities of the roasted chalco-
pyrite mixture to the unroasted chalcopyrite is about

5,550:1.

Tube furnace

Roasting of chalcopyrite on its own under strongly
oxidized conditions also gave an appreciable amount of
copper ferrite. Roasting with oxygen at 320°¢ gave 75% conver-

sion of chalcopyrite to a very magnetic form (CuO.Fe203

- P - - Nt ma me woeamld o Ao e o
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and Fe203) but the product was agglomerated. To achieve
the same conversion using air the higher temperature of

700°C is needed, however, the product was not agglomerated.

The oxi1dation of chalcopyrite is an exothermic
reaction. This means that heat 1s 11iberated and particles
attain a much higher temperature.

-~

The separation of roasted synthetic mixture using
02 at 320°C did not work due to agglomeration. Because
heat 1s liberated from the oxidation of chalcopyrite
the temperature 1s actually much higher than 320%, causing
galena to be oxidized. Consequently the two minerals form
agglomerates and cannot be separated ey means of a physical
method. ”

Agglomeration could possibly be avoided by
roasting in a fluidized bed. This 1is also an interesting

point which needs further i1nvestigation.

The method of separation of roasted cha]copyr1té
used in Algeria (26) described earlier was thought to be
on the formation of FeZO3 around chalcopyrite grains. What
seems more Tikely to happen is the formation of CuO.Fe203

as the results of fhﬁs work have shown.

P —
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10.2 Magnetic separation of chalcopyrite-galena 124

(, mixtures

Separation on the Frantz separator

Since the Frantz separates according to magnetic
susceptibility only and can achieve separation between
minerals of very close magnetic susceptibility,its use gave

several advantages:

a) Mineralogical identification was made much
easier by working with separate mineral

fractions rather than with a wide range

o size. oo
b) The magnetic profile obtained from Frantz -
ailowed:

(i) Estimation of the potential of chalcopyrite

separation from ga{ena by HGMS.

3
J

(ii) Estimation of the magnetic susceptibility,
with’wh1ch 1t was possible to solve the
HGMS model and select the magnetic field
needed to trap chalcopyrite.
Separation of the synthetic mixture after roasting
in the muffle furnace, at 250 mA gave a very clean non-magnetic

galena concentrate (75% Pb, 1.2% Cu, 1.6% Fe). However

i I
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loss of lead in the mags was 26%. This galena js probably

-

trapped by magnetic flocs.

o

Separation of the B.M.S. sample studied under various
temperatures, methods of heating and retention times ‘'was not
usuccessfu]. Separation at 25 mA of the roast at 320°¢ by
*slow heating for 10 minutes gave unacceptable losses (58% Cu,
65% Fe) of cobpér and iron to the non-mags. Due to locking
(55% of galena is locked with chalcopyrite), some chalcopyrite
locked particles cannot be trapped.

[2 -

Separation on HGMS

¢ "

Since there are many.parameters controlling' the
soperation of HGMS, the use of the model in the investigation

was helpful in selecting the initial test conditions.

One of the problems that could arise during
operation is physical trapping by the mgtéix. This can happen
not?only when thé particles are large compared to the wire
diameter, pyt also when strongly magnetic materials are

«present in the feed an& are not adequately fiushed off the
matrix and accumulate with repeated cycles. Particle size
does not appear-to be a factor here since the top size

(35im) 1is one thirtteth of the wire diameter. The matrix

4 . o
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was flushed thoroughly after each run.

HGMS of the unroasted synthetic mixture gave clean

copper concentrates (25.5% Cu, 3.1% Pb) but very low copper

recoveriesr(14%). After roasting the mixture has 5,550
times greater miagnetic ?\sceptibility. This enormous
difference enables the use of very low fields. Figure 51
shows that recoveries are now higher (66%) obtained at
much lower magnetic fields. However, due to magnetic
flocculation large Pb loss (43%) to the mags occurs.
f

The problem of magnetjc flocculation could be

overcome by operating at even lower.magnetic fields which

were not attainable with the equipment used. o

HGMS on the B.M.S. roasted sample was pefformed
after grinding. The grinding was done to try to further
liberate galena from chalcopyrite. Despite, the long time,
grinding proved to be inefficient for particles below
10um and locking is still a major problem.

i

One interesting idea for further experimentation

.is to perform the HGMS op a dry system. This system wdu]d

reduce the hydrodynamic drag force that i$ significant

as the particles are very fine.

