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ABSTRACT 

Roasting of chalcopyrite to produce magnetic phases 

suitable for magnetic separation was investigated. 
1-

Roastind was conducted on samples of chalcopyrite, 

ch~lcopyrite-galena synthetic mixtures and Cu-Pb separation 

circuit tailings from Brunswick Mi,ning and Smelting (B.M.S.)!. 
l-r"

" , 

All samples were -400 Mesh. 

The calcines were studied by separation on the 

Frantz Isodynamie Magnetic Separator and by X-ray diffraction, 

optical microscopy and ~lectron microprobe analysis. 

The best conditions were la minutes of roasting in a 

muffre 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.Fe 203 ). Also identified were 
( 

hematite and an unreacted chalcopyrite core. 

Magnetic separation was performed using the Da~is tube 

and a High Gradient Magnetic Separator (HGMS). On synthetic 
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mixtures the Davis tube yielded goocf' sep'aration but the 

HGMS separation was limited by magnetic flocculation. 

'Separation of the S.M.S. sample was unsuccessful because 

of locking. 
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ABSTRAIT 

Le grillage de la chalcopyrite pour prod~ire des 
l, 

phases magnêtiques offrant des possibilités pour la sépa

ration magnêtique fut étudlé. Des grillages furent effectuês 

sur des échanti 110ns de chalcopyrite, des mélanges synthé

tiques chalcopyrite-galène et des rejets du circuit de 

séparation Cu-Pb de "Brunswick Mining and Smeltlng" (B.M.S.). 

Tous les échantillons étaient de -400 mailles. 

Les produits grillés furent étudiés en utilisant le 

séparateur magnétique "Frantz Isodynamic" et en utilisant 

la diffraction rayons X, l'examen microscopique et la micro-

sonde. 

Les meilleures conditions furent de '10 minutes de 

grillage dans un four il moufle a. 320°C. On ne nota aucune 

agglomé-ration et 53% du CUlvre fut récupéré A l'aide du tube 

Davis. La phase magnétique était de la fernte de cuivre 
~, 

(CuO.Fe 203). AUSSl identlfié furent de l'hématite et un 

noyau de chalcopyrite n'ayant point réagi. 

La séparation magnétique fut exécutée avec un tube 

Davis et un Séparateur Magnétique a Haut Gradient (SMHG). 
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Avec les mélanges synthétiques, le tube Davis donna une 

bonne s~paration mais la s~paration par SMHG fut liP1it~e 

da a la floccul ation magn~tique. La s~paration de l'é-

chantillon de S.M.S. fut infructueuse 3 cause du degré de 

libération. 
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1. INTRODUCTION 

1. l Principles of Magnetism (1) 

1.1.1 Magnetic Field 

Every magnet is surrounded by a magnetic fi~ld 
Ir 

and any other'magnet p'laced 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). Figure 1 shows the magnetic 

€,ield of a bar magnet (1) and a1so the magnetic field 
.' 

around two unlike and like charges. 

1..1.2 Magnetic moment and magnetization 

Two unllke but equal pole strengths qm and -qm 

,with a distance i between them comprise a dipole. The dipole 

is charaèterized by the magnetic moment. 

Eq.l 

Intensity of magnetization is the magn~tic moment per unit 

vo 1 ume i e . 

Eq.2 

1 
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F;gute 1: Magnetic lines of force 

(A) Lines of force of a bar magnet. (B) the attraction 
between two un1ike magnetic charges can be attributed 
ta tension ~long the lines of force. (C) The repulsion 
between like charges is attributed ta repulsion between 
adjacent lines of force. (1). 
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(~ 
Magnetic moment act~ along land it is a vector and'conse-

quently magnetization is a vector 50 

M = m/V 

~, , 

.. 

Eq.3 

Eq.4' 

1.1.3 The inverse square law and magnetic 

flux densit,Y 

The force which acts between two' separated 

magnetic poles is proportional to the magnitude of each 

of the two pales and inversely proportional to the s~uare 

of the distance between them. Mathematically in a vacuum: 

F • ~0~m\9~ 
'2 4rr.r 

where F • force, newtons (N) 

Eq.5 

~o= constant of proportionality (permeability of 

free space) 

-7 2 2 = 4rr x 10 newton/i;lmpere (NIA) or 

r : 

\henrys/metre (Hlm) 
1 

1 

[distance, metre (m) 
1 
1 

qm'~ml • pole strengths, amperes-metres (A.m) 

A'$'the force on a pole is proportional to its magnitude 

, 
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. ql we could define 
~ m 

o 

F = q~ • B Eq.6 

, Cumbining eqs 5 and 6 we get that at a distance r from a 

magnetic pole t.hoe magnetic quantity B îs 

B: Eq.7 

The 1ines of magnetic force, around a pole spread 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 
o 

numb~r ;s the magnetic flux Q where 

Eq.8 

Combining eqs. 7 and 8, B is the ~agnetic flux density and 

equals Q/411r 2 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 

\ 

l ,\ 
, J , , 

B: newtons/ampere-metre or 

weber/metre 2 or 

tesla. 

1.1.4 Magnetic field strength 

Reèalling eq. 7 we ctm define 

f" 

4 
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Eq.9 

, 

whe~e .Eq • 10 

H 1s the pole strength per unit area or ~agnetic field 
, 

strengt~ with units A/m. 

1.1.5 Effect of a magnetizable medium;" Susceptibility 
1 

and Permeabi1ity 

When the magnetic force acts through a medium 

magnet i c fl ux dens; ty i s the s um of tha t ; n the vacuum .' 

(~o.H) plus that due ta the magnetizable medium. 

H - M )Jo + ~o = IJ o (H + M) Eq • 11 

In many magnetic media the magnetizat10n is proportiona1 

ta the field strength ie. 

M:zk.H Eq. 12 

where k is the magnetic susceptibility. k is a pure 

number,ie. it has no dimensions. 50 eq.l1 becomes: 

Eq.13 

.. ~ 

The terms (l+k) can be replaced by the symbol ~ known as 

magnetic permeabi1ity. 

Il 
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In the absence of magnetic medium k:O hence 

ll-l'. The quantitYllosometimes is cal1ed permeabi1ity of 

free space and ll' becomes the rel ative permeability of 

the magnetizable medium. 

k is the volume susceptibi1ity whereas x is 

the mass susceptitiltty defined as 

X: k/p 

where p is the density (Kg/m3). 

1.2 Magnetic behavior of matter (2) 

6 

Matter does not beha ve the same when exposed to' 

increasingly strong magnetic fields. Three main groups of 

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

1.2.1 Ferromagnetic group (1,2) 

These are the s~rong1y magnetic materia1s which 

means that they can be magnetized by a very weak magnetic . -. 

field. Therefore the ferromagnetic's curve in figure 2 

is out of sca1e when compared to the other curves and jt 

is on1y an indication of the way that magnetization varies 

with the applied magnetic field. 

Inside a ferromagnetic material when the field is 
\ 

aJ1plied all regfons with paired north ana south poles 

1 

i 
. 1 
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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. 8 

A typical exal'1ple of this group is iron whose 

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

of flux density B versus an 9Pplied external field H shows 

that B reacnes its saturation value S in quite small 

fields. By reducing the external field H and reversing the 

direction of it, the plot becomes a closed loop known as 

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

point R is known as residual flux density and the retention 

of magnetization in zero field is called reman'ence. The 

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

saturation of the material in both directions is not . . 

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

thèrefore the h~steresis loop is not unique unless satura

tion is reached in bqth dimensions . 

l.2,2 Ferrimagnetic group (1) 

These materials exhibit the same magnetization 

curve as. the ferromagnetics. However, they' differ from 

ferromagnetics in the way that the magnetic susceptibility 

varies with temper~ture. Ferromagnetics magnetic susceptibi

lit Y 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 
1 

i s the fleel 

/ 

, 
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temperature. 9 

Minerals of t~e general formula MO.Fe 203 , where 

M is a metal (e.g: Cu, Ni, Fe, etc.) are known as ferrites 
c 1-

and display ferrimagnetism. Some rare earth iron oxides 

are also ferrimagnetic: 

1.2.3 Paramagnet;c group (1\2) 

This group of materials show a much lower responsE;tt 

to applied magnetic fields. However, they can be strongly 

oma 9 net i z e d i n ,a hi 9 h ma 9 q e tic fie l d . The ma 9 net i c 

sus cep t ; b il ; ty (s 1 0 P e 0 feu r v e ; n fig ure 2 ,). i seo n st an t 

over a smal1 range OT temperature. 
1 
1 

1.2.4 Diamagnetic group (211 
/ 
! 
[ . 

This group shows a slight respqnse to appl ied 

magnetic fields which is opposite to tha~ of paramagnetics. 

The magnetic susceptibility is negative but constant 

over a wide range of temperature. 
\ 

\-
\ 

1.2.5 Magnetism and the perlodic table (2)' 

Figure 4(2) shows Mendeleev's periodic table 

. of the elements showing to which of the above group's the 

elements belong. Three (3) elements are ferromagnetic (Fe, 
• 
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Figure 4, Magnetic characteristïcs of the elements. (2), 
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Ca,N;} and fifty-five (55) paramagnetic, the rest are 

d1amagnetic. Of the 55 paramagnetic elements 

- 32 form cOMpounds that are paramagnetic. 

16 are paramagnetic in pure form but form 

diamagnetic compounds. 

- 7 become paramagnetic when one or more 

elements are present in a compound. 

Table 1(2) gives the magnetic susceptibility of 

the elements in their pure form. 

1.2.6 Magnetic susceptibility of minerals 

It is not'possible to form a table with the 
. . 

magnetic-susceptibility of the minerals because they vary 

11 

in chemical and mineralogical composition. Onlyexperiment 

can provide reliable data for the,magnetic 'Susceptibility 

of minerals. 
\\ 
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Table l .. Magneûc SusceptibjlitJes oC Elements C2 ) 

" Magnetic 
Susceptibillty 

Element Formula x 106 

Alummum Al99.99 + 0.61 
Americium Am + 4.00 
Anttmony Sb99.99 0.75 
Arseruc (amorphous crystalhne) As 0.037 
Banum -Ba + 0.15 
Beryllium Be LOO 
Bismuth BI 1.34 
Boron B 0.62 
Bromme Br 0.46 
Cadmium Cd99.99 • 0.176 (·0.310) 
Calcium Ca + l.OO 
Carbon C- + 0.49 
Cenum 

, Ce + 17.5 
CeSium Cs + 0.22 

0 

allonne Cl 047 
OtromlUm Cr + 3.5 
Cobalt Co Ferromagnetic 
Copper Cu 0.086 
DysproSIum Dy + 637.0 - Erbium Er + 265.0 
Europium Eu + 224.0 . , 
Gadohruum Gd" + 4800.0 
Gallium Ga 0.33 
Germanium Ge 0.105 
Gold Au 0.15 
Hafruum Hf + 0.5 
Hehum He 0.47 
Hydrogen H 1.99 
Indium ln 0.56 
lodme 1 0.3S, 

. Indium Ir + 0.16' -
Iron Fe Ferromagneuc 
Krypton -Kr 0.344 
Lanthanum La + 0.85 
Lead Pb 0.132 
Lltlllum LI 0.50 
Lutectum 

" 
Lu 0.00 

Magnesium Mg + 0.54 
~ganese Mn + 9.63 

---- Mercury Hg 0.1667 
Molybdenum Mo + 0.93 
Neodymlum Nd + 39.01 
Neon Ne 0.33 
Nlcltel Ni FerromaiJIetic 

'NIObium Nb + 2.20 

12 
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Table 1. continuee! 

Mqnetic 

Element FonnuJa 
Suaceptibility 

x 106 

.. Nltrogen N2 0.43 
Osmium Os + 0.064 
Oxygen 0 + 107.8 
Palladium Pd + 5.33 
Phosphorus 'P . 0.86 white 

• 0.67 red 
Platmum Pt + 1.035 
Plutonium Pu + 2.52 
Potassium K , + 0.53 
Praseodymium Pr + 35.6 
Rheruum Re + 0.363 
Rhodlum Rh + 1.0~ 
Rubidium Rb + 0.198 
Ruthenium Ru + 0.427 
Samarium Sm + 12.1 
Scandium Sc + 7.0 
Seleruum Se 0.32 
Silicon SI 0.13 
Sdver AI 0.22 
Sodium Na + 0.70 
Strontium Sr + 1.05 
Sulfur S 0.485 
TantaJum Ta + 0.849 

0 Technenum TC: + 2.7 
TeUerrum Te 0.31 
Terbium Tv + 917.0 
Thallium TI 1.. 0.249 
Thonum Th + 0.57 
Thulium Tm + 291.0 

.- Tm 'Sn + 0.026 
Tltaruum n + 3.19 
Tungsten" W + 0.32 
Uramum U + 2.6 
Vanadium V + 5.00 
Xenon Xe 0.334 
Ytterbium Yt + 1.44 
Yttnum y + 2.15 
Zinc ZD 0.175 
Zirconium Zr, + 1.34 

, 

1 
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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 

il1ustrated in figure 5(3). Every particle of the feed 

experiences forces and its motion is designated from the 

force which predominates. In a magnetic separator 

usually there are four types of forces; 

,) 

- the magnetic force which pulls the magnetic 

ma terial towards the coll ecting surface 

- the gravitational force which pulls all 

the partic1es out of the separator 

- the frictional force tending to pull out 

'" the magnetic partiel es from the collecting 
:' 

surface 

the i nt e r par t ; c 1 e for ces 

When the magneti c force on a parti cl e predomi-

nates, this particle reports to the magnetic outlet 

(mags portion). When the other three forces predominate 

the partiele reports to the non-magnetie outlet (non-mags 

portion). However, sorne partiel es due to interaction of 

campeti ng forces do not come out as mags or non-mags. 

These particres are the middlings of the separation. 

\ 
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Figure 5. I~agnetic Separation (3). 
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(v 2. i Si ze 1 il'li tat; on on the performancé of a 
<ri 

magnetic separator (2,3) 

• 

In ,a magnetic separator a particle experiences 

a magnetic force and campeti tive forces due to gravit y 

friction and inertia. 

The magnetic force is gi ven by the equation 

~-lJ .II. (k -k ) o p m 
3 dH 

.b ,H'dx 

where: fJ :permeability of free space 
o 

Eq. l 5 

~ : relative permeability of magnetizable medium 

k : p. magnetic susceptibil; ty of the particle 

km: magnetic susceptibil i ty of the med i um 

b: particle radius 

H: intensity of magnetic field 

dHjdx:intensity gradient 

The hydrodynamic drag force for a spherical particle 
j 

is given by the following equation actording to Stoke's 

Eq'·. 16 

where: v: viscosity of the fluid medium 

.' 

