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ABSTRACT

Bornite (Cu5FeS4), was synthesized from the
elements, Particulate synthetic bornite was leached
in acidified‘ferric sulphate solution at temperatures
ranging from 15° to 90° ¢,

Bornite dissolved in two stages; in the first
the bornite easily lost copper by diffusion and
transformed, via a nonstoichiometric bormite, to a
s0lid phase with composition CuBFeS4. In the second
stage, the solid phase with composition CuBFeS4 was
converted directly to elemental sulphur.

The apparent activation energy for the first
stage of the leaching process was determined,

The mechanisms and rate controlling steps of
the two stages of dissolution are given.,

The solid phases were studied by x-ray diffraction,
electron probe microanalysis, reflectivity dispersion

measurements and microscopic examination,



CORTENTS
ABSTRACT
INTRODUCTION

SECTION 1 - LITERATURE SURVEY

1.1 Previous Work on the Leaching of Bornite

1.2 Crystal Structures

1.2.1 Structure of Bornite

1.2.2 Structure of Chalcopyrite

1.2.,3 Structure of Orthorhombic Sulphur
1.3 Tdaite

1.4 Phase Relations in the Cu-Fe-S System

SECTION 2 - EXPERIMENTAL PROCEDURE

2.1 Synthesis of Bornite (CuCFeS4l
A

2.2 Single Crystal Premparation

2.3 ' Leaching Apparatus and Experimental

Procedure

2.4 Analysis of the Leach Solution

2.5 X-ray Diffraction

2.6 Microscopic Analysis

2.7 Electron Probe Microanalysis

2.8 Reflectivity Measurements

2.9 Densgityv Measurements

2.10 Puritv of Materials

SECTION 3 -~ RESULTS AND DISCUSSION

3.1 - Kinetic Rate-Curves of the ILeaching of

Bornite. Effect of the Leach Variables

on the Rate of Reaction

Page
2

20
40
43
45
50

27
65

68
72
76
78
79
83
85
87

a0



3.1.4
3.1.2
3.1.3
3.1.4
3.1.5
3.1.6
3.2

363
3.4

3.5
3.6
3.7
5.8

Temperature

Particle Size

Stirring Speed

Ferriec Ion Concentratioﬁ
Acid Concentration
Sample Weight

Determination of the Activation Energy

for the PFPirst Part of the Reaction

Microscopic Observation

X~ray Diffraction Study of the Leach

Residues

Variation in Lattice Parameters

Reflectivity Measurements

Blectron Probe Microanalvsis .

Density Measurements

SECTION 4 - CONCLUSIONS

4.1
4.2

Summary of Results

Comparison of the Present Investigation

with Previous VWork

APPENDIX 1

APPENDIX 2

APPENDIX 3

ACKNOVI,EDGEMENTS

REFFRENCE

92
99
101
103
107
107

109

112

124
131
137
142
146

148

150

158
183

198

206
207



INTRODUCTION

Bornite (CuSFeS4) is a very common and widespread
mineral, which occurs in many cdpper deposits as an
important copﬁer ore,

Recent technological develovments, such as solvent
‘extraction and bacterial leaching, have made pQSsible
the economic treatment of large tonnages of low grade
sulphides ores by heap leaching and electrowinning(12
The copper sulphide mlnerals require the presence of
an oxidant for their dissolution. The most important
oxidant in commercial operation is ferric sulphate,
which is formed during the process of heap leaching.

The reaction of acidic ferric sulphate solutions
with bornite is therefore of practical interest for
both bacterial and heap leaching. The kinetics and
mechanism of this reaction have been studied in the
present work, which forms part of a comprehensive
investigation on the leaching of copper sulphides
being carried out in the Hydrometallurgy Group,
Metallurgy Department, Royal School oI Mines, under
the supervision of Dr. A.R. Burkin.

Because of the importance of the solid-state
transformations during leaching(z) a considerable
part of the present work deals with the study of

these transformations,



In order to avoid the strong influence that
impurities might have on the dissolution process,
a synthetic bornite was used.

Special emphasis has been given to the comparison
between the 1éaching of this synthetic bornite and
the alteration by oxidation of the natural occurring
mineral,
| In the present investigation, the activation
energy has been expressed in units of kilocalories

for comparison with other work. (1 kcal = 4.1868 kJ).



SECTION 1

LITERATURE SURVEY

1.1 Previous Work on the ILeaching of Bornite

J.D, Sullivan(B)was the first to study the
leaching of Bornite., He worked with natural crushed
minerals as nearly pure as could be obtained, and
he used ferric sulphate solutions in most of the
runs,

The experimental procedure involved placing
10 gr samples in 5 pint bottles containing 500 cc
of the desired leaching solution, on revolving rolls
in a roem having thermostatically controlled
temperatures., The mouthé of the bottles were left
unstoppered and samples were taken during the test
by siphoning off 400 cc of solution and adding other
400 cc of fresh solution in order to keep constant
the concentration of leaching reagents. The copper
analyses were done on samples téken from the 400 cc -
of removed solution.

The principal parameters considered by Sullivan
were: 1) The effect of particle size of the mineral
on the rate of dissolution; 2) the effect of the

concentration of ferric ion in the leaching solution;



%) the effect of the concentration of sulphuric
acid in the leaching solution, the ierric ion
content remaining constant; 4) the effect of
temperature; and 5) the effect of air and water
alone on bornite.

Fig. 1 shows the effect cf temperature on
the rate of dissolution of -100 +200 mesh bornite,
-when leached with a solution containing 1 % of iron
as ferric sulphate plus 0.5 % of»sulphuric acid.

The conclusions of Sullivan's work can be
summarized as follows.

a) The rate of dissolution of bornite was
virtually independent of the strength of ferric
sulphate if enough reagent was present.

b) The rate of dissolution was independent of
the acid strength of the solution if the ferric
ion concentration remained constant.

¢) Particle size did not affect the dissolution
rate and it was shown, for example, that although
there is a great difference in surface per unit
weight for ~10 +200 mesh particles, their rates of
dissolution are practically identical (fig. 2),

The ~200 mesh material dissolved at only a slightly
faster rate than the larger sizes. The larger pieces
did not crumble in leaching but retained practically

their original forms. The shell was couposed of
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sulphur and insoluble maferial.

d) Sulphuric acid plus air attacked bornite
more slowly than ferric sulphate solutions.

e) The rate of dissolution was markedly affected
by temperature.

Sullivan noticed that during the early part of
the tests, the copper was dissolved whereas the iron
and sulphur were not attacked. However, as the test
progressed the iron and sulphur were both attacked
appreciably.