R
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.

Separation on Davis tube

Davis tube provides a relatively weak magnetic'
A R

oy

field. Separation performed on the roasteé syntﬁé%ic
mixture gave very clean copper concentrate (27% Cu,
3.2% Pb) and upgraded the galena concentrate to 31% Pb

with 97% Pb récovery. .
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11. CONCLUSIONS

« 1.1 Roasting of chalcopyrite for 6 hours in
{

a muffle furnace

* - Roasting produced copper ferrite at temperata?es\

*

above 500°C. .

b

A
- The amount of copper ferrite formed was very

small (less than 10% wt.).

A

- There is agreement be}ween the results obtained

and those predicted thermodynamically.

fl.Z Roasting of cha]copyr?te—ga]ena mixtures

‘ for 10%n. in a muffle furnace

v ‘ - Method of heating appears to be an important

factor.

- Roasting of the synthetic mixture by slow heating
— at 320°C for 10 min. produced a calcine whose
separation on the Frantz gave a very clean galena

5 - concentrate (75% Pb, 1.2% Cu, 1.6% Fe).

: - Roasting of the B.M.S. sample under the same

( conditions produced a calcine whose separation

ORI e N e

ot
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on the Frantz at 25 mA was not successful

due to the locking.

11.3 Roasting of chalcopyrite in a tube furnace

Roasting of chalcopyrite with oxygen required

’
-

very low temperatures and retention times but

the product was agglomerated.

- 75% of chalcopyrite is converted to magnetic
product at the temperature of 320°C with
a retention time of 45s and an oxygen flow

at 0.33 1t/s.

- Roasting of chalcopyrite with air required
much higher temperatures (about 700 0C), however

the product was nat'agglomerated.

- 75% of chalcopyrite is converted to magnetic
product at the temperature of 700°C with a
retention time of 30s and an air flow rate of

0.35 1Jt/s.

- Roasting of synthetic mixture, due to the
exothermic of the reaction of chalcopyrite
gives sintered chalcopyrite-galena particles

which cannot be separated.

e - o mm i e Ay e — B - = .
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11.4 HGMS Results

- HGMS on the unroasted synthetic mixture using
a field of 1.776T and a Plow velocity of
5.3 ¢cm/s produced a Cu concentrate assaying
23.5% Cu and 4% Pb. However, Cu recovery is
Tow (14%) suggesting the use of a higher

field or lower flow velocity,

- HGMS on the roasted synthetic mixture using a

field of 0.228T and a flow velocity of 5.3 cm/s

improved the Cu recovery (66%), but an unacceptable

loss of Pb to the mags occurs. Magnetic floccu-

lation is responsible and the problem could be
overcome by operating at even lower fields
which were not available with the equipment in

use,

- HGMS on the roasted B.M.S. sample after long
time grinding suggests that besides magnetic
flocculation, locking is still a major problem.
B.M.S. sample is not suitable for roasting and

magnetic separation.

11.5 Davis tube Results

- Separation of the roasted synthetic mixture
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gave a very clean copper concentrate assaying
27% Cu and 3.2% Pb with a Cu recovery to mags
of 53% and a lead concentrate assaying 31% Pb
and 6,7% Cu with a Pb recovery to non-mags of

97%.

Beame s = -
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APPENDIX A - F.A.C.T. SYSTEM RESULTS

In the following tables the printouts of the
program are presented for roasting 3g of CuFeS2 in air '

('21%0 The second 1ine describes the conditions of

2)'

. each reactant i.e. temperature in K, partial pressure in

atm and state of the reactant (S=solid, L=1iquid, G=gas).

For the temperatures of 550, 500 and 450°C the results

were identical. Therefore, only the results of the tempera-

tures of 685 and 550°C are presented. ,
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printout for heating of chalcopyrite at 685°C

DRV PR S

DI AN

i

LAY

Y] e,
DR N I S

AR

.OIé?FU+.0163FE+.016352+.210?+%79N2=
+156)

(95815

~

(959-1-9:

]

PE5B.1,8)

g e
e Ly

L

(958

SRR T S T S SR U PR PR U PR I RS

0828
«152

. 109E-01
0894E—02
«192E-04
«117E-05
+140E-08
+1460E-10
244E-12
.878E-13
J41E-14
« S44E~-15
»188E-15
«209E—-17
+&38E-21
[ x.]...JE"::’
. TESE-D5
0146E Ld
«119E-25
o415 T
+163E-28
.255E~29
+ S34E-~