16 

T' 

; 
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u ve1oci.tyof par"tic1e relative ta strealll. 

Th a 9 r a vit a t ion a 1 0 r bu 0 yan t for c e i s 9 ive n b y .t h e fa 1 1 a w

ing ~quatian 

where: d p: density of partic1e 

dm: density of medium 

g: accelera tion of gravity. 

Eq.17 

Oberteuffer (3) plotted tho e completing forces 

a 5 a function of particle size as sho*n in figure 6(3). 
1 

The forces have been computed for a CuQ particle attracted 

by a ferromagnetic wire of radius 3b and magnetized by 

a field of lOkOe with a slurry velocity of Sem/sec. When 

the separator treats large partlCles then the gravita-

tïonal force wlll predominate. When the particles are 

fine the drag force wlll predomlnate. The magnetlC force 

Fm will predominate anly if the particles are withln the 

size range of 5u/'l ta approximately lmm for CuO case. This 

is a particle size limitation on the performance of a 

ma 9 net i c s e,p a rat 0 r • 

17 

Hi gh gradient, magnetic separation (HGMS) has 

achieved successful a~pl ication in the càse of separation 

between a paramagnetic and a diamagnetic min~ral. In kaolin 
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beneficiation iron and titanium compounds are removed as 
{ -

parama~netic impurities from the bulk diamagnetic kaolin 
'. 

concentrate. The partic1e size is less thah 200 Mesh and 

preferablyo be1ow 20 microns. In coal desu1furization and 

asn removal~ paramagnetic pyrite is removed from the 

diamagnetic coal. Studies of water slurries of pu1verized 

c1> al (4, 5) pro v e d t 0 b e suc c e sJ u 1 and the par tic 1 e s i z e 

was below 42 and below 33 microns respective1y. 

, 
2.3 Susceptibi1ity difference limitation 

Oberteuffer (3) showed that the optimum size 
.. 

lor separation is the same for al1 minera1s and conc1uded 

that separation of weak1y magnetic substances wou1d be 

possible on1y within a restricted size rangè. 

. 
Dob~y et al (6) studied the same prob1em and 

~ 

presented their result in a "graph which·is shown in 

figure 7(6). This is a plot of the relative recovery 

versus relative susceptibility for different particle 

sizes. Assuming that a relative recovery of 5:1 i5 

acceptable ihen the minimum relative susceptibi1ity must 

be 20:1 for'single-sized partic1es and 50:1 for a wide 

range (O-37lm) of particle size. Large particles of the 

weakly magnetic mineral will experience the same magnetic 

force as s aller partic1es of the more magnetic mineral. 

This plot \ as developed from work i~ HGMS but the result 

1 
1 • 
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Fi~ure 7. Relative rec~yery RA/RB vs relative susceptibility 
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is the same for any magnetic separator. Table 2(6) 

shows the relative susceptibility for selected mineral 

pairs. On1y the pairs on the right above the double 1ine 

are offered for potential magnetic separation. 

Thè 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 Dimension1ess groups 

High Gradient Magnetie Separation has been 

studied extensively and this h'as resulted in two quite 

useful dimension1ess groups whieh are used for prelimin~ry 

estimation purposes. 

2.4.1 Watson1s model (7) 

21 

Watson uses the concept ef the "magnetic velocity 

V Il which is the velocity that a partiele would obtain in m ; 
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: 

Eq.18 

l , 
\, , 
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Table 2. '~ative magnetic susceptibility for selected 
mineral pairs. 
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,,: dynam'tc viscps;ty (Kg/m.s) 
-.1 

a: radius of the wire (m) 

For magnetic capture to occur: 

Eq. 19 

where Vo is the fluid flow veloc;ty. Therefore for a 

given system the operating variable Vo can bé selected. 

2.4,2 Nesset and Finch's model (8) 

Nesset and Finch related recovery to a 

dimensionless group, the loading number HL' 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 part;cular set of conditions. The loading 

number ;s given by the following equation: 

Eq.20 

'-
where Pf ;s the flu;d density. HL > 25 corresponded ta 

acceptabl~ recovery. 

23 
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c. Assuming build;Up 1s oyer the front 90o.of the 

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

Eq.21 

where e: packing density (:: 0.7) 

p : particle density (Kg/rn3 ) 
p 

Pw : w; re dens; ty (Kg/m3 ) 

Eventually recovery can be estimated by assuming the matrix 

loads to about 75% of' full capac; ty 

R(X)= (0.75 Ym) 
L 

x 100 Eq. 22 

where R(%): recovery in percent 

L: the rn.ss of rnagnet;cs in'the feed 

per unit of rnatrix masse 

, " 
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3. METHODS OF OVERCOMING THE LIMITATIONS ON THE PERFORMANCE 

OF A MAGNETIC SEPARATOR 

In the previous chapter the two limitations (parti

cle size limitation and magnetic susceptibility difference 

lrlmitation) on the performance uf a magnetic separator 

were discussed. In this chapter some methods for overcoming 

these limitations' will be examined. 

CJ 
3.1 Chem;cal change' by heat;ng (9) 

The products of heating of sdme s~bstances may 

have a different ~agnetJc susceptibility. The classic 

example is the magnetizing roast of hematite to magnetite 

according to the reactian. 

a between 400-600 C. 

Anather example is the raasting of pyrite to the 

more magnetic form of pyrrhotite at about 400°C 

Another important class in the sense that the product is very 
, 

magnetic are the reactions which produce ferrites fram roasted 

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

.. ZnO. Fe 203t 3S0 2 
z i ne ferrite 

.. -:::-~ .... - -
.-CuS+2FeS+50 2 --~. CuO • Fe 203t3 S02 

eopper ferrite 

,. Ni S+2FeS+50 2 --+ NiD. Fe 203+3S0 2 
nickel ferrite 

3.2 ~dsorption of iron 

The basis of this method is to selectively coat / 

mineral particles with a thin layer of 'irone This will 

enhance the overall particle susceptibilit~ / 

The Magnex process (la) applies this con~~pt in the 

desulfurization an<i ash removal from coal. It is a four step 

process shown in figure 8 (10). Coal is crushed to minus 

14-mesh anq is heated to 170 0 e. Then it is exposed to iron 

pentacarbonyl vapour which at that temperature deco~poses 

according to the following reaetion. 

Fe(CO)s ---+~ Fe + 5 eo 

/ , 

/ 

The reaction is not this si~ple and intermediate products are formed. 
, 

The iron is preferentially adsorbed on the surface of the ash and 
pyrite according to the reactions 

Fe(CO)5 + Ash ----... Fe~Ash + 5 CO 
'Iron crystals 
0rL Ash 

q 
1 

! 
1 
\ 

\ 
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(1-2x) Fe (CO)5 + FeS 2 --,.,. 2 Fe1_xS + (5-TOx) CO 
pyrite pyrrhotite 

rherefore pyrite and ash can be co11ected as magnetic refusa. 

The exp1anatian offered for the preferentia1 adsorption of iron 

is the higher energy of the surfaces of pyrite and ash. 

Meech and Paterson (11) app1ied the same process 

for the separation of chrysocol1a fram quartz. Iron was 

preferentja11y adsorbed on the surface of chrysoco11a.' 

For a synthetic mixture of chrysocol1a 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 
t 

increases as the temperature decreases. This behavior is shown' 

in figure 9. The temperature where k ~ ~ is cal1ed the Curie 

temperature, k ~ ~ means that the materia1 is magn~tized 

spontaneously, a property of ferromagnetics. Therefore, 

below the Curie temperature a paramagnetic ~aterial can be 

converted to ferromagnetic materia1. Conversely ferromagnetics 

become paramagnetics above their Curie te~perature WhlCh is 

usua11y 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 ;s an attractive 
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possibility. 

Cryogenie HGMS uses this princip1e, the low tempera-

tures being achieved using liquid nitrogen, hel~u~ or natural 

gas. These media also exhlblt a low viscosity and decrease 

the drag force. Cryogenlc HGMS has been applied to beneficia-
tl 

tion of fine (-200 Mesh) coals on a laboratory scale. 

3.4 Selective seedlng 

Selective seeding is a tech~ique designed to 
... 

flocculate desired mineral(s) with introduced ~agnetite 

seeds. The flocs are readily separable at low magnetic field," 

~fter separation magnetite can be recovered for reuse by 

dispersion of the flocs. 

Experiments (12) were performed using Al(oH)3 

(gibbsite), Si0 2 (quartz) and ~agnetite. Aftèr flocculation 

the f10cs were captured by HGMS at l kilogauss. Upgrading 

of Al(oH)3 was from 40 to 69% with 93% recovery. 

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 a1ka1i 1each 

, 

1 
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to produce a magnetite coating on siderite. The reaction 

proceeds in two steps: decomposition of .FeC0 3 with forfTlation 

of Fe(OH)2 and oxidation to a,6 and y-fe 203 oxide~ and Fe 304 . 

The oxidation step is the most important be~ause 
0' 

it determines the constitution and the magnetic susceptibi1ity 

of the leached product. 

The above researchers carried out experifTlents on 

different decomposltion 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: tefTlperature of 90 0 e, oxidation time of 30 

min. and ai r flow rate of 40 lt/hr. The resu1ted fTlagnetic sus

ceptibility was 41.4 x 10- 3 emu/cm 3-Oe and the oxides 

formed were y-Fe 203 and Fe 304 . 

Magnetic separatlon of first and second kind 

The methods described in paragraphs 3.1-3.5 depend 

on the inherent'or changed susceptibility of the partic(e~ • 
... 

This' can be called "magnetic separation of the first kind." (14) 

A second approach can be based on changing the magnetization 

of the me-d i u m . Th i s sep a rat ion i s calle d Il fTl a 9 net i c sep a rat ion 

of. the second kind". 
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3.6 Changing medium susceptibility 
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Considering the expression of the ma~netic force 

(Eq.15) km is the med1urn susceptibllity. For water km:O 

but for other llquids k has a certain value. For examp1e m 

a solution of MnCt2 is paramagnetic, a saturated solution 

(72gr MnC1 2 in 100cm 3 water) has a susceptibility of 

-3 0.87xlO . 

Consider two minerals A and B wlth susceptibilities 

kA and kB. As discussed the magnetic susceptibility limitation 

impl ies that for a reasonable separation the ratlo of the 

two susceptlbilit1es be greater than 20. If the medlum· 

selected has a susceptlbil1ty k sa that kA > k > kB then m ~ 

relative ta the med1url,A is paramagnetic whereas B lS 

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

of susceptibllitles required for separatlon. 
\; 

ThlS method, has been applied ta the separation of 

wolframite from cassiterlte (15) where cassiterite carried 

enough iron to be paramagnetic. As mediu~ MnCt 2 solution was 

'used and the part1cle size was 60/0 minus 45 ~~. ThlS method 

does not depend on the density of parafTlagnetic particles. . 

Paramagnetic or diamagnetic ~inerals with different ! 
\ 

1 
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densities can be separated with the ~agne~ogravimetric 

method which uses either parama~netic fluids or ferrofluids.' 

1 

. 3.7 Magneto9ravimet'rif separation (14) 

.0 

3.7.1 Paramagnetic fluids 

When a paramagnetic fluid is exposed té a non

homogeneous magnetic field it experiences a force that 

acts in the direction of the field gradient and produces 

an apparent densi ty gradient. In a .mixture of feebly 

magnetic-and diamagnetic particles with a strongly paramagnetic 

fluid such as MnCl2 solution oif that force acts in the direètion 
, 

of gravity. levitation and separation of particles can be 

achieved. 

The apparent density of the ~edium at any point in 

the field i5 given by the,following equation. 

H 
lJ -o 

dH Eq.23 
• dx 

where Pa and Pm are the apparent and the real densities .. 

of the medium respectively. In figure 10 the design of the 

e1ectromagnets and the distribution of density are show~ 

In f.igure 11 the channel assembly for the feed and the two 

, ' 

~ \ 

l 
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Figure 10. ~enera1 Pole Design.for Magnetogravimetric 
Separation. (9). 

.... 
'F1gùre 11. {a} Channel separator:\tt, feed hopper; 

out1et; C, 'heavies ' outlet (b) detail 
ta show splitter plate (shadded). (9). 
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different outlets for the heavy particles and the light ones 
, y 

are showJl. 

• 
The method is best suited ta the separation of non

magnetic materiaH. At equ·ilibriufll particles are 1 evitated 

ta a position in the field. which dependS' on the rrlagnetic' 

force,' the magnetic susceptibility of the liqUld and of the 

parti~ and on the particle density. So for particles with 

insig~ificant magnetic susceptibility the equi1ibrium height 

de pends on1y on their density. The method could be used for 

mineralogical work. It has been used for the separation of 

barite from galena (particle size -1.7+.85mm) and celestite. 

from galena in a pilot scale (14). 

3.7.2 Ferromagnetic fluids or ferrofluids 

In 1980 NASA developed a technique to prepare . 
stable suspensions of metallic particles of less than 150 A in 

.)i. 
a hydrocarbon carrier fluide The United States Bureau of 

".'\ -Mines later perfected this technique.,JAccording to this tech-

nique m~gnetic particles are forflled by precipitation of 

ferrous and ferr;c salts with an excess of ammonium hydroxide 

in an aqueous medium. Kerosene and oleic acid are added 

·and the mixture ;s heated. During heating the magnetic par

ticles are coated by oleic ac;d and transferred into the 

l 



kerosene phase, resulting in the formation of the magnetic 

fluide 

These fluids when in a non-homogeneous magnetic 

field exhibit an apparent density and density gradient. 

35 

The principle is the same as before in the paramagnetic fluid 

case and ferrofluids behave as heavy media. However, in 

comparison with conventional heavy media they are not 

1imited to the range of 4-4.5 g/cm 3 but can be extended 

over the entire density ipectrum up t~~21g/çm3 or more 

(p1atinum and gold have been levitated in ferrofluids). 

Ferraf1uids exhibit a hysterisl ess magnetization 

curve as shown in figure 12(14) and reach their saturation 

level at reasonab1e fields. Figure 13(2) shows a magneto-

gravimetric separator and the balance of the forces which 

act on a partic1e. The United States Bureau of Mines has a 
, 

« 

large scale separator. This unit has been used for the recovery 

of aluminum fram a shredded automobile scrap. (partic1e 

size: -2+1/4 inch). 