Finally, Sullivan discussed the mechanism of
dissolution of bornite in ferric sulphate solutions.
He suggested that Bornite (CusFeS4), can be
written as 2Cu,S.CuS.FeS and £hat Chalcocite (Cu,S)

is dissolved in ferric sulphate solutions in two
steps. )

CuoS + Fe2(504)3 = CuS0, + 2FeSO, + CuS 1)

CuS + Fe,(50 CuS0, + 2FeS0, + S z)

4)3 -
The second reaction also expresses the dissolution
of covellite in ferric sulphate.
Sullivan also suggested that the reaction in
which FeS dissolves in ferric sulphate probably can
be written as:
FeS + Fe,(80,)5 = 3FeS0, + § 3)

From these three reactions we can derive an

overall reaction for the dissolution of bornite as:
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CuSFeS4 + 6Fe2(SO4)3 = SCuSO4 + 13FeSO4 + 48 4)

Stender and Saltovskiy'4)studied the solubility
of bornite in acidified ferric sulphate solutions,
However, their work is not discussed here because
they used a very impure bornite sample whose "degree
of purity" amounted to 33%.,

Uchida et al.(5)studiea the leaching of bornite
in acidified ferric sulphate solutions using different
Japanese copper sulphides ores.,

Bornite was concentrated from a bornite-rich ore,
The chemical analysis showed that the composition was
very close to Cu5FeS4 and x-ray diffraction gave the
bornite lines only.

This bornite was leached in a 0.01 N sulphuric
acid, 24 mg/cc ferric iron solution at 30°C. After
one hour 25% of the copper had dissolved. .

Uchida et al. also studied the effect of particle
size, concentration of ferric iron and concentration
of sulphuric acid on the dissolution of the ores. The
results are similar to those of Sullivan., They found
that concentrations of ferric irom larger than 0.5 g/1
does not improves the rate of leaching.

No mechanism of leaching was proposed.

Kopylov and Orlov(6)studied the kinetics of
bornite dissolution in acidified ferric sulphate

solutions using polished specimens of natural bornite,



checked by chemical analysis and x-ray diffraction,
The purity of the bornite was shown to be 97%.

The samples were suspended in a flask
thermostatically controlled and agitated with a
variable speed, three blade propeller mixer. The
copper in the solution samples was determined with
a polarograph. In almost ail of the experiments a
solution containing 10 g/l sulphuric acid and 18 g/1
Fe**? in the form of ferric sulphate was used as the
solvent,

Kopylov and Orlov studied the influence of the
concentration of ferric iron, the influence of
stirring speed and the influence of the temperature
iﬁ the rate of dissolution of bornite.

According to Kopylov and Orlov an increase of
Fe'™(as ferric sulphate) concentration from 9 +to
35 g/l increased the rate of bornite dissolution.

They also found that an increase in mixer speed
from 200 to 1000 rpm increased only slightly the rate
of copper dissolution.

Finally it was shown that the factor which most
greatly affected bornite dissolution, was the
temperature. Kopylov and Orlov determined the
activation energy for the dissolution of bornite.
The average value given was 5.5 £ 1.4 kcal per mole

and it was pointed out that such a low value indicates

Y
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a process controlled by diffusion,

An important result-from their work was the
finding of the formation of a:ﬁew solid phase after
the first few minutes of dissolution. From the x-ray
diffraction analysis they concluded that the new
solid phase was chalcopyrite, since the interplanar
distances established for the crystal lattice
coincided quite closely with the tabulated data for
chalbopyrite.

Using this discovery as a basis the authors
discussed the mechanism of the dissolution of bornite
writting the formula as ZCuZS.CuFeS2 instead of
ZCuzs.CuS.FeS as given by Sullivan. They explained
the fact that bornite is less rapidly dissolved than
chalcocite in ferric sulphate solutions, by saying
that one copper atom of the bornite is bound in the
form of the poorly soluble chalcopyrite.

Dutrizac et ai.(7)studied the kinetics of
dissolution of bornite in acidified ferric sulphate
solutions using sintered discs of synthetic bornite,

The bornite was prepared by reaction~sintering
péllets of CuS, FeS and CuZS in vacuum-sealed Pyrex
ampoules, The three simple sulphides were ground to
~150 mesh, mixed and then pressed into pellefg at
80,000 psi. The pellets were vacuum-sealed in Pyrex

ampoules, and sintered for three days. The final
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pellets had the characteristic reddish colour
associated with bornite, which gradually turns

blue on standing in air. X-ray diffraction analysis
confirmed that the material was tetragonal bornite.
Microscopic examination indicated small white oolites.
which constituted less than 1% of the volume. The
polished bornite discs were cemented to lucite rods
in such a way that only the polished face was exposed
to the leaching solution. -

The method used for the leaching consisted of
rotating the disc at a given speed in an acidified
ferric sulphate solution and periodically sampling
and analyzing for the amount of dissolved copper,
with a Technicon Autoanalyzer. |

They found fhat when a partially leached pellet
of bornite was broken in half it showed three distinct
layers. One was the residual, unreacted bornite, and
adjacent to this one there was a material whose x-ray
diffraction pattern was similar to that of bornite,
but with slightly different lattice spacings. The
lattice spacings gradually decréased with increasing
distance from the normal bornite. Finally, there was
a yellow layer, which x-ray diffraction showed to be
a mixture of chalcopyrite and sulphur., All these phases
appeared only in tests made at temperatures above

40° ¢,
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At temperatures below 40° C it was possible to
convert the entire pellet to nonstoichiometiric
bornite without the appearence of any additional
phases. Once the pellet had been converted to
nonstoichiometric bornite the reaction virtually
stopped.

Electron microprobe analyses made across the

pellets, indicated that the S/Fe ratio remained
fixed at 4 across both the bornite and the
nonstoichiometric bornite and that the Cu/S and
Cu/Fe ratios dropped steadily.

Using these results as a basis Dutrizac et al.
proposed the following mechanism for the dissolution
of bornite in acidified ferric sulphate solutions.

At temperatures above 400 Ci=

CuSFeS4 + xFez(SO4)3 = CuS_XFeS4+ xCuSO4 + ZXFeSO4 5)

CuB_XFeS4 + (4~X)F62(SO4)3 = CuFeS, + (4-x)CuSO4 +
+ (8-—2x)FeSO4 + 28 6)
CuFeS, + 2Fe2(SO4)3 = CuSO4 + 5FeSO4 + 28 7)

They explained the fact that sulphur appeared
only in tests méde for relatively long periods by
saying that reactions 5) and 6) are very much faster
than 7) and that the chalcopyrite formed was sulphur-rich.

At temperatures below 25° ¢ the only reaction



observed was:
CuSFeSi + xFe2(804)3 = CuSuXFeS4 + XCuSO4 +

+ 2xFeSO 8)

4

From the tests at low temperature they
estimated the value of x in reaction 8) from the
amount of copper dissolved. They found values of
x as large as 1.2 which represents 25% of the
copper dissolved. Iron and sulphur were not dissolved
during the formation of the nonstoichiometric
bornite.

At higher temperatures the nonstoichiometric
bornite was attacked according to reaction 6). This
reaction requires that sulphur be produced in great
guantity, but a discrepancy in the amount fdrmed

was found. This was explained by the formation of

sulphur-rich chalcopyrite and the oxidafion of some
sulphur to sulphate, which was not detected because
of the high background of sulphate ion, Reaction

6) also predicts a Fe*V/0u ratio of 2 but higher
values were found.