« S39E-52
+489E-71
+ 0

+ 0

+0

+ 0

- 948 Co

9521 ,0)

N2
02
Sx03
Sx02
NX0
N%02
N2Q
o

03
NX03

SX0
cu
N203
N204
N205
N
cuz
N3 -~
s
S¥N
520
FE
|2
g3
S4
S7
S&
83
sSB
1.00

(CUXD) ¥ (FE203)
( 258.0, 1.00

~ ﬁ

TU%S
9%

ﬂ %

04
00’ 1'00

-
o

~o ta
m(n

E

O U

(s 4)
0,0

1,00

-~

FE203 -
( 95850, 1000
clixn

‘ QS,E'\.CI!

+G )

« S

»S1)

«81Y

«82)
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TABLE A-2. F.A.C.T. printout for heating of chalcopyrite at 550°C

Y XXX XX LK ORROCUC XK XX KR A A CAR L LK R YLK LK RX L LR KKK

>

TIXXKHAXXXXYRRY

0163CU+,0163FE+.0156382+.2102+. 79N2= .
(323.1,8) (823.1,5) (823,1+8) (823,1,6) (823.1,G)
0.948 < .833 N2 :
+ .149 02
+°  J1SSE-01 ° S%03
. +  J171E-02  sx02 -/
+ D9SE-DS N0
+ LS96E-06  N%02
+ J2S4E-09  N20
+ ~ .879E-13 O
. +  J192E-13  N*03
¢+ J124E-13 03
L o + C314E-16 N2032
' +  J.270E-17 . Sx%0
' +  .1S3E-17  N204 o
+  LA07E-21 N205
+ .280E-21 Cu
+  J119E-26 N
) + ogléE_q9 N3
+ .150E-31 5
+ . J742E~33  S%¥N
+  J440E-35  S20
oL+ +772E-36  CU2
+ V152E-36  FE ‘
+ W §72E-42 52 !
+  J193E-43  S3
+ .0, 57 *
+ .0 ' sS4
+ .0 85
+ .0 . 84
.+ .0 . S8 >
- . . (.822.0s-1.00 <G )
+ .0 * (CU20) X(FE203)
( 822.0s 1,00 +S1)
L + .0 (CUXD Y £(FE203)
e : ( 823.0+ 1.00 +S3)
‘ +  J183E-01  CUXS#D4 . .
( 22Z.0y 1.00 +81)
+  JRISE-0?  FFpOZ ) -
] 0 ar3ia.e 1,00 «31)




APPENDIX - B. DAVIS TUBE CONCENTRATOR

The Davis tube concentrator is widely used as
a rapid method for determining the magnetic (usually
magnetite) content of ores either for the purpose of
predicting the performance of direct current magnetic

separators or as a means of controlling plant operation.

with pointed poles and a long glass tube having facilities
for introducing the sample and wash water. The tube is
placed between the poles of the magnet and water flowing
through it is agitated with short vertical strokes.
Magnetic material is held between the poles, while gangue.
is washed out. When the wash water is clear the sample

is transferred to a beaker, excess-water is decanted off

and the residue is dried and weighted.

135

\ The apparatus consists of a powerful etectromagnet
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APPENDIX - C. X-RAY DIFFRACTION RESULTS

X~ray diffraction results of the products are
presented in tables. Each table consists of a list of the

d-spacing measured and a comparison with listed values.

Table C-1. UNHEATED CHALCOPYRITE SAMPLE

Measuredvalues Listed "d" values
"d" spacing (ﬁ) Intensity CuFeS2 FeS CUZS
3.326 15 3.31
3.108 15 ; 3.15
3.013 100 3.03(1)
2.693 40 R 2.718
2.628 25 2.64 2.617
- 2.410 40 - 2.396 3
2.201 40 8 1.9871)
21,901 40 ‘ 0 1.909 ., 1.908
1.859 75 1.852(2)
1.842 75 ; 1.845(3)
1.627 50 1.644(2) .
1.586 60 1.590¢3)
1.567 40 1.572 ,
1.495 200 . 1.517 . )
1.441 20 1.425

(1), (2) and (3) represent the main lines.