, 

1 
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4. STATEMENT OF PROBLEM 

4.1 Ne,ed for beneficiation of mineral fines 
t 

Many ores contain valuable minerals in finely dis

seminated forme The recovery of these fine mineral particles 

i s 9 e n e ra 1 1 Y ver y d i f fic u 1 t. Th i s po ses, a sig nif i ca n t p r o,b 1 e m 

as diminishing raw materials sources necess;tates the ) 

recovery of these fine par;:ic1es. In many systems the 

effic;ency of recover;ng fine particles i5 still extremely 

low and often fine particles must be discarded as slimes. 

Shortage of minerals does not always mean lack of resources 

but rather 1ac~ of adequate technology ta treat available 

ores. 

In recent years, var;ous ad~ances have taken place 

in the recovery of mineral partic1es in the very fine size 

ra nge. HGMS is the most recent development in wet magnetic ..... .. 
separation processes aimed at fine partic1es. The technique, 

! 

has been investigated, for rellloval of iron impurities 

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

and from coa1 (17). HGMS'·,s now being applied industrially 
• 

for the purification of kaolin. Because of its applicabi-

lit Y to fine, particles the HGMS process has large potential 

1 
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in development of mineral separation processes. 

This thesis is concerned with chalcopyrite-galena 

separation in the treatment of complex sulfides. These 

minerals are often initially floated together and subseq~eF:{t1y 

separated. This separation often proves difficu1t. 

4.2 Magnetic separation of chalcopyrite and galena 

The relative susceptibi1ity of chalcopyrite to 

galena is 330 (6) which exceeds the magnetic susceptibi1ity 

limitation mentioned before. However, this separation is 

still unattractive when the minerals to be separated are 

extreme1y fine (-3711m), 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 • 
. 
co pp e r fer rit e) and the n c a n b e m 0 r e ,e a sil y sep a rat e d f rom 

diamagnetic ga1ena.' In oth.er words a chemical change during 

the roasting of chalcopyrite can overcome the pàrticle 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 ma 9 net i c c ha ra c te r of the ca 1 c i ne . The cal c i ne s will b e 

identified and their magnetié profile will be determined 

) 

.. 

\ 
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. 
on the Frantz Isodynamie Separator. Synthetic and 

Itrealll mixtures of chalcopyrite and galena 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 froP1 the ignition temperat"ure 

of other su1fides 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 

content decreases if chalcopyrite ;s considered as an exception. 

No reason was given for this anoma1y. 

Table 3. Ignition temperature of pure sulfide l1Iinera1s ( 1 ~) 

... Ignition temperature Oc 
, 1 

1 

Partic1e Ga1ena 1 

1 

1 

1, 
1 

Pyri te Pyrrhotite Chalcopyrite Spha 1 erite 
si ze mm 53.4% S 36.4% S 34.5% S 32.9% S 1 3.4 % $~-

1 

O. , 0- O. 1 5 422 460 364 637 720 

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 

1 
1 

1 
i 
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Industrial scale oxidation of chalcopyrite has been conducted 

in three ways. 

A. Partial oxidation 

Duri ng thi s process a certa in percentage of su l fur 

is removed so that the calcine can be subsequently melted 'to 

a matte. The reaction which takes place is the following: 

B. Complete oxidation (dead-roasting) 

This oxidation·conducted by air or oxygen forms 

oxides according to the fol1owing reaction 

Ferrites are al so formed due to the react;on ... 

C. Sulfation roasting 

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

takes place: 

,/ 

5.2 Mechanism of Oxidation 

The mechanism of oxidation has been studied by 

many investigators. Habashi (18) summarizes the work of sorne 

o f the m . T a f e 1 a h d Gre y l ; c h (20 ) d ete r min e d the te m p ~ a,t ure s 

at which there was maximum water solubility and acid solubili-

t Y wh i c h s u 9 9 est s f 0 rm a t ion 0 f sul fat es. The y fou n d t ha t 

cupric sul fate was formed at 350°C up to the temperature of' 

550°'c. Above this tefTlperature decomposition ta copper 

oxysulfate (CuO. CuS04) occured and was complet'e at 700°C. 

Water soluble iron was-mainly ferrous-sulfate with negligible 

~ amQunts of ferric sulfate. Above 650°C capper oxysulfate 

'\s ta rte d t 0 d e corn p 0 set ° c u pro U s 0 x ide and 1 ° r fer rit e. Fer r 0 u s 

sulfate was a1so camp1ete1y decofTlpased at 600°C. 

Mennier and-iJ'a~derpoorten (21) studied the progress 
\-

of oxidation on chalcopyrite cubes between 300-900 0 C. At 

the end of each test, the cube was eut into ha1ves and the 

layered structure was examined microscopica11y and by means 

of X-ray diffraction. They found that the reaction starts 

\ 
\ 
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a t 3 3 a 0 C 'w h e n cha 1 c 0 P y rit e i s c a ver e d b Y a t h i n 1 a y e r 0 f 

different colors. At 500°C the layer was of appreciable 

thickness and identified as ferric oxide and bornite, 

44 

with sorne small amounts of cupric sulfate, cupric oxide ') 

and magneti te. Near to the bornite layer cuprous oxide 

and cuprous ferri te Cu 2 Fe 204 were identified. At 800 0 e 

oxidation of chalcopyrite resulted in the forl'lation of the 

Margul is and Ponomarev (22) and Lenchev and Bumazhnov 

(23) confirmed that oxidation of chalcopyrite taken pli\,ce via 

bornite formation. 

/ 

Maurel (24) studied the oxidation of chalcopyrite' 

by differential thermal analysis and ix-ray diffraction. He 

fou n d th a t a t 530 0 C b 0 r nit e, cu p rie ~t e and fer rie 0 x ide 

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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C~'~S .Fe 2S~t60 2 ~ 

\ 
\ 

Cu 2St 5/20 2 _ CuOtCuSo
4 

Between 450 and 600°C 

Above 600°C the sul fates decompose and at gOOOe copper 

ferrite is formed. 

There is sorne confuston over the f11echanisrns of 
\ 

oxidation of chalcopyrite whic~ possibly could be explained 

qy the different conditions by which oxidation was carried out. 

"-
5.3 Thermodynam1,c analysis using F.A.C.T. System 

o 
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. determinesthe equilibriurn concentration of chemical 

species when specified elements or compounds react. The user 

Ir 
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on1y suppl i.es the reactants. temperatures and pressures of / 

,reactants and indicates which species he wou1d 1ike to be 
\ 

considered in the products. The program then produces the 

solution by provi~ing the products that are most stable. 

The program was used for the oxidation of CuFeS 2 
" 

for the temperatures of 685.550 and 5000 C and the ~rintouts 

are presented in Appendix A. At 68S oC the products were 

ferrite, Fe203 and CuS0 4 ," At 550 and 'SOOoC only Fe 203 and 

CuS94 were predi,cteç by the program. 

5.4 Magnet~c separation of roasted chalcopyrite.' 

Literature Survey 
• 

Nea'r the turn of the century at Ain Barbar in 

Algeria a method of magnetic separation of roasted chalcopyrite 

(26) was us~d. The minerals to be separatedjwere chalcopyrite, 

marmatit.e '(Zn(Fe)S) and galena. AccJJrding to this l"1ethod 

the mi x tu r e wa 5 he à te d l i 9 h t l Y t 0 525 0 C for l 5 - 2 5 min u tes 

depending on the particle size (+3mm). The reactions were 

considered to be: at 440°C the sulfur of the iron constituent 

of chalcopyrite (Cu ZS+Fe 2S3 ) disassociated giving: 

at 52SoC oxidation began fol10wing ~he reaction 
... j 

. , 
1 

\ 
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Further heating resulted in-;the formation of sulfates with 

agglomeration of the chalcopyri te and sphalerite. With' this 

treatment,the grains of chalcopyrite obtained a net magnetic 

susceptibility difference from the rest of the mixture. 
1 • 

Mag~etic separation was then performed by ~ cross-belt 

separator. The first pole removed all the pyrite and sorne \, • 
chalcopyrite, the second pole most of the cnalcopyrite with 

s 0 me s p h ale r i t.e, the th i rd pOl e mi xe d pro duc t sin c l u d in g 

sorne chalcopyrite and the fourth pol e mixed products with'out 

pyrite and the tai 1 ing contained spharerite, galena 

and gangue. Copper concentra te assayed 18% Cu and represented 

a recovery of 82%, zinc concentrate assayed 40% Zn with a 

~covery of 87';. 

Dean and Davis (27) studied the effect of heàt 

treatment on magnetic pr~~ies o~ mineral powders. Some of 

their results are presented in table4 (27+.--

1 

\ 

"-

1 
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( Table"'4. Effeet of heat treatment on magnetie Qro~erties of minera1 
Qowde rs r 27 l 

.. Mi neral Heat treatment He Br M Hmax 
A/m w 

Tesla A/m A/m 

~t1t~': None .' ) 1 ,592 0.0137 3 214,920 2,846.10 

do Heated in air~ '-' 7,960 0.0240 3 214,920 . 1,200.10 

Hematite None (1) (1) (2) 159,200 ! , i do .. reduc·ed to Fe304 32 ,830- 0.0340 784,000 159,200 , 
\ 

1 
Le pi doc roc He None '('1 ) \ (1) (2) 214,920 

/ 

do heated in air to 3,423 0.0085 414,000 214,920 
3700 

do redueed to Fe 7',005 '0.0130 1,255.10 3 214,920 J l1menite 
None ( 1 ) (1) (2) 265,864 

L' do Heated in air 26,666 0.0242 59,100 265,864 
t 

Pyri te None (1 ) (1) (2 ) 214,920 

~ do • light roast 47,760 0.0080 180,000 214,920 
t,:~~ ~ , ., ) - "- '. V· 

Chalcopyrite None (1) (1) (2) 214,920 

do light roast 27,860 0.0030 100,000' 214,920 

Arsenopyri te None " (1) (1 ) (2) 214,920 

do liglÎt roast 23,880 0.0085 \ 230,000 214,920 

(1) Too sma 11 to dî!termi ne. 

(2 ) Les s' th an 12000. 

He, Br, coerc;ve force and remanence respectively. 

Mw is the rnagnetizatl0n. 
Hmax is the maximum externa1 field appl ied. . ./ 

. ! 
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6. FERRITES 

6.1 Chemica1 composition :t~8) 
",. 

Ferrites have the structure of the minera1 spine1 

MgAl 204 • The general chemical formula is MeFe 204 , where 

Me represents a divalent metal ion with a~ ionic 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 the sei 0 n sis al s 0 po 55 i b 1 e f 0 rm i n 9 a sol i d sol ut ion 

. . 

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 va 1 ency of the meta 1 i ons of f erri tes ca n be 

determined by an anal~sis of the oxygen concentration. 

r However this analysis does not 

occur in more than one valency . . 

reveal if different ions 

state. For example in the 

case of MnFe 20
4 

an oxygen analysis does not reveal whether 
. II III the formula 1S Mn Fe 2 ° 4 0 r Mn 1 1 1 Fel 1 Fel 1 1 04 . The fer r ; t e 

CUO.5Fe2.504 also poses ,a problem since it is not known 'if 

iron ions are trivalent and copper ions monovalent or it is 
1 1 . 1 1 a mixed crystal of Cu Fe 204 and Fe Fe 204 . In many cases 

1 
~ 
! 
f , 

, , 
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a magnetic property, e.g. the saturation magnetization, can 

distinguish between the possible chemical structures. 

6 • 2 C'r ys ta 1 s t r u c t ure (28 1 29 , 30 ) 

The spinel structure derives its name from the 

mineral spinel MgAl204 which crysta11izes in the cubic system. 

The smallest cell of this structure which has eubic symmetry 

contains eight "molecu1es" of MeFe 204• Two kinds of interstitial 
... 

sites occur, the tetrahedral site which 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. O~ the 64 tetrahedral sites only 
J 

1 

8 are 0 c c u pie d' b y met a 1 ion s (A s i tes ) • 0 f the 3 2 0 c ta he d ra 1 

sites 16 are occupied by metal ions (8 sites). The structure 

can be d~scribed 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 sa~e way 

1n a11 -octants. Each octant contains four anions, which 

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

The metal ions are positioned accarding ta their 

valency. It might be thought at first that the eight divalent 

, 

l 
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Figure 14. The cube repres,ents symbolically the elementary cell 
pf 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. (2B) • 

Figure 15. Two octants of the spinel structure. The large 
spheres represents the oxygen ions. The sJ11all black 
and white spheres represent the metal ions on 
tetrahedra1 and octahedral sites respectively. (28). 

, 

l , 



cations are si tuated on the eight occu'pied A sites and 

the 16 trivalent iron cations on the 16 occupied B sites. 

52 

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 

1 1 1 II [ 1 1 1 II] by the chemical formula Me ô Fel_ô Me l _6 Feltô 04' 

where the brackets indicate octahedral sites. The limiting 

cas e ô. lis the no rm a 1 spi ne 1 and the 1 i III i tin 9 cas e '15.0 

is called an inverse spinel. The case 6:0 is more likely 

because r B > rA and rMeII > rMeIII where r is the ionic 

radius. The distribution of the metal cations on A or B 

sites has been examined by x·ray diffraction, neutron 

diffraction and magnetic measurements. For MgFe 204 and 

CuFe a04 the temperature dependence of the distribution 

( corresponds to a Bo1tzmann distribution 

ô (1 +6) = e -E/kt 
(1-<5)2 

The activation energy E is approximately 0.14 eV. The fac,tors 

which determine the distribution of the cations on A and B , 

sites ar~ ioriic radius, e1ectronic configuration, electrostatic 

energ.ies and polarization effects. 

6 • 3 C h em i s t r y 0 f fer rit e s (2 9 ) 

Most of the ferrites of spinel structure decompo~e 
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when melted under normal conditions (in air or under l atm 

oxygen pressure). The oxygen splits off at higher temperatures 

reducing FeIl ta Fe III fol16wing the reaction 

Me Fe 204 (s pin el) --.. {M e , Fe )0 ( wU s t i te) t O2 

Figure 16 (29) shows the oxygen equilibrium pressures of the 

different iron oxides Fe 203 (hematite), Fe304 (magnetite) 

and FeO (wUstite) as a function of temperature. Oxygen 

pressures are given in terms of the logarithmic ratio 

PCO /P CO which cor~esponds to the oxygen partial pressure 
2 2 

according to Po .\K(P CO /Pco) . 
2 2 

The dissociation temperat~re of hematite 
decreases in the presence of spinels as the Fe203 

dissolves into MeFe 204 under formation of FeIl ions and cation 

vacancies. This property of Fe 203 is very important since it 
, 

implies that ferrites cannat be processed to desired shapes 

,by melting, 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 1500oC. Then the products 

are pressed to desired shapes by a sintering process at this 

high temperature. The following reaction is taking place 

1 
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The mechanism of this reaction h.s~een studied by Wagner (31) 

who suggested that the spinel phase MeIIMe2III04 ;s formed 

at the interface of MellO and Me2IIIo3' The reaction proceeds 

by counterdiffusion of the metal cations MeIl and Me III in 

the ratio of 3:2 through a lattice of oxygen anions,. The 

speed of the formation ;s determined by th~ speed of the 

slowest diffusing ion. Sa far, few diffusion measurements 

have been performed. 