Dutrizac et al. also studied the effect of
ferric ion concentrations on the . dissolution rate.
This is shown in fig. 3. This figure shows that the
rate depends directly on the ferrie ion concentration
for ferric ion strengths less than about 0.06 M,

but that it is insensitive to higher ferric
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concentrations,

It was found at different temperatures that
acid (0.1 M HZSO4) alone did not attack the
synthetic bornite. The effect of sulphuric acid
concentration on the rate of bornite dissolution
was negligiblé.

Activation energy as determined by their
work showed an average value of 5.7 £ 1.3 kcal
per mole., The experiments made with natural
specimens of bornite showed that the natural
bornite dissolves 1iké the synthetic material and

at approximately the same rate,



1.2 Crystal Structures

1e2.1 Structure of Bornite

De Jong ®)vas the first to attempt the
determination of the crystal structure cf bornite,
using natural specimens. He reported a structure
with a cubic cell in which a = 10,910 £ 0,005 kX.
(1 XX = 1.,00202 A), However, this structure did not
account for the observed intensities,

Lundgvist and Westgren(9>studied the structure
of synthetic materials using the powder method which
gave bornite a cubic cell with a = 10.94 kX. This
structure, with spacial group Fd3m (OZ), consisted
of a cubic close-packing of sulphur atoms, with the
metal atoms in the interstices, Tﬁey proposed sonme
possible distributions of the metallic atoms, but
none of this could be confirmed by means of the
intensities of the reflections,

(1O>examined crystals of bornite

Tunnell and Adams
from Carn Brea Mine, Illogan, Cornwall and they
proposed a cubic unit cell with a = 32.8 A, They
proposed a structure giving reasonable intensities
for all strong and medium reflections, but a great

number of weak reflections remained unaccounted for,

The very same specimen was reexamined in a polished
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section and by x-ray precession photographs by

(11)

Morimoto, Greig and Tunnell and it was found

to consist of three phases.

(12)

Frueh produced x-ray, thermal and electrical
evidence indicating that bornite can exist in both
a low and a high-temperature form and considered

the structural differences between them to be of
order-disorder,

(13)

Kullerud and Roseboom confirmed the existence
of two forms of bornite and gave the inversion
temperature as about 190° C, for bornite coexisting
with digenite along the Cu985—Cu%Ee§4 join,

14

Kullerud, Donnay and Donnay reported two
forms of bornite, one cubic with a=21.94 * 0.06 A,
(diffraction aspect P*¥*%), and the other with
primitive orthorhombic lattice, in which pseudotetragonal
_dimensions a=b=21,90 + 0.06 A, ¢=50.95 £ 0.03 A.
Morimoto and Kullerud(15)studied the polymorphism
in bornite and confirmed the existence of two stable
forms and one transitional metastable form. The
high-temperature form which is stable above 228 * 5°C
changes to a transitional metastable form on cooling
below 228 * 5° C. The high temperature form is cubic
with a=5.50 * 0.01 A, Z=1 (diffraction aspect F#***),

The transitional metastable form is also cubic with

a=10.94 A, Z=8,diffraction aspect Fd**, In the low



temperature form (belonging to the space group P42,c)
a=10.94, ¢=21.88 A.

The different cell dimensions and symmétries
found in specimens of natural bornite, such as those
of Frueh and Kullerud, Donnay and Donnay, were
explained by twinning of the low-temperature form.

(16)

Morimoto discussed the transitions between
the polymorphs from the structural point of view
~and determined the structures of the high temperature
form and of the metastable form.

According to Morimoto, the crystal structure
of the high temperature form is essentially the
antifluorite structure, ohly slightly more complicated
(fig. 4). The sulphur atoms occupying the nodes of
the cubic face~centered lattice with a=5,50 A, -are
cubically close-packed. Each tetrahedron of sulphur
atoms, on the average, contains 3/4 of a metal atom.
This fractional atom is itself statistically
distributed over 24 equivalent sites inside the
sulphur tetrahedron. In the whole&cell, six metal
atoms are statistically distributed over 24 x 8 =
192 sites.

The metastable form is transitional between the
high~temperature form and the low-temperature form.

The metastable form shows two characteristics:

a) the existence of a cubic sub-cell with a=5.47 A
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and b) the fact that only reflections with indices
(4m £ 1, 4n % 1, 1) can appear (this forms a special
éxtinction rule),

Attempts to find a single-crystal structure that
would account for the observed cubic reflections were
unsuccessful, The nature of the pseudocrystal became
apparent to Morimoto, because the twinning hypothesis
proposed by Donnay, Donnay and Kullerud(18)was found
to apply also in the case of metastable bornite.

According to Morimoto the cubic arrangement of the
metastable form is a result of the twinning of a large
number of small domains in eight different orientations.
A1l the domains that have the same orientation
constitute one crystal, even if they are not singly
connected. Bach such crystal has rhombohedral symmetry
with a.y= 6.70 A andec= 339321, These eight crystal
are in twin relations.

The structure of the rhombohedral form can be
derived from that of the high-temperature form by
considering the latter along the body diagonal (111)
of the cubic cell (fig. 5 ). All the sulﬁhur atoms
remain in place, retaining the cubic close packing.

Of the four partial metal atoms in sulphur tetrahedra
in the high temperafure form, two do not change at
all. One tetrahedron becomes vacant and the metal

3/4 atom which occupied it in the high-temperature
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form is redistributed among the other three sites.
The corresponding three sulphur tetrahedra now
contain one full metal atom each. To compensate for
the vacant tetrahedron, the last metal MI moves
slightly inside its tetrahedron. The statistical
distribution of 3/4 of the metal atom among 24
possible sites inside each sulphur tetrahedron
changes to the statistical distribution of one metal
atom among four possible sites (fig. 6 ).

This structure can be described as a layer
structure parallel to (0001). There are two kinds
of sulphur layers, S; and Sy, and three kinds of
metal layers, MI’ MII’ and M;yge. The SI layers are
sandwiched between the MII and MIII layer, while
the SII layers only have the MI layers on one side.