. —



TABLE C-2. CHALCOPYRITE HEATED AT 300%

137

"
Measured values Listed "d" values
_"d“ spacing (R) Intensity CuFeS2 FeS CuZS
3.260 10 3.27
3.137 20 3.15
3.042 15 3.05
3.011 100 3.031)  2.869(1)
2.826 15 2.89
i 2.786 10 2.755
2.691 20 2.60
2.628 5 t 2,617
. \ 2.407 60 . 2,396
" 2.200 30 2.155
1.897 10 1.909
1.804 80 1.852(2)
- 1.843 80 1.845
’ 1629 10 ' 1.632
1.569 15 1.572

(1), (2) and (3) represent the main lines.
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TABLE C-3. CHALCOPYRITE HEATED AT 320°c

Measured values

Listed "d" values

"d" spacing (R)’ Intensity CuSO, CuFeS2 a-F8203
4.738 20 5.71(4)
4,180 20 4.187(3)
3.972 15 3.921
3,691 25 36604
3.545 75 3.549(1)
3.027 100 3.03(1)
2.694 50 2.69(1)
2.615 75 2.616(2)
2.512 50 2.51(3) "
2.417 40 2.416
2.213 30 | 2.201
2.083 10 2.093 2.070

" 1,969 10 1.963
1.870 30 1.867
1,851 40 1.852(2) |

1.696 20 1.690(2)

1.634 ‘15 1.634

;4

(1), (2), (3) and (4) represent the main lines.
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450°¢

2

3

- Measured values

Listed "d" values

"d" spacing (R) Intensity Cuso, a-Fe203

4.187 100 4.18703)
3. 682 10 3.6604)
3.557 100 3.549(1) |
3.028 o 20 3.172 /
2.701 80 2.603(3)
2.622 90 2.616(2) o
2.516 " 70 2:495(1)
2.416 60 2.416 *
2.310 15 2.321

,' 2.208 . - 20 2,182
2.089 10 2.059
1.903 20 1.894
1.806 70 1.7749
1.738 70 1.690(2)

1

(1), (2), (3) and (4) represent the main lines,
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: JABLE C-5. CHALCOPYRITE HEATED AT 500°C
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Measured values

Listed "d" values$

"d" spacing (R)

Intensity

CusoO

CuFe204* a-Fe203 4
4.169 60 4.187(3)
3.688 40 3.66(4)
3.541 80 3.541(1)
2.745 100 _ 2.69(1) k
2.610 90 2.603(3)
2.510 100 2.495(1) <
2.413 55 2.416(4)
2.316 15 2. 285
2.201 50 2,201
2.084 15 2,084
1,979 70 1,971
1,775 40 1.7749
) 1,691 80 © 1.690(2)
| . 1,482 70 1.497(2)
) 1453 70" 1.455(%) k
1,429 30 1.4298
* Crystallized in tetragonal system. R

HAl o A RO NIRRT % k.

(1), (2), (3) and (4) represent main lines.
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TABLE C-6. CHALCOPYRITE HEATED AT 550°C

)

\
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Measured values

Listed "d" values

"d" spacing (R) Intensity | a-Fe,0; CuFe,0,* Fe,(50,),
5., 941 80 - 5.98(2)
4.762 15 4.850%) ‘
4.360 30 4.36(3)
4.114 40 4.13
' 3.499 35 3560 3.59(1)

2.657 100 2t

2.579 45 o 2.603(3)

2.489 100 2.495(1)

2.390 25 " 2.421

2.232 . 25 2.285

2.180 70 1 2.182

1.817 80 ' 1.824
" 1.756 15 1:746

1.675 80 1.690¢2)

1.472 80 1.472(2)

1.438 80 1.452 1.455

* Crystallized in tetragonal system.

(f), (2), (3) and (4) represént the ma?n'lines.
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TABLE C-7. CHALCOPYRITE HEATED AT 685°¢C

&
i

8
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Measured values

Listed "d" values

"d" spacing (R) Intensity CuFe,0,*  CuFe,0,** a-Fe,0,
4.841 30 4.85(4)
3.680 50 3.66(4)
3.006 60 2.995 ‘
2.978 20 2.96(3)
2.847 15 ‘
. 2.691 90 “2.69(1)
2.581 70 2.603(3)
" 2.514 100 2.495(1) g 577(1)
2.420 15 2.421 2.417
2.321 55 ) 2.285
2.205 60 2.201
) -2.059 25 2.059
1.868 15
1.844 65 1.838
1.692 80 J 1.690(2)
1.487 85 1.497¢2) . 479(2)
1.451 80 1.455
* Crystallized in tetragonal system.