Diffusion through solids is possible only by ion' 

displacement. The reactants are dissolved into the reaction 

layer and produce vacancies and point defects enhancing 

the diffusion. According to Zener (32) the diffusion coef-' 

ficient 0 ;s given by 
... 

O 0 
-6UjRT 

• 0 e Eq.25 

where 'Eq.26 

This means that the activation energy ~u ;5 the sum 

of the enthalpies to form (6Hf) and maye (6Hm) a defect. 

; 

l 
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5.4 Magnetic properties 

Table 5 summarizes th e magnet i c pro pe rt i es taken 

from reference 28. 

Table 5. The saturation magnetization Ms together with 
the Curie oints Tc of 1 e ferri tes 
wi th s inel structure 

.-. 
. 

Ferrite ODe ,QO~ \ . . 
\ 

lloMs lJ 0 ~'s lloMs lJ oMs TC 
p p 

Am 2/kg A/m Am2/kg A/m OC. 

MnFe 204 112.10- 6 O. 70 80.10- 6 0.50 300 

Fe 304 
98.10- 6 0.64 92.10- 6 0.60 585 ... 

l 
. 
• 

CoFe 204 , 90.10- 6 0.60 80.10- 6 0.53 520 

NiFe 204 
56.10- 6 0.38 50.10- 6 O. 34 585 

CuFe 204 
30. 10- 6 0.20 25,.10 -6 O. 11 455 

MgFe 20 4 
31.10- 6 0.18 27.10- 6 O. 15 440 

L1a.sFe2.S04,69.10 
-6 0.42 65:10-~ 0.39 610 

p i s the density (kg/m3). 

( 

, 
t 
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7. ROASTING OF CHALCOPYRITE IN A MUFFLE FURNACE 

7.1 Roasting of chalcopyrite in a muffle furnace 

for 6 hou rs 

7.1.1 Experimental procedure 

For this set of experiments chalcopyrite samples 

from Rouyn Dist, Quêbec,'with 'V 10% wt. impurities such 

as silica and pyrite, was ground (-37\lm) and heated to different 

temperatures. Heating was in a Lindberg furnace with 

automatic control of the temperature. The saJ11ple (59) was 

put in a tray and then into the furnace. T~e furnace was 

turned on and zero time was taken when t"e desired temperatur~ 

wa s 0 b t a i n e d. A l l h e a tin 9 s we r e for 6 hou r s t 0 r e a che q u.i - "" 

librium. Every hour during heating, the sample was taken 

out of the furnace and was ground to -37\lm in a mortar and 

pestle to increase the homogeneity of the mixture and 

reduce agglomeration. 

The calcine after air cooling was examined by 

means of x-ray diffraction. In each case the conditions were: 

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

'Intensities of the lines were estimated byeye. Six experiments 

" 
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were carried out at the temperatures of 300,320,45,0, 

500, 550 and 685°C to ascertain when copper ferrite is 

formed and to what extent. 

The amount of the strongly magnetic material can 

be measured using the Davis tube which produces a 

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 crn/s in the Oavis 

tube for all experiments. 

7.1.2 Results 

58 

The f u 1 1 x - r a y d if f r a c t ion r es u 1 ts are g ive n i n A p pen dix 

C. A summary of the results is given in table 6. The sample 

consisted of CuFeS 2, FeS and Cu 2S'. Reaction starts at 320?JC 
1 

with the formation of cJS04 and hematite. Copper ferrite 

was formed at the temperatures above 500 0 e. The amount of 

mâgnetic material caught in the Davis tube in these cases 

was very small (less t'han 10% wt.). 

7.l.3 Thermodynamic analysis of the results 

The above resul ts were checkèd 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. 

• 

l 

j 
• 

l 
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Table 6. Summary of x-ray diffraction results 

Temperature 

320 

450 

500 

550 

685. 

Pro duc t 5 

CuFeS 2 , FeS, Cu 2S 

CuFeS 2 , FeS, Cu 2S 

CuFeS 2 , CuS0 4 , a-Fe 203 

CuS04 , a:-fe
2

03 

CuS0 4 , a-Fe
2

03, 

Fe2(S04)3' a-Fe203~ 

a- Fe 203, 

, 

CuFe 204 

CuFe 204 
CuFe 204 

Table 7. Comparison of products predicted by F.A.C.T. 
and obtained by x-ray diffraction 

,. 

* Temperature F.A.C.T. - x-ray diffraction 

685 0 C CuFe 204 , Fe 203, CuS0 4 CuFe 204 , Fe 203 

550' Fe 203, CuS04 CuFe 204 , Fe 203, Fe 2(S04)3 

500 Fe 203, CuS04 CuFe 204 , Fe 203, CuS04 

450 Fe 203, CuS04 Fe 203 , CuS04 

* Assuming on1y CuFeS 2 as feed. 

1 

1 
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7.2 Roasting of chalcopyrite in a muff1e furnace for 

short time periods 

Six hours was felt ta be sufficient ta reach equi1ibrium, 
. 

Ferrite formation was not favoured, Consequent1y tests 
, . 

were done with much shorter times, For this set of 
.\ 

experiments samp1es of synthetic mixture of chalcopyrite 

and ga1ena, ~and of materia1 from Brunswick Mining and SIl1e1ting 

Co. (BMS), were roasted in the muff1e furnace for short time 

periods not exceeding la minutes. The temperature of 320°C 
, -was se1ected from table 6 (section 7.1.2) as the tell1perature 

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

5.·1 ). 

( 

.. 

Experimental'work was done on mixtures of chalcopyrite 

and galena and not on chalcppyrite only, because the ignition 

te m p e rat ure 0 f gal en ais ver y h i 9 h (t a b 1 e 3, par ~ a p h 5, 1 ) 

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

_. 

CI 

A synthetic mixture consisting of 60% of chalcopy

rite (same as before) and 40% wt. of galena (-37fjm) 

with 8% wt. S;02' The synthetic mixture was used 

in the beginning in order to avoid any liberation 

problems which might interfere in the separation~ 

process . 

î f 

~/ 
• 

, , 

" 

i 
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- The B. M. S . sam p.1 e wa s a 3 rd c 1 e a ne r "t a il f rom the 

/1 

.J.-( , 
Cu-Pb separation circuit. Major phases of this 

sample were"chalcopyrite, galena, pyrite and silica. 

The particle size of the sample was -37~m. The 

degree of liberation of chalcopyrite was found 

to be 88% and that of galena 55% (see Appendix 0). 

, 

.. 

• • 

1 
1 

\ . 

1 
1 
1 
1 , 

"'1 . 

.) 1 

l 



C: 

t 

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 the furnace was open 50 that 

air free1y circulated the space above the samp1e. Five 

grammes of sample were put into the furnace. Then the 

furnace was turned on ta reach the temperature of 320 0 C. 

As saon as ft reached the desired temperature, it Mas left 

for 10 minutes. After. air cool ing the -37+15lJm fraction 

was col1ected by microsieving and the magnetic profile 

was measured on the Frantz Isodynamie Magnetic Separator 

(see- description in Appendix E). 

-
7.2.1.2 Resu,lts 

62 

The magnetic profile of the un~oasted materia1 is 

shown in figure 17 and that after roasting is shown in figure 

'8. 

In table 8 the results of the separation of the ro~sted 

.. 
synthetic mixture at 250 mA are presented. Lead is concentrated 

in the non-mags a10ng with a very sma11 amount of copper and 
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irone Only 74% of the 1ead 1s recovered in the non-mags, 

the rest of it being trapped in the mags. 

Table 8. Separation of synthetic mixture at 250 mA 

65 

Size 
(li m) 

l Product Wt. Assay (X) Distribution (%) 
(mA) % 

-37+15 250 Mag 
Non-mag 

43.6 
56.4 

100.0 

Ca1cu1at. feed 

Assayed feed 

Cu Pb Fe 

22.5 
1.2 

35 
75 

40 
1.6 

10.5 57.6 18.3 

11 55 16 

Cu Pb Fe 

93 26 95 
7 74 5 

100.0 100.0 100.0 

7.2.1.3 IdentiflcatiQn of the roasted product 

The product of the roasting was identified by means 

of x-ray diffraction, microscope examination, and e1ectron 

• 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, ga1ena was also oxidized 

wMch was not expected at this low temperature, giving Pb 203 

and PbS04• .. 
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For microscope examination a Carl-Zeiss microsco

pe with reflec:ted light was used. Figurés 20 and 21 show 

first the roasted synthetic mixture and second the 

mags up to l5mA under polarized conditions. 

In electron microprobe examination whên the 

beam was scanned through oxidized chalcopyrite gr.ains 

from the edge towàrds the center, showed 'a decrease of 

Fe concentration and an increase in S concentration. 

For a 'particular grain shown in figure 22 scanning from . ' 

the e d 9 e t 0 w a rd s the ce n ter 9 a ve Foe: Cu and S: Cu rat i 0 s 

of wei g h t con c e n t rat ion s wh i cha r e pre s. e n te d i n' fig ure 
, 

23 (seé also Appendix F). Position no.1 of beam corresponds 
• 

~ to the edge of the grain and position no. 8 corresponds to 

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

cutive positions of beam is app\Oximately 2um. 

. . 

# 
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.. . . 
C (-. . • • .. . 

Figure 20. Microphotograph of -37+15\lm particles of the 
roasted synthetic mixture at 600 magnification 
with reflt:'ctedlight, under polarized conditions. 

'\ 

Fi 9 u re 21 . 

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

Microphotograph,of -37 t 15\11'1 particles of the mags 
fraction up to 15mA on Frantz of the roasted synthetic 
mixture. Magnification of 600 with ref1ected 1ight, 
under polarized conditions. F = ferrite, P : pyrite, 
H = hemati te. 



( 

/ 

.. 

An oxidtzed particle of chalcopyrite on which 
microprobe examirration was performed. 
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7.2.2 Roasting of the B.M.S. sample 

It was mentioned before (paragraph 7.2) that the 

degree of 1iberation of chalcopyrite for the B.M.S. 
o.. 

samp1e was 88% and that of galena 55%. 

Figure 24 shows a locked particle of chalcopyrite 

with ga1ena (size ~37+251Jf11) and figure 25 a particle of 

galena locked with chalcopyrite. (size -25t15lJm) under 

po.larized 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, 

me t h od of he a tin 9 and re,te n t ion t i me. 

7.2.2.1 Effect 0t temperature 

The samp1e was heated at the temperatures of 320 

and 350°C. It was slowly heated ta the desired temperature 

and was held there for 10 min. 
/ 

Figures 27 an<)/28 show 
/' 

magnetic profiles of the calcines. The mos-t promising 
~ 

for separation is when the temperature was 320°C. 

7 . 2 . 2. 2 E f f e ct 0 i me t h 0 d of he a tin 9 

thé 
" 

Since the slow heating is not practica1 industri'ally', 

... 

.. 
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Figure 24. Microphotograph of a -37t2511111 loc.ked particle of 
chalcopyrlte wlth galena, of n.M.S. sa~ple.Magnifi
cation 600, reflected light under polarized 
conditions. C = chalcopyrite, G = galena. 

figure 25. Microphotograph of a -25 t 15jJrn locked partlcle of 
galena with chalcopyrite of B.M.S. sarnple. 
Magnification 600, reflected light under 
polarized conditions. C = chalcopyrite, G • galena. 
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two other methods of heating were examined. Direct heating 

when the, sample is put into the furhace held at the desired 

tempe rature and also by preheatlng the sample at 150°C then 

put tin. 9 1 tin t ° the fur n ace h e 1 ct a t the ct e sir e d t e m p e rat ure . 

Figure 29 shows the magnetic profile of the calcine 

after dlrect heating in 35'OoC for la minutes and figure 30 
\ 

the ma g net i c pro f i~ e a ft e r pre h e a tin 9 a t. 1 5 0 ° C, the n r ° a s tin 9 

at 350°C. 
" 

Figure 31 .shows the magnetic profile of the calcine 

after direct heatlng in 320°C for 10 minutes and figure 

32 the magnetic profile after preheating at l50 0 C. then'roasting 
\ \ 

at :320 0 C. 

7.2.-2.3 Effect of retentlon time 

,-

Since the curve of slow heatlng at 320°C is the 

, most promising for potential separatlOn, it was decided ta 

examine. the effect of time by roastlng wlth slow heating 

at 320°C for 5 minutes. The magnet1c profile is shown in 

figure 33 and it seems that 5 minutes lS not enough. 

Table ,9 gives the results of separatlon at 25mA of the 

roast at 320°C by slow heatlng for 10 minutes. 

Table' la g1ves th,e results of separation on the Davis 

tube of the calcine ro\asted ·under the same conditions as before. 

Water flow rat~ was kept constant a~ a.6cm/s. 

\ 
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" ( 

lab.le g. Se pa ra't ion of B.M.S. samplelt 25J11A .. 
.. 

S;'z e l Product Wt Assay ( % ) Di stribution ( % ) 
(lJ m) (mA) ( % ) Çu Pb Fe Cu Pb Fe 

.J 
Si z e Flow Product Wt' Assay l % )) Di stribution ( %) 
( lJ m ) 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 1 3. 7 26 88.591.3 80.6 • 

100.0 100.0 100.0 100.0 

Calcul.,feed 12.3 12.J 27.4 

Assayed feed 13.7 12.5 27.0 

Figure 34 shows the mags up to 10mA for the samp1e 

roasted by slow heating at 320°C for 10 minutes. Figure 35 

shows a locked particle of chalcopyrite with galena ,(..whictl 

, 

• 
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reports to the mags on the Davis tUrbe. The roasting was 

done under the same conditions as before. This figure shows • 
• 

• . clearly' that the locking of the sample is a very serious 

probl em and grinding is needed for further libe1'ation. 

, 

, 
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, 
Figure 34. MicroptlOtogrdph of -37+15\'111 pdrtlcles of the mags 

up to 10 InA on rrilntz, of the rOdsted B.M.S. 
salllple at 3?OOC, b'y slow heatlnC] for 10 min. Magni-

Figure 35. 