The x~ray data of the low-temperature form /
gives tetragonal symmetry with cell dimensions
a= 10,94 A and ¢ = 21.88 A, Strong and medium
reflections generally have similar intensities in
the metastable and low temperature forms, indicating
that the two crystal structures have a cémmon basic
structure. The reflections of the low~ temperature
form, however, do not obey the special extinction
rule,

There are two differents ways to explain the

fact that the special extinction rule does not apply’
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in the low-temperature form: a) the disappearance
of the twinning as the crystal symmetry changes from
rhombohedral to tetragonal; or b) the lowering of
the cystal symmetry from rhombohedral to monoclinic,
as the twin symmetry changes from cubic to tetragonal.
In the absence of any morphological or optical
evidence in favor of twinning, the latter hypothesis
could be Justified only by the structure determination.
According to Morimoto it seems certain that
metal atoms statistically distributed in the metastable
form, would preferentially choose one of the sites
in each position on transition (although the structure
of the low-temperature form was not actually
determined). This ordering of metals atoms would
be accompanied by slight adjustments of the surrounding
atoms. The..stoichiometric chemical formule confirmed
for most natural bornite specimens, suggests that the
Fe atoms afé ordered in the low-~temperature form.
Pig. 7 shows the structural relationship between
the three polymorphs, all of which are represented
as layer structures parallel to (111)rh.‘The
structures of single crystals (domain orientations)
are shown for the metastable and low-tempcrature
forms.,
A1l three structures are built on the basis of

the cubic close-packing of the sulphur atoms. The
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statistically distributed ﬁetal atoms are represented
as bands in the high-temperature and metastable
forms. The Mllayers move closer to the sulphur

layers to compensate for the vacant layers in the
metastable and low-temperature forms. The distance
between each MI layer and the adjacent sulphur

layer becomes shorter, which suggest the possibility
that tﬂe Fe atoms concentrate in the MI layers.

In a paper on the_bonding properties of -
sulphur in bornite P.G. Manning‘1'9'studied the
structure of the low-temperature form.

His study was based on the structure of the
metastable rhombohedral form of bornite determined
by Morimoto, using the average positions of the
metals. |

The sulphur atoms in the rhombohedral form
are seemingly 5 and 7-coordinate ( S;; and St)

(fig. 8 ). If some of the S -M bonds are of the

I
"purely" ionic or van der Waals type, the effective
coordination number of the SI atoms is less than
seven,

In discussing the bonding properties of S
in bornite, Manning considered the following
possibilities:

i) Some of the M-S; bonds are ionic ( non-
coordinate).

ii) The SI coordination number is a manifestation

of cowvalent—-ionic resonance.
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iii) The S; atoms are 7-coordinated, implying
the ready availability of the 3d orbitals for bonding.

i) This scheme, was an attempt to explain the
S bonding in terms of 3s and 3p hybridization i.e.
3 or 4-coordinated S atoms. Manning considered that
a 6-coordinated S atom does not seem worthwhile, as
energetically the system would be little different
from that of a 7-coordinated S (from the point of
view of the availability of the d-orbitals for
bonding). Also, for a 5-~coordinated St ( two non-
coordinated bonds), he said that it is difficult
to choose two bonds that are in any way exceptional;
and such a scheme would seem artifitial, This leaves
two possibilities, either the SI atoms are 3-
coordinated with four non-coordinated bonds or the
SI atoms are 4-coordinated with 3 non-coordinated.
bonds. He suggested that the later is energetically
the more favourable schemé, and, moreover , that
it is not possible to choose uniquely three coordinate
bonds that correspond to any simple 3- coordinate
structure. He concluded that it is appafent that
scheme i) demands a 4-coordinated ( tetrahedral)
S atom.

These thoughts transcribe into practice well,

because the M_~S.. and the three S

I
oriented tetrahedrally. According to Morimoto the

I_MIII bonds are
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M atoms lie at the apices of small tetrahedra and
the MI—-SI—MIII angles range between 100° and 1130,
with an average value of 110°, These angles are
close to the classical tetrahedral angle of 109°
28' and Manning said that it seems reasonable to
suppose that the SI are bonded tetrahedrally to
an MI and three MIII atoms., The small displacement
of the metal atoms from the centres of the S
tetrahedra could be due to the admixing of e.g. sp2
hybrid orbitals, or the balancing of electrostatic
forces over many cell distances. However, the small
displacement would seem to be of secondary importance
in .an understanding of the basic structure of the
crystal.,

According to the scheme i) given by Manning,
the MII atoms are bound by electrostatic forces.

The "5 coordinate" SII atoms are also tetrahedrally
coordinated (to one MIIIahd three My atoms). The
theory of Manning can account for the high coordination
number of both the SI and SII atoms and proposes
tetrahedral coordination for SI and SII’

Manning indicated that the bornite structure
can be likened qualitatively to a sphalerite-type
skeleton containing layers of ionically bound
interstitial atoms. Taking the sphalerite-bornite

analogy one step further,he said that the "interstitial"
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ionic M;; atoms in bornite would seem to be Cu (1)
because the preferred coordination of Cu (I) is
tetrahedral. The remaining Fe and Cu atoms are
therefore, distributed among the MI and MIII sites.

Manning proposed to write the bornite structure
as:

( Cu,Tes, )2~ 2cut

3
Electrical measurements have shown that borunite
has the properties of a semiconductor. Therefore,
according to Manning the electrons of thé "interstitial"
cu” must partake in the tetrahedral coordination of
the sphalerite~type skeleton., The electronic
configuration of the free S atom is 3s23p+, so that
two additional electrons can make up the four
tetrahedrally oriented electron pairs. He said that
the sphalerite-~type skeleton of bornite is therefore
one of Cu (I) and Fe (III).
Summarizing, for Manhing scheme i) has a number
of attractive features. These are:
a) The S

and S atoms are 4-coordinate.

I IT
b) A single theory can explain the coordination
properties of SI and SII’
c¢) The bornite-sphalerite analogy seems reasonable,
éspecially in view of the detection of interstitial
cations in sphalerite and the correlation of

10

tetrahedral structures with d5 and 4 cations.
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Scheme ii) led Manning to the same conclusion
as scheme i), that the My; are bound ionically.

Scheme i1ii) also led to the conclusion that
the MII atoms are bound ionically, but a T-coordinate
S atom would be a s' p> &7 hybrid which is unlikely
energeticallj. Manning concluded that a 7-coordinate
scheme does not have the atractive features of
scheme i).

As final conclusion he said that an analysis
of the bonding properties of the S atoms in
bornite had shown that bornite has a sphalerite-~
ty@e structure that contains layers of ionically-
bound interstitial atoms, Cu (I), This scheme has
the advantage in that the S atoms are tetrahedrally
coordinated, which agrees with the contention of

(20)nat the S 34 orbitals are

Craig & Magnusson
unavailable for chemical bonding. The Cu atoms
are Cu (I) and the Fe atoms are Fe (III).

Further support for the hypothetical structure
of the low temperature form of bornite is given
by the following: '

Mossbauer measurements(21)have shown that Fe is
present as Fe (III) in bornite,

(22)suggest that Cu is

Magnetic measurements
present as Cu (I).

The ordering of iron atoms in the low temperature
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form of bornite have been demostrated by Allais
and Curien(za)

(24,25)

Manning has proved that interstitial
sites in sphalerite are stable with respect to
metal occupation. He also showed(19)that ZnS
structures are often observed for sulphides of

10 cations: ZnS (d1o cation), CdS (d1o),

d5 and d
red MnS (d5)(26)and chalcopyrite (d5 and d1o)(27)

G. Allais(28)found that in the metastable
form of bornite the arrangement of the unoccupied
sites has cubic symmetry, and that only the
diéplacement of the metal atoms in the tetrahedral
cavities requires a lower symmetry: thus the
fﬁndamental cell has no apparent distortion,

Using the studies of Morimoto and Manning
as a basis, a ball model (figs. 9 and 10 ) of
the low temperature structure of bornite was built.
The ionically bound copper layers, parallel to
(111)rh, are shown in brown balls (fig. 10 ),
Abstraction of the ionically bound copper atoms
results in the formation of a chalcopyrite—like
unit cell, with formula unit CuBFeS4.