**Crystallized in cubic system. .

(1), (2), (3) and (4) represent the main lines.
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APPENDIX-D., ESTIMATION OF DEGREE OF LIBERATION

The degree of liberation L as defined by Gaudin
(355 is the percentage of mineral or phase occuring
as free particles (A), in re]atiqn to the total of that
:mineral or phase sccuring in the free (A) and locked

forms (B). In the following record sheets the number B

represents the parts per 20 parts of particle volume occupied

by chalcopyrite or galena in the Tlocked partic1e.’B is
calculated by summing all these values and dividing
by 20. In other words, B represents the particle equiva-

lents in volume of chalcopyrite and galena. Observations

'made under the microscope tend to overestimate the degree

of'liuération of the material Being considered. Thus, to
‘correct the error it is necessary tp increase the number
of particles actually observed to be locked by a locking
factor. This locking factor is given as a function of
the percentage of phase B in the total mineral surface (36,
page 88, figure 50).
\
The degree of liberation in per cent (L%) is

given by the following expression:

A

L

X .(100) where
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A, is the volume of free particles of chalcopyrite or

-

galena. ‘
]

B', is the particle equivaients in volume of chalcopyrite
or galena, as locked grains corrected by the locking

factor, ,

e e
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TABLE D-1. Record Sheet _tp_‘m_grsgg degree of Jiberation
oL" of the chalcopyrite

Free Chalcopyrite
PPN PR TR P P TR TR PR PR PRL T
M TN PN PN PN PR PR R PR PR R P
M TR N PN PN PN PN PN PR TR TR
MNON PN TNY TN PR PNY IR PR TN TN TR
YU NV S SUR AN S VU NURE S SR U SU RS NU R MU N
VR SN NI NN SN o SN Q ) SO NURN ) SR SN SN
MR PR TN PR TR PR PN PR PN TN TN
M TR TN PN PN TR PR PR PR PN TN PN
MM PN NN S TR Y TR PN PN TR T
(n NU RS NI SN SN S SN & SN D SN A URN D NURE) SNEND SN N
paNIR SRR SURS) SURR: RN S NUQ) NURN) SURR) SURN) SRR NURRA NN
M TN PN NG PN N TN T
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TABLE D-1. Record Sheet to measure degree of liberation(continued)

Volume of Locked Chalcopyrite

17-13-8-6-5:8-6-2-11-17-19-13-13-19-11-9
1=1-1-1-1-12-13-1-1=1-1-1-1-15-10-7-2-1
4-8-1-2-12-13-10-4-18-19-1-2-1-6-8-16-12
6-1-10-3-4-15-16-1-10-17-13-17-10-18-12-10-3
§-5-6-18-4-8-18-2-10-10-10-19-18-2-12-18
1=1-125-7-15-1-1-8-18-5-1-9-2-7-10-2-4-10
18-2-18-8-3-4-8-7-8-5-10-13-11-12-17-4-1
2-10-5-3-2-4-15-12-2-4-2-10-11-2-10-10-12-8
1002-8-10-10-13-13-19-8-2-1-12-2-9-1-2-8
16-15-13-18-9-10-0-4-1-1-2-8-4-11-6-8-17 ~
4-10-10-17-9-1-1-4-8-19-10-4-10-10-12-4
15-15-1-11-4-16-9-6-18-5-2-9-4-4-8-8-17-7

1-12-10-5-4-8-13

(214)

o % o s MM 15wl b, S 8 R ¢
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Table D-2. Record Sheet to measure degree of liberation