... 

" 

fication 600, reflected 11ght, under polarized 
conditions. C = chalcopynte, P = pyrite, F = ferrite, 
H = hema t i te. 

( 

Microphotograph of il -3711S\Jrl1 pilrticle of the mags 
on Davis tube, of the roasted B.M.S. sample at 
320 0 (, by .,low heatinq for la 1I11n. Magnification 
600 0 , reflected light, under polarized condi tions. 
C = chalcopyrite, ti = Galena, F = ferrite. 
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8. ROASTING OF CHALCOPYRITE IN A TUBE FURNACE 
' . 

For this set of experiments chalcopyrite powder 

(-37~m) from Rouyn Dist. Quebec. was roaste~ in a tube furnace. 

Thts kind of furnace was selected so that the roasting could 

be conducted under various controlled conditions, which more , 
closelyapproximate lindustrial conditions. 

8.1 Experimental procedure 

The roasting took place in a Lindberg tubeCfurnace. 

The tube was tilted at an angle of 20 0 
50 that the material 

could ea~ily move through the tube assisted by a vibrator. 

Air or oxygen was introduced fro~ ~he upper side and came 

out f r e e l y , i R t 0 the' atm 0 s ph e r e. The t u b'e wa s 1 0 a de d f r 0 ln the 

upper end with 5g of mater.ial and the gas flow was turned 

on. 8y means of the vibrator the material ~oved into the 

tube and after roasting was collected fro~ the lower end of the 

tube. 

Three parameters were studied te~perature which was 
, t\ # t; . , 

automatically controlled, gas flow rate measured by a flow 
, 

meter and retention ti~e of the particles in the tube. 

The roasted material after collection was ground 

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

1 
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through a 400 Mesh (3.7~,m)' sieve and the percentage of 

material over 37 ].lm was recorded. This was an indication of 
• 

the agglomeration.which took place. All the material was thén . 

ground down to -37].1m and passed through the Davis tube concen

trator to measure the amount of chalcopyrite converted to ,magnetic 

product (fdentifiication is discussed later). The f10w rate 

of the washing water in the Davis tube was kept constant 

atO.6cm/s. 

. . 
8.2 Results 

8.2.1 Roasting with oxygen .. 
• 

Experiments were carried out at the temperatures 

of 320, 335, 350, 370, 385 and 400°C. The "agg1omeration 

index" (materia1 over 37,].Im after 1 min. grinding) and the 

percentage of chalcopyri~e c~nvert~d to magnetic pro~uEt were 
\ 

measurea and plotted against t~mperature. The other two 
1 

parameters, retention time and oxygen f10w rate were kep~ 

constant at 15 seconds and 0.35 lt/s-respectively .. Results 

are presented in figùres 36 and 37. 

. -) 1 
Th~ goal of this study was to minlmize the(agg omera-

tion of the material but maintain conversion pf chalcopyritft 

to magnetic product. Followin~ these criteria tbe temperature 

" 

" 
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, 
of 320°C was selected, for fufther exper.imentation in order 

ta increase the percentage of chalcopyrite converted. 

~9 

Ta study the effect of retention time, experiments 
"-"'-

with different retentien times were carried out. The temper~-

t ure wa 5 3 20 0 C and 0 x y 9 e n f 1 0 w' rat e O. 3 5 1 t / s . Res u l' t s are 

presented in figure 38. A time of 45s was selected as no 

further conversion appears te eccur at longer ti~es. 

The effect of oxygen flow rate is presented in 

figure 39. The temperature was 320°C and the retention time 

~5 sec. A~though there is not much difference between 

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

$0 far one could conclude that 75% of chalcopyrite 

. 'i~ converted to ll1agnetic product at the temperature of 320 0 C 

. with a rete'ntion time of45 seconds and an oxygen flow rate 

.at 0.33 lt/s. 

Oxygen is an expensive chemical product and probably 

the cost of this roasting ~ould climb to unacceptable levels. 

$0 fQr the next set of experiments compressed air was used. 

8.2.2 Roasting with air 

The experiments wer~ carried out the same way as 
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before but ins~d of oxygen co~pressed air was used. 

Figure 40 presents the effect of te~perature when 

the retent~on time is 45s and the air flow rate is 0.35 lt/s. 

A.temperature of 700°C is needed for an acceptable conversion 
-

of 70%. However, the agglo~eration effect almost disappeared. 

Figure 41 presents the effect of retenti on time 

when temperature is 700°C and the aff f10w rate 0.35 lt/s. 

A convers\on of 75% was achieved at 700°C wlth 30 seconds 

retentlon time and 0.35 lt/~ air flow rate. 

The oxidlzing conditions are not as strong as before 

and cha\copyrite needs higher te~perature to be converted 

to magnetic produ~t. 

8.3 Identification of the roasted products 

The products of the roasting were identified by 

means of X-ray diffr~ction and microscope exa~ination. 

Figure 42 shows the X-ray diffraction pattern 

of the roasted chalcopyrite under the followlng conditions: 

temperature 320°C, retention ti~e 45 sec. and oxygen flow 

rate 0.25 lt/s. 

. , 

Mounted samples of roasted chalcopyrite were observed 
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using a Carl-Zeiss microscope with reflected 1ight. Figures 

4J and 44 show chalcopyrite roasted at 320 0 C, for 455 at an 
• 

oxygen flow rate of 0,33 1 t/s. The first micrcrphotograph 

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

Davfs tube mags, 

J 
Flgures 45 and 46 show chalcopyrite roasted at 

700 0 C for 30s at an air flow rate of 0.35 1t/s. The first 

photograph agaln shows the feed to the Davis tube and 

~ tre second one the Davls tube mags. 
'1 

The oXldatlon of chalcopyrite takes place on1y 

on. the surface of the p<y''tic1e produclng a layer. However, 

.., this layer seems to be enough as lt Chang~ the overall 

" susceptibility of the partic1es signlflcantly. 

8.4 Atte~pt at separatlon between chalcopyrite 

and galena 

A synthetic mixture of chalcopyrite (60% wt, -37 ~m) 
\ 

and galena (40% wt, - 37 ~m) was prepared. The rllxture was 

roasted in the presence of oxygen at 320 0 C for 4~s, at an 

o~gen flow rate of 0.33 lt/s. as the best conditions found. 

Before that galena was roasted on its own under 

the same conditions and the lIagglomeration index" of the 

'. 
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1 
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F;gure 43. 

~ Fig u ~!e 44. 
! 1 

~ 
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Microphotograp.h of -37ol1m particles of roasted 
CuFeS at 320 0 C, for' 45s at 02 flow rate 0.33 lt/s. 
Mag n,i fic a t ion 4 4 O. r e f 1 e ete d 1 i 9 h t und e r pol a riz e d 
con~ftions.C chalcopyrite, P = pyrite, F = ferrite. 

Microphotograph of -37Vm particles of Davis tube 
mags of roasted CuFeS under the same conditions. 
Magnificatlon 440 reffected light under polarized 
conditions. C • chalcopyrite, F = ferrite. 
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Figure 45. 

Pigure 46. 

( 

'j 

Microphotograph of -37um particles of roasted~ 
CuFeS2 at 700 0 C, for 30s at air f]ow rate 
0.33 lt/s. Magnification 440, reflected light 
under polarized conditions. C • chalcopyrite, 
F = ferrite, H = hematite. 
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... 

Microphotograph of -37~m particles of Davis tube mags 
of roasted CuFeS2 under the same conditions. 
Mag,nification 440, reflected light, polarized 
conditipns. C = chalcopyrite, P • pyrite, F = ferrite, 
H = hematite. 
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material was determined in various temperatures. Sorne kind 

of sintering seems to take place around 40~oC, as, fi'gure 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 ~inerals c~nnot be separated 

by means of a physical method. 

, \ 
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Far the analysis of this result the REACTION prQgram' 

of the F. A .. C . T. 5 Y ste m w a sus e d .' Th i s pro 9 r a m cal cul a tes " 

changes in extensive thermodyna~ical functions. Printouts 

of the program for roasting in the presence -of oxygen and 

for roasting in the presence of air. are prese~ted in Appendix 

F. Both show that the reactions are exother~ic as the , 
change in enthalpies is lower th an zero (~H < 0) w~ich 

l' 
means that he-at is liberated. Therefore, the particles'attain 

much higher temperature than is set by the furnace. In the 

t~mperature of 320°C the chalcopyrite starts to oxidize and 

the s{face temperature increases apparenfly causing sintering 

wit~ther chalcopyrlte and galena grai~s. 
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Figure 48. MlCrophotograph of -37JJrn partlcles of slntered 
product of roasting of synthetic mixture at 
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3200C for 45s at 02 flow rate 0.33 lt/s. Magnifi-; 
cation 440, reflected light, polarized conditions 
C = chalcopyrite, G = galena, H = hematite. 

Figure 49. 
1 

Microphotograph of -37~Jrn particles ot sintered 
product of roasting of synthetic mixture under 
the same conditions. Magnification 440, reflected 
light, pola,rized'conditions. C = chalcopyrite, 
G = galena, H = hematite, P. pyrite,.F = ferrite. 
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9. HIGH GRADIENT MAGNETIC SEPARATION STUDY 
t, ' 

9.1 Background 

'f In High Gradient Magnetic Separation (HGMS) the , 

magnetic trapping force is much greater than in any other 

magnetic device. These strong trapping forces are created 

by fine fllamentary ferromagnetic matnces perturbing a 

strong background field and creatlng high field gradients. 

Because the force lS lar~'f(ne and weakly magnetic partlcles 

c a n bec a p t ure d b Y the mat r; x . l'}. 

9.2 Eguipment 

The e qui. pme n tus e d wa san E RIE Z - MAG NET 1 CS m 0 d el., A , JI • 

schematjc 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 

U p to 2 Tes la. 

b) A feed unit, which keeps the solids in sus[lension 

whlle they are fed into the )stem, and a flush 

used to flush out the Magnetlcs trapp~d during 

the tests. 



Fig. 50 Schematic' diagrarn of HGMS. 
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c) .A c a Il i ste r 1 ... 0 f 3. 8 c min dia met e r and 1 0 . 2 c m l 0 n 9 

to hold the matrix. 

9.3 Experimental procedure 

'HGMS tests were carried out on both unroasted 

sYfl<thetlc mixtures and roasted synthetic fTIixtures. The 

s y nt h et i c ml x t ure con sis te d 0 f 60% w t. 0 f cha l co p y rit e 

(37 ).lm) and 40% wt. galena (-37 IlfTI). The roasted synthetic 

mixture was prepared by slow heatlng at 320°C for 10 min., 
\ 

in a muffle furnace. The same fluid flow velocity in HGMS, 

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

The goal' of this study was to illustrate the 

effect bf roasting o'n reducing the magnetic field required 

t 0 t r a p the cha 1 ç 0 P y rit e'. 

9.4 The Recovery model for HGMS 

10'4 

This model developed by Nesset and Finch is described 

in paragraph 2.4.2. In order to predict the recovery, the 

par tic 1 e par a met ers kan d b mus t b e k n 0 w n ,a s w e 1 las the 

operating parameters. 

Particle parameters 

The particle volume susceptibility., II~II can be 

, 
! ' 

, 
\ 
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measured from the magnetic profile deve10ped on the 

Frantz separator. In the S. 1. system the appropna, 

calculation is 

k (difTIensionless) , Eq. 27 

The profile of the unroasted syrÎthetic fTlixture is 

given in figure 17. The current ISO l S ta ken as t~ curr"ent 

at. which 50% reports ta magnetics. FroPl figure 16, ISO :: 0.995 A 

and since g:: 20 0 and Pp = 4200 kg/m 3 then k = 3.6 x 10- 4 . 

The profile of the roasted synthetic mixture is 

given in figur~ 18. Since 150 = 0.015 A, Q: 20° and Pp: 

5.33 g/cm~ = 5330 Kg/m~ then k = 2.014. 

The par tic 1 e rad i us b wa s ,d ete r min e d f rom fig u r-e 5 1 . 

These curves were obtained on a X-ray SedlfTIentometer 7 the 

Sedigraph 50000. This devlCe employs a finely co111mated X-ray 

beam to ,measure the change of partlCle concentratlQn wlth 

time dunng sett11ng in a sample cell. Cuqe 1 was obtained 

(for the unroasted synthetic mixture and curve 2 for the 

roasted one. As particle ~adius thS radius at whlCh the 

cumulatl'Ve mass percent equals 50 was selected. ThlS radius 

for the unroasted and the roasted mixtures was 5 and 7 Ilm 

, . 

! 
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respectively. 

Operating parameters 

t)-

As matrix expanded meta1 was used. The wire 
i 

dia met e r wa s O. 9 mm, s 0 a = O. 0000 4 5 111 • and 2 5 9 0 f met a 1 we r e 

packed into the canister. The weight of each samp1e ,testedtl 

was 25g. 

107 

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 cha 1 copyri te in t,he feed. The flow vel oc i ty 

was selected to be 5. 3cm/s. Once the above parameters had 
l-/ ' 

b e.e n sel e ete dit wa son 1 y nec es s a r y. t 0 set the r e co ver y 
. 

and back ca1cu1ate the r€quired magnetic fields. 

~~ 

Tables 11 and 12 summarize the ca1cu1ations for 

the unroasted and roasted synthetic mixtures. Recovery 

in both cases was set at 90%. 
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" Table 11. Summary of calculations ta estimate the reguired' 
• 1 

magnetic field,. 'Unroasted synthetic mixture 

L - 0.60 - . , 
R = 90% 

R • (O.75 Y m x 10.0. 
L i 

Il 

Y m = 0..72 , . 
P' p = 4200 Kg/m 3. 

" 

~ .. p w' = 7750 Kg/m 3 

E: = 0..7 

<-
y m = ~- 1 N L 

0 .. 8 
- 11 ~.E. 

4 (2:5) P'w 

NL~6.8 " 

b = 0.000005m 

k -- 3.627 x 10- 4 
Il 

Cl = 0.00004::m 

p f = 1000 Kg/m3 

Vo = 5.32cm/s = 0.0532m/s 

n = 0.001 Kg/m.s 

Mw -7 
= lloHo/2'TTxlO 

b.k.llO·Ho ,1·' 
NL 

w 
= li 3/2( )1/2 o Pf·n. Cl 

110 H = D 
B = 1. 05 Tes'la. 

( 

! 

·1 



( 

,JI 

C-

b 

( 

• 
j 

1 .,: . 