If four (0 % 3/4) iron atoms of the chalcopyrite

structure (fig. 14 ) are replaced by copper atoms

the structure of CuaFeS4 (fig. 11 ) is obtained.
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1.2.,2 Structure of Chalcopyrite.

The arrangement that prevails in chalcopyrite,
CuFeSZ, is essentially a superlattice on that of
zinc blende, Though a shorter cell was earlier

described for this crystal(2?)

sy its unit cell is
an elongated tetragonal prism containing four
molecules, |

Its dimensions are(BO):

a=5,24 A, c = 10,30 A. ‘

Atoms are in special positions of va'?2 (1724):

Cu: (4a) 0 0 0; 0 1/2 1/4; B.C.

Fe: (4b) 0 0 1/2; 0 1/2 3/4; B.C.

S+ (8d) uw 1/4 1/8; W 3/4 1/8; 3/4 u 1/8;

1/4 u 7/8; B.C.

with u = ca. 1/4.

As is evident from fig. 12 the doubled c
compared to the a axis is an expression of the
way atoms alternate with one another in the
metailic planes normal to this axis. Metallic
atoms are surrounded here, as in ZnS, by tetrahedra
of sulphur atoms, while each sulphur in turn has
a tetrahedron of metallic atoms as closest neighbburs,
two of which are copper and two iron. The significant

interatomic distances are: Fe-~S = 2,20 A, Cu-S =

2,32 A, S-S = 3,56 A,
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FI1G12 A projection of the tetragonal structure of
chalcopyrite,CchSz,upon an a-face. Copper,iron
and sulphur atoms are represented by circles of
decreasing size. Wyckoff(ZS)

F1G.13 A packing drawing of the CuFeS structure
inwhich the atoms have been given their neutral

radii. The line-shaded spheres are the copper
atom s. Wyckoff(ZS)
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Structure of Orthorhombic Sulphur.

The unit cell of ordinary orthorhombic sulphur,
S, is a very large one containing 128 atoms and
having .
a = 10,467 A, b = 12,870 A, ¢ = 24,493 A (25° C)
The space group is Vﬁ4 (Fadd) with all of
these atoms in general positions. which, placing
the origiﬁ in a center of symmetry, have the
coordinates:
(32n) * (xyz; x,1/4-y, 1/4-2; 1/4-x, y,1/4~2;
1/4-x,1/4~y,2); F.C.
(31)

A recent detailed study confirms the
original determination'and results in parameters,
which though more accurate are not greatly differenf
from those established many years ago. The structure
is an assemblage of 16 SBVmolecules per cell(fig. 15)
Each molecule is a closed puckered ring of sulphur
atoms in which the S-S separation is 2.048 A and the

5-5~3 angle is ca. 107° 54', The nearest approach

of the sulphur atoms of adjacent molecules is 3.69 A.

Paramefers of the atoms in orthorhombic sulphur:

Atom < y .

s (1) 0.8554 0.9526 0.9516
s (2) 0.7844 0.0301 0.0763
S (3) . 0.7069 0.9795 0.0040

S (4) 0.7862 0.9073 0.1290

L
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F1G.15 A projection along the a, axis of the orthorhombic

unit of rhombic sulphur, showing four of its 16 molecules.

Origin in lower right. Wyec koff (28
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1.3 TIdaite

1(32’33), studying natural bornite in the

Frenze
process of decomposition, observed‘that it was
converted into a mineral he éould not analyse,
because of the small amount present in his sample.
He thought the optical properties and structure were
similar to a synthetic compound prepared by Merwin

a(34)

and Lombar and more recently synthesized by
Roseboom(35)and Yund and Kullérud(36). By deduction
Frenzel gave this new mineral the formula CuSFeS6
and he called it Idaite., Frenzel described idaite
as a supergene sulphide which is formed,
characteristically, by the alteration of bornite by
oxidation., Ramdohr(37)who had observed idaite from
hundreds of localities, pointed out that in each
instance the idaite is ap?arently the first oxidation
product of bornite. This mineral has béen recognized
in association with bornite, at Yauricocha, Pert
(Kobe(38)), in various deposits in Argentina
(Brodtkorb(Bg)), from deposits in Japan (Takeuchi
and Nambu(4o)), at Litija, Yugoslavia (Grafenauer(41)),
at Baincavroum, France (Picot(42)), at Sommerkahl,
Germany (von Gehlen(43)), at Kormerud, Norway
(Kraisse(44)), at Trattenbach, Austria (Tufar(45))
and at Copiapb, Chile (Sillitoe and Clark(46)),
Electron probe microanalyses (Levy(47)and

Sillitoe and Clark(4®)), of naturally-occurring,

Dy
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supergene idaite have shown that idaite has the
composition CusFeS, (fig. 16 ). Levy has pointed
out that the powder data given by Frenzel bears
close resemblance to the tetragonal pattern of
stannite and mawsonite ( sphalerite structure )
and that idaite, with formula Cu3FeS4,represents
FeS

the tin-free end-member of the Cu Sn

4
solid solution series. The other member ( end-

24x T -x

member) is the stannite CuZSnFeS4. Between these
there are brown stannite and orange bornite or
mawsonite,

Levy also demonstrated that natural idaite,
yields spectral reflectivity dispersion curves
( fig. 17) differing markedly from of the original

Cu FeS6 synthesized by Merwin and Lombard and

5
studied in more details by Yund(48), who gave it
the general formula CuS.S#FeXS6.5x and dimensions
a=3,77T A, ¢ = 11.18 A.

Similar measurements were done by Sillitoe
and Clark in the Reichert microphotometer of the
Geology Department (Royal School of Mines)., This
confirmed Levy's observations and supported the
difference in crystal structure between idaite
and CuBFeS4.

Frenzel and Ottemann(49)have, on the other

hand, presented microprobe data for a hypogene,
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idaite~like mineral from Nukundamu, Fiji, indicating
a composition close to CusFeS6. Hexagonal cell
parameters of a = 3.78 £ 6,001 A and ¢ = 11,18 %
0.00% A were determined for this sulphide, clearly
allyingit to the synthetic CuS.SXFeXS6.5X phase.

A second occurrence of a mineral with a
composition close to CuSFeS6, and clearly comparable
to that synthesized by Yund and Kullerud>®) and
earlier workers, was reported in Auwcanquilcha ,
chile ( Clark(®0)y,

In order to avoid confusion, Sillitoe and Clark
have recommended that the name Idaite be retained
for the probably tetragonal natural sulphide, as
originally described by Frenzel, in zones of
supergene oxidation, with the implication that the
more-rich phase reported by Frenzel and Ottemann

is in fact a new mineral,

—
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Phase Relations in the System Cu~Fe-S.