o

“L* of galena

Free galena

MY MNN N N N TN N NN N N SN T
N NTR NI o N N S NE R N S SRR SN ER A ENERD ANER N VO N

[ VAR ARRRED SNER R SNARD SNER D NS SR b N R NERR SN SUAR N
l Az181

Locked galena

3-7-]2-16-15—12-16-14:]4-8-18-19-19-19-19
19-19-7-9-1-2-19-19-19-19-19-5-17-10-13
18-19-5-16-12-10-18-19-8-7-16-2-2-19-10-18
19-14-12-7-8-14-19-10-17-9-5-4-19-10-3-7-10
2-8-18-14-15-10-17-15-15-15-6-2-16-2-18-10-10
1-19-2-18-8-2-16-16-19-10-19-19-7-13-9-19-19
2-12-15-13-19-11-18-13-10-18-16-10-2-18-12-17
15-16-12-13-12-15-10-7-9-8-3-4+19-18-10-15
17-18-16-5-8-18-5-16-18-10-17-9-18-10-10-8-12
18-18-18-12-10-7-1-12-17-18-19-1-#—16-8-18—11
19-18-18-12-4-4-5-2-11-10-11-16-19-19-19-17-18
2-8-16-2-9-14-3-16-10-3-11-19-19-16-12-1-16 .
5-10-10-8-8-19-16-4-5-5-8-19-8-9-16-4-11-9
14-2-15-13-18-11-16-16-12-12-3-13-19-8-15-10
7-15-16-17-7

(236)
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L% of Chalcopyrite

A-697 free particles °
Bal,587/20«79 equivalent free particles
Per cent B = 79/214237%

Locking factor = 1.25

697
L% = gg7r7oxT 25 = 88%

L% of galena

A2181 free particles

B=2,845/202142 equivalent free particles .
Per cent B = 142/236 « 60%

Locking factor = 1.2
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APPENDIX -E, FRANTZ ISODYNAMIC MAGNETIC SEPARATOR

The Frantz (figure 54) best known for its
geological and mineralogical applications in achieving
precise separation of minerals of different magnetic
susceptibilities (34) has also been used to indicate the
potential of a mineral mixture to be processed by magnetic

methods (6,35).

The Frantz consists of an inclined chute which
is placed between two long poles of a powerful electro-
magnet. The dry sample is fed down the chute parallel

to the length of the pole pieces. The chute is also tilted
to one side, so that the particles flow down one side

of the chute when no magnetic field is applied. When
current passes through the electromagnets, a magnetic
field is produced between the pole pieces. The diverging
shape of the pole creates a field gradient and causes a
magéetic force to act on a paramagnetic particle in

a direction opposite to the gravitational force.

€

'

This is illustrated in figure 55 (35), which
shows a cross section of the chute and the pole pieces. A

field gradient is produced in the positive X direction
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Photograph of the Frantz Isodynamic Magnetic
Separator.
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Fig. 55 A force balance of a paramagnetic particle between the
pole pieces of the Frantz separator.
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producing a magnetic force &Fm) in opposition. to the

gravity force (Fg).

. The main feature of the pole shape is that a

constant product-of field and field gradient (and thus

a constant Fm) acts on a particle regardless of its position

across the chute. The motion of the particles is then a

result of the combined magnetic and gravitational forces.-

Since Fm and Fg are both directly dependent on

the cube of particle size, "b", the effect of particle

size cancels and thg separation is based only on the -
mass susceptibility of the particles. The Frantz makes

very precise separations between particles of close
susceptibility. Half-way down the chute a splitter divides
the separated particles into magnetic and non-magnetic

fractions.

The magnetic force is increased by increasing

the current (I) throuéh the electromagnet, and gravitational

¢

force is increased by increasing the side slope ().
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APPENDIX - F. ELECTRON MICROPROBE RESULTS { 3
¢ ' Q;ONEENTRATION 5 ™~
§ Position WEIGHT - ATOM 5 )
; of beam  Fe S Cu 0% | Fe T
' 1 43.949  0.059 4.831 51.161 19.37 0.05 1.87 78.71
e 2 26.257 0.172° 6.597 66.973 9.87 0.11 2.18 87.84
3 11.615  4.019 17.182 67.183. 4.33 2.61 5.63 87.43
4 22.480 12.315 17.024 48.181 9.90 9.45 6.59 74.06
5 36.54  4.552  9.988 48.921 -16.31 3.54  3.92 76.23
- 6 30.528 32.377 36.183° 0.911 25.04 46.26 26.09 2.61-
7 31.195 32.671 35.166 0.968 25.49 46.50 25.25 2.76
% 8 31.259 33.102 469 1.169 25.35 46.76 24.57 3.3

-

-y

o —

p

34.