Table 12. Summa-ry of ca1cu1ations to estimate the reg~ired 

magnetic field. Roasted synthetic f1lixture 

y 
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0'.72 (as before) l m • 

~ -Pp = 5330 Kg(m3 

p. 
7750 Kg/m 3 'w = 

€: = 0.7 
" 

Ym = ~ I(V· 8 - 11 P.E. 
4 2.5 1'>w 

NL 28.5 Q 

= 
b -- O.000007m 

k = 2.,014 

a = 0.000045- , 
t1 

Pf = 1 000 Kg/m 3 

, If 

Vo • 5.32cm/s = O. 0532111/s 

n • 0: 00 1 Kg/m.5 

r~ w = ~oHo/2n x 10- 7 

NL 
b.k·Jlo·Ho·Mw 

= 
3/2 1/2 

Vo '(P,f.n. a ) 

~oHo = B = 1. 02 x 10- 2 Tesla. 
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9.5 Condi tions of the tests 
J 

Having calcu1ated the magnetic fields required, 

for a given flow velocity tests were organized around these 

fields. Because the field requlred for the roasted synthet'ic 

mixture lS very low and cannot be produced accurate1y on the 

HGMS machine. the f1e1d of 0.228T was se1ected as the 

lowest operational fie.ld. The test conditions are summarized 

in table 13. ' 

Table 13. Conditions of the HGMS tests 

Series Run 
# # 

1 2 
3 

4 

5 

2 6 

7 

8 

9 
3 1 0 

Samp le 
( 9 ) 

Unro as ted 

25 

25 
25 
25 

Roas ted 

25 

25 
25 
25 
• 

Roa s ted 

25 

25 

(1 

Ve 10 city 
(cm/s) 

5 . 3 

5.3 

5.3 

5 . 3 

S. 3 

S.3 

5.3 

5.3 

9. 7 

19.8 

• 

Fi e 1 d 
(T) 

1.776 

1. 565 

1. 431 

1. 277 

0.903 

0.688 

O. 4S 1 

0.228 

0.228 

0.228 
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9.6 Resu1ts of test series 1 and 2 

. 
Runs of the test series were carried out with 

an app1ied f10w velocity of S.3cm/s. Table 14 summarizes 

the results of runs 1,2,3 and 4. 

... . 

111 

The maximum operated field of 1.776 Tesla appears 

ta be not enough for trapping most of the chalcopyrite 

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

:~;s very clean.· The magnetic product contains 23.5% Cu and 

only 4%Pb. 
l. 

Runs of the test series 2 were carried out wftn7 

an applied flow velocity of S.3cm/s. Table 15 s~mmarizel 
the results of runs 5,6,7 and 8. / 
1 

Much higher Cu recoveries (66%) are obtairred at 
, . 

much,lower fields (0.228T). This difference is illustrated , 

in figure 52. However, unacceptably larg~ Pb 1055 ta the 

mags also occurs. This suggests either agglomeration of the 
, 

materia) d,uring roastill9, or magnetic floc(ÇU1ation when 

exposed ta the magnetic field. Further tests were conducted 
.... . 

ta determine which was responslble. 

/ 

Fig~e 53 shows the,capper grade-magnetic field 

) 
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Figure 52. Copper Recovery in the rlagnetics vs."magnetic field. a'fter HGMS on 
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Ta b 1 e 14. HGMS results of series 1 , • t 

l' 

i' 

(.% ) (%) Run Product wt Assay Distribution 
# ... ( % ) Cu Pb Cu " P~ , 

-Ma gs 1 5 23.5 4 23.2 3.3 " Non-mags 85· 13. 7 30. 5 76.8 97.7 
j' 

100.0 100.0 100.0 
Ca 1 C III a ted . feed 1'5.2 26. 5 .. 
A~s s ay 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.{) 
Calcuiated feed 15. 7 26. 5 
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. a 100.0 100.0 

Ca1culated feed 16.2 26 . 1 ; 

Assay feed 1-7 27 .5 

"" 01 

1 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 
Ca1culated feed 17 . 1 23~. 6 
Assay feed 17 27. 5 

, .. 

( 

, 
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relations~ip when topper is corrsidered in both mags and 

non-mags'. wCopper ~rades s1 ight1y decrease as the magnetic 

field ;ncreases. 

Table 15. HGSM Results of series 2 

Run 
#f> 

5 

6 

7 

8 

Product wt 
( % ) 

Mags 67.3 
Non-mags 32.7 

100:0 
Calculated feed 
Ass'ay feed 

Mags 
Non':'mags 

63.7 
36.3' 

100.0 
Ca 1 cul ated feed' 
Assay feed 

Mags 
No'n-'mags 

61.7 
58.3 

100.0 
Calculated feed, 
Assay feed 

Mags 51.9 
Non-mags ~ 48.1 

Calculatèd feed 
As s ay feed 

Assay (%) 
Cu Pb 

Distribution (%) 
Cu Pb 

10.8 23.7 74.8 
7.5 30. l 25.2 

100.n 
9.7 25.8 

11 24 

11.421.6 74 
7 27.2 26 

9.8 
1 1 
""\ 

23.6 
24 

100.0 

'11.~",20.6 64.6 
6.8 'R6.4 35.4 

. ~ 100.0 
11. 2 28. 1~ 
11 24 ~ 

12.3 
6.8 

9.6 
1 1 

18 
26 

21.9 
24 

66.1 
33.9 

100.0 

• 

~> 

61.8 
38.2 

100.0 

58.2 
41.8 

100.0 

45.2 
54.8 

100.0, 

<~ 42.8 
~7.2 
100~ 

1'14 
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Figure 53. Copper grade in the magnetics and non-magnetics vs. magneti~ field, 
after HGMS on unroasted and roasted synthetic mixture. 
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9.7 Magnetic flocculation or agglo~eration? 

In order to test whether ~agnetic floccu1ation 

or agglomeration ~aused the poor results obtained in 

the case of the roasted synthetic mixture, two tests 

were conducted. 

l l 6 

In the first test 15g of chalcopyrite (-37IJm) and 

lOg of galena (-3711m), (ratio: 15:10 = 60:40), were roasted 

----/- separately under the same conditions (320 0 e, slow heating 

for 10 min.). The two calcines were thproughly P'lixed 

and passed through the HGMS. The resu1ts are presented in 

table 16. Althoagh, most of the copper is recovered 

in mags, about 31% of lead a1so reports to the rr1ags. This 

test shows clear1y 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 Davis tube and the results are presented 

i n table 1 7 • Al though only 53% of co p pe r l S" recovered in 

ma 9 s, i ~ 
/ 

i s very cl ean w i th 27% Cu and 3.2% Pb. This resul'D 

supports the fa c t that magnetlc flocculatlon occu rs during 

HGMS. Magnetic flocculatlon does not occur in Davis 

tube because of the lower magAetlc field and the vigorous 

washlng action that takes place. 

, 
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Table 16. HGMS separation of roasted chalcopyrite and 

roasted galena 

, 117 

Field Flow ve10city Product wt Assay ( % ) Dis tri but;'o n ( % ) 
(T) (c ml s ) ( % ) Cu Pb Cu Pb 

0.228 5.3 Mag s 46.4 13.8 1 6 . 3 67.7 31 , 
Non-mags 53.6 5. 7 31 .4 32.3 69 

100.0 100.0 100.0 
Calcu1ated feed 9.5 24.4 
As s ay feed 11 24 

Tabl.e 17. Separation of roasted synthetic P1ixture on Davis tube 

Flow velocity Product wt Assay ( % ) Distri bution ( %) 
(cm/s) ( % ) Cu Pb Cu Pb 

0.6 Mags 22 27 3.2 53 3 
Non-Mags 78 6 . 7 3( 47 97 .' 100.0 100.0 100.0 
Calcu1ated feed 11.2 24.9 
Assay feed 11.2 24.5 

t 
9.8 Results of test series 3 

R uns 0 f the tes t s e rie s 3 we r e 'c arr i e d 0 u t w i t Il a n 

applied magnetic field of 0.228 T~sla. Table 18 summarizes 

the resu1ts of runs 8,9 and 10 .. 

This series of tests was carried out in order to 

t r y t 0 0 ver c 0 met hep rob 1 e m' 0 f ma 9 net i c f l 0 c cul a t ion, b y 



simply processing at higher flow velocities in the HGMS. 

The lowest magnetic field is limited by'the equipment 
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at 0.228 Tesla and the highest flow velocity at 19.8 cm/s. 

The resu1ts generai1y i~prove as on1y 15% of Pb 

reports ta the mags. However, the resu1ts suggest that 

an even 1awer aperating magnetic field may be necessary ta 

reduce the magnetic flocculation further or possibly a 

change in matrix design. 

Table 18. HGMS Resu1ts 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 1 1 24 

Mags 32. 7 14.5 17.4 51 23.7 

9 
Non-mags 67.3 6.7 27.3 49 76.3 

100.0 100.0 100.0 
Ca1cu1ated feed 9.4 24.1 
Assay feed 11.2 24.5 

Mags 23 17.8 16.5 40 1 5 

1 0 
Non-mags 77 8 28 60 85 

100.0 100.0 100.0 
Ca1culated feed 10.3 25.3 
Assay feed 11.2 24.5 

--
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~. 9 H G M S 0 f the B. M. S . sam p 1 e 

The B.M.S.,sample was ground in a bal1 mi1l in 

order to increase the degree of liberation of ga1ena. The 

grinding was wet, the fractlona1 volume fi11ing of the 

mi11 by powder was O.OS, the fractiona1 volume fil1ing 

by bal1s was 0.40 and the grinding time was 3 hours. 

Size ana1ysis before grinding showed that the samp1e 

was c1ose1y sized with 80% of the samp1e was 1ess than ~ 

2 9J.1 m. and 30% 1 es s th an 11 J.I m. A f ter gr i n d i n 9 1 80% 0 f 

the sam pl e wa s 1 es s th a n 1 9lJ Pl but 30% wa s a gai n 1 es s ,t han. 

11lJ m • Pa r Mel es of 1 es s th a n tOll m h a d und erg one no s i z e 

r e-d u c t ion. 

The product of grindi,ng 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 resu1ts of the HGMS are presented in the fo11owing 

tables 19 and 20. This series of tests was rerformed under 

the same conditions as series 3. The product in thlS case 

is more magnetlc as the recoveries to mags are higher. 

However, the recovery 9f 1ead in the mags is higher than 

before (23% instead of 15%) suggesting that besides the 

prob1em of magnetic f1occu1ation locking is still a major / 

difficu1ty. 

.' 

1. 
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Table 19. Conditions of HGMS tests 

, Series Run Sample Velocity. Field 
# # ( g) (cm/s) ( T ) 

Roasted 
l 1 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 

Run Product wt Assay ( %) Distribution ( % ) 
# • ( % ) Cu Pb Cu Pb 

Mags 58.6 ;' 12.3 1 2 67.S 53. 1 
11 Non-mags 41.4 8.3 . 15 32.2' 46.9 

100.0 100.0 100.0 
Calcu1ated feed 10. 7 13.2 

. Assay feed 11 .8 13.6 

.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 
Calcu1ated feed 10. 3 13.8 
Assay feed 11.8 l 3.6 

Mags 30.7 '3. 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 
Ca1cu1ated feed 10.4 14 
Assay feed 11 .8 1 3.6 

( 
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10. DISCUSSION ~ ~ 

10.1 Roasting of chalcopyrite 
, . 

Muff1e furnac'e 

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 b,etween 300 and 320 0 e which 

cou1d be predicted to some extent from table ~ (paragr~ph 

5.1). Products in temperatures between 320 and 500 0 e were 

mainly sulfates. Above 500 0 e copper ferrite is formed. 

Because of the long roasting time, equilibrium is established 

wh{ch allows the use of the F.A.C.T. system. The roasting 

products are in good agreement with those predicted thermo-

dy n ami cal 1 y. 

Roasting of synthetic mixture at 320°C for 10 

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

Ga1ena also reacted at this low te~perature, WhlCh means 
, 

that the actual temperature is much higher. 

Roasting of B.M.S. samples at 320 0 C by different 

" 
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heating methods for 10 min. showed that the method of heating 

is an important factor. Direct heating lS more sUltable 

for industrial roastin0. however slow heating looked the 

most promising for separation. Why thlS happens is a point 

that needs further investigat10n. 

Electron microprobe examination revealed that 

Fe:Cu ratio declines from 9 at the edge of the grains to 

about 0.9 at the center of the grains. The ratlo of 0.9 

is close to that for unroasted chalcopyrlte suggesting 

that the core of the grains lS unreacted. The S:Cu ratlo 

increases from almost zero (no sulfur at the edge of the 

grains due to oxidation) to 0.9 at the center of the grains, 

again corresponding to chalcopyrite. 

{ 

The ratio of susceptibllitles 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°C gave 75% conver

sion of chalcopyrite to a very magnetic form (CuO.Fe 203 

~ 

t 



-. 

, . 

( 

( 

123 

and Fe 20 3 ) but the product was agglofTIerated. To achieve 

the same conversion using a1r the h1gher temperature of 

lOOoe is needed, however, the product was not agglomerated. 

The oXldatlon of chalcopxr1te is an exothermic 

reaction. ThlS means that heat lS 11berated and partlCles 

attain a much hlgher temperature. 

The separatlon of roasted synthetlc mlxture using 

02 at 320°C d1d not work due to agg10meration. Because 

heat lS liberated from the oXldation of cha1copyr1te 

the temperature lS actua11y much hlgher than 320°C, causlng 

galena to be oXld1Zed. Consequently the two ITllnerals form 

agglomerates and cannat be separated ,by means of a phys1cal 
\) 

method. 

Agglomeration cauld possibly be avo1ded by 

roasting in a fluidized bed. This is a1so an interesting 

point which needs further lnvest1gation. 

The method of separatlon of raasted chalcopyr1te 
~ 

used in Algeria (26) descrlbed earliel'" was thought ta be 

on the foqnatlon of Fe2 03 around chalcopynte gralns. What 

seems more llkely ta happen is the formation of CuO.Fe 203 

as the resu1 ts of th'l s work have shawn. 

--
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124 10.2 Magnetic separation of chalcopyrite-galena 

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 susceptibillty,its use gave 

several advantages: 

a) Mineralogical identification was made much 

easier by working with separate mineral 

fractions rather than with a wide range 

size. 

b) The magnetic profile obtained from Frantz 

allowed: 

(i) Estimation of the pote~tial of chalcopyrite 

separation from galena by HGMS. 