The phase relations in this ternary system
have been studied in great detail from 1100° ¢
to 25° C. The first major confribution to the
study of the system Cu-Fe-S was that of Merwin
and Lombard(34). They presented a diagram of the
phase relations at variable temperature but under
sulphur wvapour pressure of 455 mm,

Investigations of ligquidus relations in this

system were undertaken by Schlegel and Schuller(51),
(5253) (54)
14

(55)

by Jensen , by Greig, Jensen and Merwin

by Kullerud , Yund and Kullérud(Bs), Barton
and Skimmer 2%)and ¥ullerud, Yund anma Moh (57),

Although the phase relations in this system
have received so much attention, it still
remains one of the most cénfusing systems and many
important questions remain unanswered.

The tie lines between the stable phases at
700° C are shown in fig.18 and those at 25° C in
fig.19 . The first figure was taken from Yund and
Kullerud and the second from Barton and Skinner,
In the latter the dotted line corresponds to the
controversial stable join between chalcocite and

pyrite proposed by Yund and Kullerud and Barton

and Skinner. Idaite in this diagram of phase
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FIG. 18 Phase relations in the Cu-Fe-S system at 700°C e
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FI1G. 19 Phase relations in the Cu-Fe-S system at 25°C (56)
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relations is given the composition Ou5FeS6.

The main features of the Cu-Fe-~S5 phase
relations can be described in terms of the three
principal solid-solutions series (fig. 18).

The abbreviations used in fig. 18 are listed
in table 1.

The first solid-solution series is the pyrrhotite
field which is of relatively 1little importance
mineralogically.

The second solid-solution field is that extending
from a composition of CuFe283 (cubanite) to a
composition with a Cu/Fe atomic ratio of almost
2/1., This solid-solution field has a sphalerite-
type structure, is called the chalcopyrite solid-
solution field, and occurs only at high temperatures
(avove 55000). At lower temperatures the field
separates into two roots, a chalcopyrite root with
compounds having a sphalerite-like structure, and a
cubanite root 'with compounds having a wurtzite-~like
structure. _

The third solid-solution field is the large
single~phase area including, above 29000, chalcocite
(OuQS), digenite (Ou1.88) and bornite (CuBFeS4) and
is designated as bornite solid-solution field.

Extensive solid solution of chalcopyrite
(CuFeSz) in bornite (Cu5FeS4) extends the bornite

solid-solution field at about 700° c, to
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TABLE 1

Phases in the Cu-Fe~S system

Phase Abbreviation Composition
Chalcocite cc ‘ CuZS
Djurlite dj Cu1.968
Dijenite di Cu1’8S
Covellite cv - Cus
Pyrrhotite po FeS
Pyrite Py Fe82
Bornite ] bn Cu5FeS4
Sulphur-rich bornite s~=bn -
Idaite ‘ ©oid Cu5FeS6*
Chalcopyrite cp CuFe82
Cubanite cb CuFe,S

¥ In the present work Idaite is taken to have the

composition CuBFeS4.
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give a Cu/Fe ratio of less than 3.

All three solid-solution fields have marked
variations in their metal/sulphur ratios and
copper/ion ratios.

In ore deposits, with the possible exception
of those of pyrrhotite, none of the solid-solution
fields are quenched, because they reequilibrate
by exsolution and internal reactions to yield
compositions consistent with much lower temperatures.
This is consistent with the highly cation-disordered
structures in which the energy barriers are so small
between the ordered and the disordered forms, that
the disordered states cannot be gquenched,

In fig. 16 is shown a portion of the system
Cu~-Fe-S, taken from Sillitoe and Clark(46)to which
some natural idaites compositions taken from Levy(47)
were added.

This figure shows the lack of correspondence
of the anomalous bornite (nonstoichiometric
bornites) and the supergene idaite with known
synthetic phases.

One line joining normal bornite ( ()11517‘eS‘,Jr )
to the composition CuBFeS4 has also been drawn
in this figure. This join has been drawn because
it is important in the study of the solid-phase

transformations during the leaching of bornite



as performed in the present work.

This line suggests a phase equilibria between
bornite, nonstoichiometric bornite and idaite thus
prohibiting the existence of tie-lines connecting
digenite and pyrite and chalcocite and pyrite.

A1l the compositions shown in fig., 16 have

been determined by electron pfobe microanalyses.
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SECTION 2

EXPERIMENTAL PROCEDURE

2.1 Synthesis of Bornite ( CugFeS, ).

Bornite was synthesized by holding mixtures of
pure copper, iron and sulphur ( of required
stoiehiometric amounts) at 900° C for 10 days. The
technique employed involved the use of two-
compartment silica tubes of the same form as those

used by King(58)

. This tube, containing synthesized
bornite is shown in fig.20, it is possible to see
the large size of the crystals formed.

The reason for the two compartments is to avoid
contact of the melted sulphur with the copper
and iron at the beginning.of the synthesis which
would causeuncontrollably fast reaétion.

The apparatus used in the synthesis of bornite
consisted basically of a horizontal electric furnace,
specially designed to reach 1100° C, with a zone of
constant temperature at least the same lenght as
the silica tube used. A temperature profile was
constructed to find the width of the zone of constaat

temperature. The temperature was controlled by an

Ether , transitrol, electronic controller which






=59

allowed temperatures with a wvariation of only

£ 2° ¢, The input of the furnace was controlled
with a Variac agtotransformer. An ammeter was
connected to the circuit.

The temperature in the silica tube was
accurately measured with a 1%% Pt~Pt/Rh thermocouple
placed inside the furnace and in contact with the
silica tube. The potentiometer used was a Croydon,
type 4, connected to the thermocouple with compensating
wire.

This apparatus was also used for the reduction
of iron sponge with hydrogen.

The purity of the elements used as starting
materials is given in section 2,10,

Iron sponge was reduced by passing a current
of H2 over an alumina boat filled with the iron
sponge, at a temperature of 500° «.

From the weight of two rods of pure copper,
the stoichiometric amounts of sulphur and iron
needed to form hornite g CuBFeS4 ) were calculated.

The necessary amount of sulphur was weighed on
an analytical balance and then transfered to the
smaller compartment of the silica tube. The tube
was held horizontally and the Htwo copper rods
were introduced in the larger compartment, Then

the necessary amount of reduced iron powder was
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weighed on the analytical balance and then poured
into the larger compartment with the help of a
magnet and a_special funnel,

Immediately after the introduction of the
starting materials an oil diffusion pump was
connected to the open end of the tube and the system
was evacuated. With the puﬁp still working the tube
was sealed with an oxygen torch,

The sealed silica tube was placed in the
horizontal electric furnace.