<

{

*

0 is not directly
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measured but inferred by difference,
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APPENDIX-G. F.A.C.T. SYSTEM RESULTS

Tﬁ the ‘following tables the printouts of the
REACTION program are presented for roasting CuFeS2 with
}oxygen and with air. The second line describes the
conditions of each reactant i.e. temperature in K, partial
'6ressqre in atm and state of the reactant (s=solid, £-1liquid,
.g=zgas). Calculations of the thermodynamical fq&ctions are

presented for the tem;ératunes of 320, 350,450, 550 and
600°¢C.
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TABLE G-1. F.A.C.T. printout for roasting of chalcopyrite

with oxygen

XXXXXXXXXXXXXXXXXXX)'(XXXXXXXXXXXXXXXXXXXXXXXYXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX X

o
=(CUXQ)X(FERQSL)  +

LU+ AFE 48 44,5 02 FER03 +  S%02 ‘
10985198)(2985158) (2985195)(2985156) (Tr198)(TelyS)(Ty1vl3) !
:
CALCULATIONS ARE KASED ON THE INDICATEN .NUMEER OF GRAM MULES )
K KRRKKKRKKKKKER ORI KKKRKAK KKK KRR KRR KR IAIRKKK KK KKK KKK KRR KRR K
1D DELTA M DEL T Areols DELTA V NELTA 3 neLia U SonELTA ¢
(k) (caL) (caLy (L (CAL /KD (AL (al
HRKKIRR KA AR IR IR KKK KIOK KRR IR K KRR AR KKK IO K KK KKK AR KARKAOR R KKK KKK Y K
‘P
593
—————————— T et I 5 5 N ¢ R B B N £ e
5935.,0  -475041.5 —498693.7 ~0s614F402 ~90,501  ~4/3454.4  ~4Y/206 ¢
?
623 ' ' : , N
623,0 -472211.1 =503911.8 =-0,58%9k +02 85,845  ~4/0/83.6  -50.24u4.
P N . .
723 .
—————————————————————————— 8§ 81 61 G « = S 81 3 s e e
723,0 -462109.4  ~522295.,1 -0,507E+402 ~70.825 ~460880.6 ~42104&,
? .
A0%
e o o e e e S 81 81 G = B84 81 13— e e
823,0 -451919.1t  -542102.6 ~0.425F+02 “457,617  -45%0889.1 ~5410/7 0.0
?
W73 g . ‘ -
373.0  ~446964,3 ~S550473,9 ~0,384E+02 ~51./7%  ~386033. 7 -ShINa4,
’ \‘\;/’“:

\
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TABLE G-2. F.A.C.T. printout for roasting of chalcopyrite

]
7

with air -
XXXXXXXXXXXXXHXXKXXKXKXX XXXAKKX KKK XHKXEKX XX KKK K XXX L HXXXAKHAKKK XK KHXXX KX X% ¥ X

[
tt H4FE 45 +4.502 +17N2 = (CURUYFEZ2NZ) + FEL2OUI 4+ \xkU? +17N2 .
(2985158)(298s155) (29841 +5) (12985 1,6)(298y1905) CTrls5 Ol eB) U vletid el vtin g

CALCULATIUNS ARE BASED ON THE INDICATED NUMEFK UF URAM MOLES

*##**ﬁ**************************#*********#*********#***X********#*********&#K'

0 LELTA H DELTA G NFLTA U NELIA S NELYA U oLla A
(K) (CAL) CCALD (L) (CAL /K) LAl TNIRE
KKK IR AR KK AR K K KKK KA KK IAORKK K KKK A A AAAA KK AR KKK KK IR KKK K KA H 8%
' ~ ,
’ 593 _ . - L :
——————————————————————— S 8181 6B & = 81 81 (3 3 —vmem e
93,0  ~439342,7  -741764.2  0.350E+03 ~/ 8/9  “447840,0  -/%0.44. |
P .
623 \
« $25,0  -432819.4  -772906.2  0.394E+03 3.8 —442370,1 ~/8.084U%. )
I
. 723
——————————————————————— § 8181 6 6 =82 81 B i —meememmeem e e
705,0 ~410228.7  <878955.2  0,.542F403 36,893 -423398.6 -0Y20RNL
, ‘
us .
S 8 8161 6 G =853 816G 6 ~——eeme—— o em o e e
823,00 -387376.,0  -988173.2 - 0.690E+03 66,502 —404083.2  ~10043ki0,1
473
B873.0  -3746025.2 -1043842.2  0.764F 403 79,891 =3Y4501.0 =106 A48, 0
F
Q - -
S
* ' !;
{ . i
£
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