(ii) Estimatlon of the magnetic susceptibility, 

with WhlCh lt was posslble to solve the 

HGMS model and select the magnetic field 

needed to trap chalcopyrite. 

t 
Separation of the synthetlc mlxture 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 

• 1 
j 

, , 

, 
• 

i 



, \ 
t 
,~ 

~ 

(-

,. 

i 

t . 

. . , 
1 - " 

125' .. ~ 

J 

1055 of 1ead in the O1ags was 26%. This galena i s probably 

trapp'ed by magnetic f1 oc s. 

Separation of the ~.M.S. sample studied under various 
. 

temperatures, methods of heating and retention times 'was not . 
succes~ful. Separation at 25 mA of the roast at 320°C by 

'slow heating for 10 minutes gave unacceptab1e losses (58% Cu, 

65% Fe) of copper and iron to the non-mags. Due to locking 

(55% of galen~ is locked with chalcopyrite), SlDme chalcopyrite 

locked particles cannot be trapped. 

/ 
Separation on HGMS 

.. 
Since there are many,parameters control1ing'the 

... operation of HGMS, the use of tt:le model in the investigation 

was he1pful in selecting the initial test conditions~ 

One of the problems that cou1d arise during 

operatio_n is physical trapping by the m,atrix. This can happe'n 

note 0 n l y wh e n the par tic te s are l a r 9 e corn par e d t 0 the w ire 

diameter, but a1so when stro~gly magnetic materials are 

~present in the feed and ~re not adequately flushed off the 

matrix and accumulate with repeated cycles. Particle size 

do e s n 0 t a pp e a r' t 0 b ~ a fa c t 0 r he r es; n cet h e top s; z e 
,J 

(35\lm) is one thirtieth of the wi.-re diameber. The matrix 
~ 

• 

t 
j 
i 
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was f1ushed thorough1y after each run. 

HGMS of the unroasted synthetic mixture gave c1ean 

copper co~centrates (25.5% Cu, 3,1% Pb) but very low copper 

recoveries (14%). After raasting the mixture has 5,550 # 

times greater magnetic ~scePtibi1ity. This enormous 

difference enab1es the use of very low fields. Figure 51 

shows that recoveries are now higher (66%) o~tained at 

much lower" magnetic fields. However, due ta magnetic 

f10ccu1ation large Pb 1055 (43%) to the mags occurs • 
, 

The prob1em of magnetic f1occu1ation cou1d be 

overcome by operating at even lower·magnetic fields which 

were not attainab1e w1th the equipment used. 

HGMS on the S.M.S. roasted sample was performed 

after grinding. The grinding w~s done to try ta further 

liberate galena from chalcopyrite. Despite, the long time, 

grinding proved to be inefficient for particles below 

1011m and locking is still a major prob1em. 

One interesting idea for further experimentation 

,is to perform the HGMS oj).,.a dry system. This system would 

reduce the hydrodynamic ~rag force that iS significant 

as the partic1es are very fine. 
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Separation on Davis tube 

Davis tube provides a relatively weak magnetic 
/..-----~ 

field. ,Separation performed on the roaste~ synthe'tic 

mixture gave very clean copper concentrate (27%'Cu, 

3.2% Pb) and upgraded the galena concentrate to 31% Pb 

with 97~ Pb rècovery. 

, 
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11. CONCLUS:IONS 

~1~1 Roasting of chalcopyrite for 6 hours in 

a muff1 e fu rn ace 

o 

Roasting produced copper ferrite at temperatu~es\ 

o above 500 C. ' 

.. 
- The amount of ~opper ferrite formed was very 

smal1 (less than 10% wt.). 

There ;s agreement between the resu1ts obtained 

and those predicted thermodynamically. 

-, , 
11.2 Roasting of chalcopyrite-galena mixtures 

for logn. in a muff1e furnace 

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 

concentra te (75% Pb, 1.2% Cu, 1.6% Fe). 

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

con d ; t ion s pro duc e d a cal c i n e w h o·s e sep a rat ion 

1 

. , 
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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 tempe ratures and retention times but 

the product was agglomerated. 

- 75% of cha 1 copyri te i s converted to l11agneti c 

product at the temperature of 320 0 e with 

à retention time of 455 and an oxygen flow 

at 0.33 lt/s. 

Roasting of chalcopyrite with air required 

much higher temperatures (about 700 oC), however 

the product was nmt'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 lt/s. 

- Roasting of synthetic rTJixture, due to the 

exothermlC of the reaction of chalcopyrite 

g'ives sintered chalcopyrite-galena particles 

which cannot be separated, 



" 

( 
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11.4 HGMS R~su1ts 

- HGMS on the unroasted synthetic mixture using 

a field of 1.776T and a tllow velocity of 

5.3 cm/s produced a Cu concentrate assaying 

23.5% Cu and 4% Pb. However, Cu recovery 15 

10w (14%) suggesting the use of a higher 

field or 10wer f10w ve1ocity. 

HGMS on the roasted synthetic mixture using a 

field of O.228T and a flow velocity of 5.3 cm/s 

improved the Cu recovery (66%), but an unacceptab1e 

1055 of Pb to the mags occurs. Magnetic f1occu-

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 S.M.S. samp1e after long 

time grinding suggests that besides ~agnetic 

f10cculation, locking is still a major problem. 

S.M.S. sample is not suitable for roasting and 

magnetic separation. 

11.5 Davis tube Results 

Separation of the roasted synthetic ~ixture 
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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 Vii th a Pb recovery to non- mags of 

97%. 

• 
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APPENDIX A - F. A. C. T. SYSTEM RESULTS 

In the fol1owing tables the printouts of .the 

program are presented for roasting 3g of CuFeS 2 in air 

'('21 % 0 2 ) . The 5 e con d 1 i n e de s c ri b e s th e con d ; t i on S 0 f 

each reactant i.e. temperature in K, partial pres'sure in 

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

For the tempet:atures of 550, 500 and 450 0 C the resu1 ts 

132 ' 

were identica1: Therefore, on1y the results of the tempera .. 

tures of 685 and 550°C are presented. 

, . 

, ' 
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TABLE- A-l. F.A.C. T. printout for heating of chalcopyrite at 685°C 

( ' 

-, 

~ " \/.~. " \. '" ',' .,' \ , 
". '. '\' • ~. , , •• ,. • ..... '. 1 .' • , 
.01 O;'(('U+ f 0163F( 1- • 0163~;::?+. ~1 0:> + .,79N::?= 
(Q~)8.1.S) (9~Ro1.SI (958.1,5) (958.1,G) (95801,G) 

"" 

0.954 -C .828 N~ 

+ .15~ O~ 

+ .10'9E-Ol S~03 

+ .894E-02 5*02 
+ .192E-04 N*O 
+ • 117E-05 N*O~ 

+ .140E-08 N~O 

+ .160E-10 0 
+ .244E-:12 03 
:t .878E-13 N*03 

-

+ .741E-14 5*0 
+ .544E-15 CU 
+' ~186E:-15 N~03 

+ .209E-17 N204 
1 

+ .638E-:21 N::?05 
+ .215E-::> N 

It .765E-~5 CU2 
+ .146E-25 N3 

. 

+ .119E-:25 S 
+ .415E-:27' S*N 

-- + • 163E-:28 5::?0 
+ .255E-:;9 FE 
+ .534E-34 S2 
+ .539E-5:! 53 
+ " .489E-71 54 
+ .0 57 
+ .0 Sb 
+ .0 S5 
+ .0 58 } 

, ( 958.0, 1.00 ,G 

+ .262E-0:2 (CU:«O):t (FE:2(13 ) 
-4 

( 958. () , LOC> .53) 

J. 't • 137E-01 CIJ*5.t04 
( 95R. (: , 1. on ,51) 

+ .0 FE:2 (5#04) 3 
1 958.0. 1.00 , .51) 

+ • 553E-02 - FE203 

( -' ( 958.0, 1.00 .52) 

+ .0 CI '*(1 
1 
1. 95.8. Ct • 1 • () ~~ . , , S1> 
J 

~ 
~ . 
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TABLE A-2. F.A.C.T. printout for heating of chalcopyrite at 55.0 oC 

(~, 

.0163CU+.016~FE+.0163S~+.~102+.'QN~= 
~823.1,S) (8~3ol,S) (823,1·8) <823,1,G) (8~3-1,G~ 

0.948 { .833 N2 
+ .14Ç. 02 
+' .155E-Ol S*03 
+ .171 E -02 S*O::?' / 
+ .::?95E-05 N*O 
+ .596E-06 N*02 
+ .::?54E-09 N20 
+ , .879E-13 0 
+ .192E-13 N*03 
+ .124E-13 03 
+ .316E-16 N203 ___ t __ _ 

1 + .270E-17 S*O 
+ • 153E-17 N204 
+ .407E-21 N:?05 
+ • ::?60E-:?1 CU 
+ .119E-26 N 
+ .276E-29 N3 
+ .150E-:31 8 
+ .762E-33 S*N 
+ .660E-35 820 

.+ .77:E-36 cu:? 
+ .15~E-36 FE 
+ .672E-42 8::? 
+ .193E-63 83 
+ .0 . 87 

\, 

+ • 0 86 
+ .0 85 
+ .0 S4 
+ tO S8 } . . (. 8::?3. O,~ 1 .00 " , G 

+ .0 . • ( CU20 ) * ( FE::?O 3 ) 
( 8:?3.0, 1.00 ,51) 

+ .0 (CU*O)*(FE203) 
( 823.0. 1.00 .53) 

+ .163E-Ol ClJ:t.S#04 
t 

c 

( ~~~3.(), 1.00 .51 ) 

+ .815E-O? FFQ03 
1 

/ 
( f-l~3 ; 0. 1.00 • S·l ~ 

( 

1 

). 
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APPENOIX - B. DAVIS TUBE CONCENTRATOR 

The Davis tube concentrator i5 widely used as 

a rap;d method for determinin.g the magnetic (usually 

magnetite) content of ores elther for the purpose of 

predicting the performance of direct current magnetic 

separators or as a means of controll;ng plant operation. 

135 

The apparatus consists of a powerful electromagnet 

wi th po ion te d pol e san d a 1 0 n 9 9 1 a s 5 tub e h a v ; n 9 fa cil ; t ; e 5 

for introducing the sample and wash water. The tube i5 

place9 between the pales of the magnet and water flowing 

through it ;s 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. 

1 
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APPENDIX - C. X-RAY DIFFRACTION RESULTS 

x- ray di ffracti on resu1 ts of the products are 

presented in tables. Each table consists of a list of the 

d-spaclng measured and a comparison wlth 11sted values. 

Ta b l e C - 1. UN H E A TE 0 CHA L C 0 P y RITE S M1 P L E 

Measuredvalues Lis te d "du values 

"d ll spacing In te ns i ty CuFeS 2 FeS Cu 2 S 

3.326 15 3.31 

3. 1:08 15 3. 15 

3.013 100 3.03(1) 

2.693 40 2. 718 

2.628 25 2.64 2.617 

.' 2.410 ~O 2.396(,31 

2.201 40 '1.987(1 ) 

1 .901 40 1 .909 1. 908 

1 .859 75 1,852('2) 

1.842 75 0 1. 845(3) 

1 .627 50 1.644(2) 

1 .586 .60 1.590(3) 

l .567 40 1.572 

1. 495 20 l .51 7 

1 .44 l 20 1. 425 

<-
(1) , (2) and ( 3 ) rep resent the ma i n lines. , 

l , 

1 
~ 
l' 

1 
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TABLE C-2. CHALCOPYRITE HEATED AT 300°C 
• 

Me as ure d val u es Lis te d Il dll values 

IId ll spacing Intensity CuFeS
2 

FeS Cu 2 S 

3.260 10 3.27 

3. 137 20 3. l 5 

3.042 15 3. 05 

3. 011 100 3.03(1) 2.869(1 ) 

2.826 15 2.89 

. ,''- 2.786 10 2.755 

2.691 20 2.60 

2.628 5 ~ 2.617 

~.407 6D ~.396(3) ., ~ 

2.200 30 2. 155 

l .897 10 1. 909 

1 .844 80 1.852(2) 

l-

l. 843 80 1. 845 

1 .629 10 1. 632 

l .569 15 1.572 

( 1 ) , ( 2 ) and ( 3 ) represent the main l i nes . 

, ' 

<. 
i 
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TABLE C-3. CHALCOPYRITE HEATED AT 320°C 

Measured values 

"d ll spacing ( ~) 1 

4.738 

4.180 

3.972 

3.691 

3.545 

3.027 

2.694 

2.61 5 

2.512 

2.41 7 

2.21 3 

2.083 

1. 969 

1. 870 

1. 851 

1.696 

1.634 

( 1 ) , ( 2 ) , ( 3 ) 

. 
1 

! , 
a~d 

" 

C' 

Lis ted "d ll values 

Intensity CuS0 4 CuFeS 2 

20 4.71 (4) 

20 4.'187(3) 

15 3.921 

25 

75 3.549(1) 

100 3.03(1) , 

60 

75 2.616(2) , 

60 

40 2.416 

30 

10 2.093 , 

10 1 .963 

40 1. 867 

40 1.852(2} 

20 

. 1 5 

(4) repre~ent the fIlain 1ines. 

- 1 
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a-Fe
2

0 3 

3.66(4) 
j 
l , , 

2.69(1 ) 
: ~ 

2.51,(3) ; 

- . 
1 

2.201 
!f 

2.070 

, . 
1 

1 
1 

: 

1~690(2) 

1 .634 
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C! • TABLE C-4 • CHALCOPYRITE HEATED AT 450°C 

t 

, Mea s u red values Listed ud u values 

ud ll spac1ng ( ) Intensity CuS04 0.- Fe 203 

4. 187 100 
"--

4.187(3) 

3.66(4) 
ï 

3.682 10 . Î 

3.557 100 3.549(1) 1 

1 3.02B .. 20 3. 172 

" 2. 701 80 2.603(3) J 
i 

2.616(2) 
. ! 2.622 90 ~ , 

• . 

2. 516 70 2:495(f) 

2.416 60 2.416 
~ 

1 2.310 15 2.321 ! 
1 \ 

1 2.208 20 2. 182 I, 1 
J j 2.089 10 2.059 , 

1 

1 .9'03 20 1.894 
f c 
1 , , 

t 1.·806 70 1. 7749 1 • 

~ 1.690(2) J 1.738 70 

1 (1 ) , ( 2 ) • (3 ) (4 ) 
: 

1 and represent the main 1ines. 1 
t 1 

1 

1 
i 

t 
i 
t 
t 
1. 

( .. 