Because of the initially high pressure due to
the pure sulphur vapour pressure(15’59), the tube
was heated to 600° C until all the free sulphur
had been consumed. Fig. 21, shows the vapour pressure
curve for sulphur. This curve was taken from Kullerud

(59)

and Yoder . It was constructed from the measured

sulphur vapour pressures in the range 100—55006(60)

and the extrapolation of J.R. West(61)
+ 50 ¢(62)

to the observed
critical temperature of 1,0400 and ‘an
averaged critical pressure of 118 X 31 bars based
on various approximation methods. A very recent
study by E.H. Baker(63)has confirmed the values from
fig. 21 for the range of interest but gives higher
pressures above 800° C. The mean deviation between
the calculated values using the expression

log P atm = 6.00282 — 3584,42/T

~ 2.239%4 x 1072 T + 1.14662 x 10~° 2
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and observed values for 55 measurements in this
work was 1.2 per cent. The critical pressure was
found to be 205{0 atm.,

Thus, if the furnace temperature is 750° ¢
the pressure inside the tube could be 25 atm which
can cause an explosion, When the free sulphur is
consumea by reaction with the metals, the vapour
pressure decreases gradually. Merwin and Lombard
give a pressure of 400 mm Hg at 750° ¢ for the
dissociation pressure of bornite, and even at
1000° C +this pressure is very 1ow(64); the loss
of sulphur and of metalé to the vapour is therefore,
negligible.

When all the liquid sulphur was seen to have
dissag;ared, the temperature was increased to
900° ¢ and maintained at this value for ten days.

After the ten days of synthesis the temperature
was lowered slowly (0.5° ¢/min) to 700° C,
maintained at this temperature for about 10 hours,
then cooled down again to 200° C, maintained at this
level for a further 6 hours and finally cooled
down slowly to room temperature.

The ten days of heating allowed the complete
homogenization and crystallization of the synthetic
bornite,

The mechanism of the synthesis seems to be as

follows:
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The reaction starts when the sulphur distills
onto the metals and begins the formation of the
sulphides. This formation continues with
homogenization éccurring as copper and iron diffuse
through these sulphides to the gas-solid interface.
This mechanism was confirmed by the inspection of the
final product, where the two holes left in place of
the two initial copper rods are easily seen.

When the tube was taken out of the furnace
after the synthesis, it was possible to see, through
the transparent wall of the unopenéd silica tube,
that the crystals of bornite had the brassy or tombac
colour ascribed by mineralogists to a fresh fracture
of bornite.

On opening the tube in air, the colour changed
immediately through brownish purple to the iridescent
blue of the natufal bornite.,

When this synthetic bornite is crushed in air
the brassy colour again appears on the fresh fractures.

The x-ray diffraction pattern of the synthetic
bornite had only the lines of tetragonal bornite
fig. 52a. The interplanar spacings and intensities
of the lines agree perfectly with the data of the
A.S.T.M. file (table 41, Appendix 3).

Under the polarizing microscope polished sections
of the synthetic bornite showed a pinkish colour

immediately after polishing., This colour changed to
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purple and bluish violet by oxidation. Under
polarized light the synthetic bornite showed a
very slight anisotropism.

A1l these characteristics agree pérfectly
with the optical properties of natural bornite.

Eléctron probe microanalysis showed uniformity
in composition,

However, in some small zones of the synthetic
bornite it was possible to see minute intergrowths
of another phase, Due to the small size of these
intergrowths they can only be seen under high
magnification (fig. 36). From the optical
characteristics of these intergrowths they are
presumed to be chalcocite(65’66’67).

These smail zones were not uéed in the leaching
experiments.

The synthetic bornite was stored in closed
containers to avoid excessive qxidation and only

the necessary amount for leaching, usually one

gram, was crushed.
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2.2 Single Crystal Preparation.

Several attempts were made to prepare single
crystals from the polycrgstalline bornite in the
apparatus shown in fig, 22, using a modified Bridgman
method. Basically, the method consisted of filling
the capillary hole at the bottom of the silica
container with crushed bornite. The silicé tube was
stoppered with a silica glass rod to avoid losses of
sulphur and it was then placed in a platinum crucible
hanging by a 0,008" Pt/20% Rh wire from the lowering
device at the top of the furnace.

The crucible with the bornite was lowered at
24" per hour and maintained for about one hour in the
hotest zone (1100° C)(fig. 23) to ensure melting, It
was then lowered at a rate which gave a cooling of
100° ¢ per inch.

All experiments made at pressures from 1 atm to

55 atm of N, resulted in the formation of polycrystalline

2
bornite.

One interesting observation was that the loss
of sulphur was very small even at pressures of about
6 atm of NZ' The only noticeable loss was measured
in the experiment performed at 1 atm in which the loss
of sulphur amounted to 0.2%.

The melting point determined during these runs,
from the heating curve, agreed very well with.those
determined by Kullerud(682 Borhite starts to melt at

1030°C and shows complete melting at 1060°C,
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2.5 Leaching Apparatus and Experimental Procedure.

The synthetic bornite was always leached in
a particulate form. To produce particles of the
required size, a small portién (1=2 grams) of the
synthetic lump of bornite was chosen..This portion
was crushed in an agate mortar and screened in
4" diameter nylon test-sieves to the required mesh
size. This process was usually carried out only
minutes before starting a run of leaching, to avoid
oxidation of the crushed bormite,

About one gram of this particulate, synthetic
bornite was placed in a dry and clean container
and accurately weighed on an analytical balance,

The apparatus used in the leaching consisted
of a Quickfit wide neck reaction vessel of 250  cc
volume, Joined to to a 5 hecks 1lid by a metallic
clip (fig. 24). The central neck held a mercury
seal and the shdaft of the glass stirrer. The stirrer
was a simple two blade propeller mixer which was
tested in a speﬁial run,

The thinner neck was used to hold a baffle
enmployed to produce a turbulent regime during the
leaching.

The thermometer was placed on the opposite

side to the baffle, thus providing at the same
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time a symmetric baffling of the solution. In one
of the remaining necks a condenser was fittéd iﬁ
order to reduce losses by evaporation in the runs
carried out at high temperatures..The neck used

for sampling was the opposite to the condenser,

‘ The whole system described above was immersed
in an oil bath to the level of the vessel-lid joint,

The oil bath used was a 27 cm wide by 52 cm
long TECAM CTB~2 constant temperature bath. Some
specifications of this bath are:

Heater size TE-4 2000 watts.

Tenperature range ~20° ¢ +200° ¢

Temperature semsitivity % 0.05° C

The stirrer was connected by a rubber joint
to a RTZ motor of variable speed.

For some runs at low temperature it was
necessary to use a cooling device which
consisted of a lead coil connected to the mains
water tap and immersed in the o0il bath,

The stirred 1eaching.reaction vessel took
two hours to come to thermal equilibrium with
the oil bath,

The leaching procedure was as follow:

The leaching solution, usually 250 cc of
ferric sulphéte solution of the appropiate

concentration , was prepared by dissolving the
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necessary amount of previously weighed ferric
sulphate powder in dilute sulphuric acid of the
required strength.