J' 

# 
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(. 
.TAB~E C-5. CHALCOPYRITE HEATED AT 500°C 

Meas~red values Li s ted /ld ll values 

/Id" spacing ( ~) Intensity CuFe 204* a-Fe 203 CuS04 

4. 169 60 4'. 1 87 ( 3 ) 

3.688 40 3.66(4) 

3.541 80 3.541(1) 

2. 745 100 2.69(1 ) 

2.610 90 ~.603(3) 

2.510 1 no 2.495(1 ) 
.... 

2.413 55 2.416(4) 

2.316 1 5 2.285 

2.20 l 50 2.201 

2.084 1 5 2,,084 

l .,979 70 1 .971 

1. 775 40 1 .7749 

~ 
1. 691 . 80 1.690(2) 

• 1.482 70 1.497(2) 

" 1.455(4) ,,< 1.453 70 

1. 429 30 1 .4298 
... a 

* Crystal1ized ; n tet rago na l system. 

( 1 ), 
j 

( 2), (3) and (4) represent main 1ines. 
t 
! 

t 
f r 

( 1 
t 
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( TABLE C-6 .. CHALCOPYRITE HEATED AT 550 0 C 

Measured values 
, 

Listed IId li values 

. Il d 1: spa c i n 9 (~ ) Intensity a-Fe 203 'Cu fe20 4 * Fe 2 (S04)3 

, 
5 .. 941 80 5.98(2) 

, , 

4.762 15 4.8,5 (4) 

4.360 30 4.36(3) , . . 
4. 114 40 4.13 , 

3.499 35 3. '66 (4 ) 3.' 59 ( 1 ) 

2.657 100 2.69(1 ) 
" 

2.579 45 2.603(3) 
;1 

, ~ 

2.489 100 2.495(1 ) 

2.390 25 2.421 

2.232. 25 2.285 

2. '180 70 2. 182 

1 .817 80 1 .824 

1 .756 15 L 746 

1.675 80 1.690(2) 

1 .47,2 80 1.472(2) 

1. 438 80 1 .452 1.455 

'* Crystallized in tetragonal system. 

(1 ) J ( 2 ) , (3) and (4 ) represent the ma', n 1 ; nes. 

( 
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TABLE C-7. CHALCOPYRITE HEATED AT 685°C 

Measured values ,Listed "d u values 

ud u spacing (~) Intensity CuFe 204* CuFe 0 ** 2 4 

4.841 30 4.85(4) 

3.680 50 

3.006 60 2.995 
, 

2.96(3) 2.978 20 

2.847 1 5 

2.691 90 

2.581 70 2.603(3) 
• 

2.495(1) 2'.51 7 ( 1) 2.514 100 

2.420 15 2.421 2.417 

2.321 . , 55 \ 

2.205 60 

-2.059 25 2.059 

1.868 1 5 

1.844 65 

1. 692 80 

1 .4.87 85 1.497(2) 1.479(2) 

1 .451 80 1.455 

* Crystallized ; n tetragonal systefTI. 

**Crysta11ized in cubic system., 

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

142 

1 , , 

a-Fe 2Oj 

3.66(4) 

. 

2.69(1 ) 

2.285 

2.201 

l .838 

1.690(2) 
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APPEnDIX-D. ESTIMATION OF DEGREE OF LIBERATION 

The degree of liberation L as defined by Gaudin 

(3,6) is the percentage'of mineral or phase occuring 

as free particles (A), in relation to the total of that 

~mineral or phase occuring 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 Dr galena in the locked particle. 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 li~ration of the material being considered. Thus, to 

correct the error it is necessary to increase the number 

of particles actually observed to be locked by a locking 

factor. This locking factor is g;ven 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: 

%L : A A+B
' 

x .(100) where 

" , , 
1 

\ 

t 
1 
4 
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A, is the volume of freebparticles of' chalcopyrite or 

ga1ena. 

144 

B'.;s the particle equivalents in volume of chalcopyrite 

or galena, as locked grains corrected by the locking 

factor. 

1 ! 

If. 
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TABLE 0-1. Record Sheet ta m.easure degree of li beration 
-- - - - -'---=--~-:...----

"L" of the chalcopyrite 

Free Ch a le 0 PY rite 

l 

N--WN-ilI'NJIUJrNJ.NiJINJINJN{JN{JN{l1NJ 

1HJN{JN{JINJIN-JNiJINJNiJlNJrHJlNJf'N.J 

fiillNJf"NJINJIN-JINJINJINJNiJN{J1NJ1NJ 

-" lNJ N{J- f'NJ JNJ 1'NJ rrw IN,J rm INJ \N.J N{l N--W. 
.... 

1NJ1N.Jt'NJINJINJINJI'NJINJINJI'NJ.N{l1NJ 

rtiJf'N.Jt'NJlNJîHJrN.JNiJlNJrNJlN-llNJlNJ 

1NJ1NJ1NJN--WlHJlNJlNJltiliNlN-llNJlNJ 

N-{J N{J t"NJ îNJ INJ INJ IN N-iJ It-W l'N-.l INJ rNJ 

IHJ Ni-J INJ. ti{J N{J IN-.L \N.J' f'}W ~ INJ INJ f'N.J 
. 

1NJ1NJ1NJ1'NJl'ti-Jl'NJrNJlNJlt-WlN-Jl'NJlNJ 

IN.! f'N.J rrw f'N.J NiJ rNJ îNJ " 
A: 6 9 7 ' 

'1) 

, . 
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TABLE 0-1. Record Sheet to measure degree of 1iberation(continued) 

Volume of Locked Chalcopyrite 

17-13-8-4-5~8-6-2-11-17-19-13-13-19-11-9 

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-~-1-6-8-16-12 
, 

6-1-10-3-4-15-16-1-10-17-13-17-10-18-12-10-3 

5~5-6-18-4-8-18-2-10-10-10-19-18-2·12-18 

1-1-1-5-7-15-1-1-8-18-5-1-9-2-7-10-2-4-10 

18-2-18-8-3-4-8-7-8-5-10-13-11-12-17-4-1 

2-10-5-3-2-4-15-12-2-4-2-1q-11-2-10-10-12-8 

1~-8-10-1Q-13-13-19-8-2-1-12-2-9-1-2-8 

16-15-13-18-9-10-9-4-1-1-2-4-4-11-6-8-17 

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) 

" jp-.r....A. .. 
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Table 0-2. Record Sheet to measure degree of 1iberation 

ilL" of galena 

Free ga1ena 

N{..j N{.l N{.J Ni! iH..j Ili4 JH..l INJ li-W ~ IHJ N-iJ 

INJ INJ N{j lH4 fi{J ~ ~ rt{..j IUJ N{J ti{.1 N-4J 

li-ll 1111 N-iJ tiiJ N{j ii{J Ii-!J ïiiJ rrN N--W t-N.J N{J 

Locked ga1ena 

3-7-12-16-15-12-16-14-14-8-18-19-19-19-19 

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 
l' 

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-T8-10-15 

"17-18-16-5-8-18-5-16-18-10-17-9-18-10-10-8-12 

18-18-18-12-10-7-1-12-17-18-19-1-4-16-8-18-11 

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 

A: 181 

(236) 



.... 

( 

L% of Chalcopyrite 

A:697 free particles 

B.l.587/20.79 equivalent free partic1es 

Per cent B = 79/214-17% 
. _./ 

Locking factor = 1.25 

697 
L% = 697+79xl.25 : 88% 

L% of galena 

AII181 free partic1es 

B:2.845/2011142 equiva1ent. free pàrticles . 

Per cent B = 142/236 • 60% 

Locking factor = 1.2 

181 
LX = lal+142xl.2 • 55% 

~ 
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APPENDIX -E, FRANTZ ISODYNAMIC MAGNETIC SEPARATOR 

The Frantz (figure 54) best known for its 

geo1ogical and mineralogica1 applications in achieving 

precise separation of minerals of different magnetic 

suséeptibilities (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 

;s 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, 50 that the parti~les flow down one side 

of the chute when no magnetic field is applied. When 

current passes through the e1ectromagnets, a magnetic 

field is produced between the pole pieces. The diverging 

shape of the pole creates a field gradient and causes a 

magnetic 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 

fieid gradient is produced in the positive X direction 
" 

\ 

/ 
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Fig. S4 Photograph of the Frantz Isodynamie 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 

iravity 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 pdrticle 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 partic1e 

size cancels and the separation is based on1y on the 

mass susceptibility of the particles. The Frantz makes 

very precise separations between particles of close 

susceptibility. Hàlf-way down the chute a splitter divides 

the separated particles into magnetic and non-magnetic 

fractions. 

The magnetic force is ;ncreased by increasing 

the current (1) through the electromagnet, an~ gravitational 

force ;s increased by increasing the side slope (9). 
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APPENOIX - F. ELECTRON MICROPROBE RE5Ul T5 \ 
\ 

~OrfCENTRAT Ièm % "-

..... 
Position WEroGHT ATOM 
of beam Fe S Cu 0* Fe S Cu 

43.949 0 .. 059 4.8,31 51.161 19.37 0.05 1. 87 

2 26.257 0.172' 6.597 

3 11.615 4.019 17.182 

4 22.480 12.315 17.024 

5 36.54 4.552 9.988 
, 

~ 30.528 32.377 36.183 

7 31.195 32.671 35.166 

8 31. 259 33.102 34.469 
, .... 
~ 

* 0 ; s not directly measured but 

• 

66.9"73 9.87 

67.183, 4.33 

48. 181 9.90 

48.921 . 16.31 

0.911- 25.04 

0.968 25.49 

1 . 169 25.35 

inferred by 
,fi 

O. 11 2. 18 

2.61 5.63 

9.45 6.59 

3.54 3.92 

46.26 26.09 

46.50 25.25 

46.76 24.57 

difference. 

" /il 

1 • l , 

, .. 
1 

't 

0* 

78.71 

87 . 8.4 

87.43 

74.06 

76.23 
-

2.61 ' 0 

2.76 

3.31 . 

'1 
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, 
APPENDIX-G. F.A.C.T. SYSTEM RESULTS 

} ... "" 
In the 'following tables the printouts of the 

REACTION program are presented for roasting CuFeS 2 with 

oxygen and with air. The second line describes the 

conditions of each reactant i.e. temperature in ~, partial 

press~re in atm and state of the reactant (s:solid, l:liquid, 

• 9 = 9 as). Cal cul a t ; 0 n s 0 f the the rm 0 d Y n ami cal f 4 net ion s are 

presented for the temJ~ratu~es of 320, 350,450, 550 and 
'0 600). C. 
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TABLE G-l. FrA.C.T. printout for roasting of chalcopyrite 

w; th oxygen 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx~xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx,: 

"'. 
cu + 4FE +5 +4.5 02 = (CU*O) * (fE2tJJ) + ~'E203 + 5*O~ 
~ :)98,1 , S) ( 298,1 , S ) (298, 1 , S) ( 298,1 , G) ( l ,1 , S) ( T .1, S) ( T, l ,G) 

CALCULAr IONS ARE BASE:.lI ON lHE INOICAfElt ,NUMB~R OF ImAM MtJLES 

***************************************************************************~#: 

• ; 

{l) DELIA H DELTtk?G DE.LTA V ·lll .... LIA l:) Iit-.. LTA U ~ l}I:-I.IA (.~ 
<K) (CAL) <CAL) <L) (CALlK> (C~l) (t~AI) 

~**************************************************************************~K~ 
" 

593 
--------------------------8 51 S1 G = ~1 S1 G ---- .. -------------------- .. -

~)Y.LO -475041.5 '-498693.7 -O.'614I:tO::! -90.5Ùl -4J3~J:14.4 -4(.TI.~()\") .• < 

623 
623.0 

7:!3 

-472211.1 -503Y11.8 -O.589~~02 -135.Ù45 ":'4l0 If:U. 6 

--------------------------8 St S1 G . = 52 S1 G ---------------------------
l:!J.O -462109.4 -522295.1 -0.507EtO:! -4601'180.6 

.132.5 
&-------------------------8 S1 S1 G. = SJ Rt G ----------------------------

? 

" 

:3:!3.0 '-4~1919.t -542102.6 -0.425Ft02 .... ~7.617 -4t.08H9.j -~J41(/) ... 

8J3 
87.3.0 -446964 • .3 

.. 

-55~473.9 -0.384Et02 '-51.I"J3 -44MU.~. ) 

1 
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TABLE G-2.'F.A.C.T. pnintout for ro~sting of chalcopyrite 
1 

with air / 

.-
XXXX~xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxXXXXXXXXXXXXXXXXXXXXX~X , 

• 
t tI +4FE +8 +4.5U::? +17N2 = ~CU*tJ>*(rl:.~t1.~) + fEL)tJ.:~ + S*I)'() +l?N~) 

( .l 9 B Ji , S ) (:..! <",) 8 , 1 , S ) ( ::? 9 8 , 1,' S ) C.! <t 8 , 1 , G } ( :! 9 f~ , 1 , ln ( f, 1 , ~\ ) ( 1 , 1 • B) ( 1 • 1 • 1 n ( 1 • 1 • Ii ) 

CALCULAfIUNS ARE BASELI ON fHl:. INDlCAll:It NIJMfll"k' UI- IJkAM Mt)U"S 

* ,~***~** ***** ** ** * * ***** * * ****** ** ** ******* * **** ** ** ** * ********** * ****** * * ;f:t::t ,:< • 
(1) lIELTA H DELfA G ftFL fA V nFLIA S ltl:.LIA tJ lit L lA A 
(f0 (['AL) ({'AU (U «(:AL IK) t.r':AU (l'AI ), 

*****************~*****************************************************:t:***~w* 
593 

-----------------------8 S1 Si G 

? 
~Y3.0 -439~6::?7 -741764.2 

623 
b2J.O 

7:!3 

-4J::?819.4 -772906. '2 

-----------------------8 S1 Sl G 
7~,5. 0 -410~!28.7· -;-878955.2 

? 
. 

8~·3 . 
-----------------------8 S1 51 G 

" 

? . 

823.0 -387376.0 -988173.2 

H73 
A7.3.0 -37~025.2 -104~H42.2 

1; == S1 81 (, tJ -\----- .. ---- .... -----.-.-----
O •. 550Ef-OJ -/.4/Y "'44JH4.! •. / -J~O.\44.1 

0.3<14E+0.5 

G = 'S2 
O. 542F +(),~ 

Si 1) 

G = S.~ S1 (J 

O.690E+03 

0.71>41- • o.~ 

, 

3 • .?H4 -44:!,~ l~). 1 

t1 ---- ----------- ---------

" ----- ----_._------------ -- -
-404()!M .~~ -1()()4H:II),1 

.. 
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