With the leaching solution at the required
temperature the synthetic bornite was poured into
the reaction vessel,

Aliguots of leach liquor were extracted from
the reaction vessel every 3, 5 or 15 minutes during
the early part of the runs and every 30 minutes or
1 hour subsequently, The aliquots were extracted
with 1 cc pipettes and diluted, with dilute sulphuric
acid, to the volume required for the analysis, using
polythene stoppered volumetric flasks.,

At the end of the leaching run the reaction
vessel was taken out of the oil bath and the contents
filtered through_Whatman filter paper w° 542, to
separate the solid residue from the leaching solution,
The latter was stored and the solid residue washed
several times with water and acetone and then dried

in a hot air oven at 70O C for 24 hours.
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2.4 Analysis of the Leach Solution.

Initially a colorimetric method of analysis was
used. These analyses were performed in a UVISPEK
Hilger UV and visible spectrofotometer.

The copper was analysed using sodium

(69), this reagent, if added

diethyldithiocarbamate
to a slightly acidic or ammoniacal solution of
copper (II) in low concentration, producés a brown
colloidal suspension of the cupric dithiocarbamate,
but it is far better to extract the coloured copper
complex, which is soluble in chloroform and other
organic solvents.

~The interference of iron was prevented by
complexing with disodium ethylenediaminetetraacetate
( E.D.T.A.). Chloroform was used for the extraction
of the copper complex because chloroform solutions
are more stable ( for at least 30 minutes in bright
‘daylight and several hours in difuse daylight) and
disolve more of the copper carbamate than carbon
tetrachloride.

The procedure used was as follow: 5 cc of ammonium
citrate and 10 cc of sodium ethylenediaminetetra-
acetate were added to the sample solution and
followed by concentrated ammonia until a pH-meter

ghowed about pH 8.5. The solution was diluted to



-7 3

about 50 c¢cc and transferred to a separating funnel,
5 co of sodium diethyldithiocarbamate solution and
10 cc of chloroform were added and the funnel was
shaken vigorously for 1-2 minutes. The chloroform
extract was removed and placed in a 25 cc volumetric
flask, 5 cc of chloroform were added to the
remaining solution in the funnel and the chloroform
extract again removed, This step was repeated once
more. The combined extracts were diluted to 25 cc
with chloroform . The absorbance was measured at
435 nm,

However, because atomic absorption analyses
gave the same accuracy and it is a far faster and
easier method, all the analyses of copper and iron
from leach solutions were made in the atomic absorption
spectrophotometer. |

The apparatus used was a single beam Perkin
Elmer 290 B atomic absorption spectrophotometer
joined to a Honeywell Electronik 194 recorder,

Standard solutions for copper and iron were
prepared from 1000 ppm analar stock solutions using
diluted sulphuric acid of the same strength as that
used for the leaching.

Before the analyses, a calibration curve using
the standardswas always drawn. Fig. 25 shows a

typical calibration curve using deflection vs. ppm.
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Most of the analyses were made using a
multielement lamp and a 2" burner. The wavelengh
position used for copper was 2483 A and for iron
5247 A, The slit for spectral width was 2 A for
Cu and Fe (702

The initial and final pH readings of the
leach solutions were made using a "Dynacap" pH
meter equipped with Pye Ingold type 401 combined

glass and reference electrodes.



2.5 X~ray Diffraction.

X~ray diffraction was used to check the
purity of the synthetic bornite and to analyze
the residues of the leaching.

A Philips generator of 1 KW,type 1009 with
filament current stabilizer to 1% was used.

The camera used was a Debye-Scherrer camera
of 114.83 mm diameter,

The dried sample was crushed in an agate
mortar and sieved to obtain a -320 mesh powder.
This powder was put into a 0.2 mm glass capillary
tube and this tube was then placed in the Debye-
Scherrer camera.

The camera was loaded with Ilford Industrial
G £ilm,

In most of the x-ray analyses a Cu target
VWas used , but in some, Co radiation was used
instead,

The operating conditions of the Cu target
were, usually, 40 KV and 20 mA with a Ni filter,
The usual time of exposure for these operating
conditions was 3 hours for the high intensity
windows and 16 hours for the others.

After the necessary development, the films

were measured using a film measuring ruler
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(Hilger & Watts) with 1 vernier div. = 0.05 mm.

Calculation of the d spacings and other cell
parameters were performed using tables and a
electronic desk calculator,

Intensities of reflections were estimated
by visuwal comparison.

Some x-ray diffraction analyses of the
synthetic bornite were performed in a Philips
diffractometer using a 2 KW, ultra stable, high
voltage Philips generator. Type PW 1310. The
tube current and high voltage are stabilized to
within 0.03 % for main fluctuations of X 10 %.
This gives a very high reproducibility of results.

Cu radiation, a Ni filter and an internal
quartz standard were used,

Several speeds of scanning and diameters of
slits were tried until the best combination was

found.,
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2,6 Microscopic Analysis.

The microscopic observations and photomicrography
of polished samples were performed in a Reichert
Universal Camera Microscope MeF, This is an inverted
instrument fitted with a camera-back and a Reichert
Remiphot exposuremeter, This works with transmited
or reflected, normal or polarized light and is suitable
for working from macro to oil immersion objetives.

The samples were mounted in Seemar or Araldite
resins, then ground, first on emery paper and then
on 8 micron and 1 micron diamond impregnated cloth
laps, using an automaiic Streuers Polisher,

Photomicrographs were taken on standard 5x4
plates and then printed.

The colour photomicrographs with polarized
light were taken on 35 mm High Speed Kodachrome

film for slides and then printed.
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2.7 ZElectron Probe Microanalysis.

A Cambridge Microscan X-ray Analyser was used
in the microanalyses of the different samples.

Fig.26 shows a schematic representation of the
electron microprobe.

Some of the more important specifications of
the apparatus used are given below:

Probe diameter : 14

Scanning area : Up to 4 mm square.

Magnification : 250x to 3000x.

Resolution (electron image) : Usually better

than 1p .

Resolution (x~ray image) : Approximately 1M .

Range of elements : 12-92 (Magnesium to Uranium).

Accuracy for quantitative analysis: Usually

+ 1.0 % or better.

A built-in low power optical microscope is used
to assist in accurately locating the field of
interest on the specimen,

The x-~ray spectrometer is a compact semi~-
focusing vacuum type equipped with 4 gurved analysis
crystals (3 lithium fluoride and 1 P.E;T. (penta~
erythritol) which can be rotated to cover the entire
Bragg angle range from 10° to 65°. For gquantitative

analysis the appropiate crystals are in turn
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rotated through the Bragg angles of the selected
elements. The intensity of these reflected x-rays
is measured by photomultiplier tubes and a pulse
counter., These intensities are then compared with
similar reflections produced from pure standards,

Specimens for the Microscan were prepared in
exactly the same form as for a normal microscopic
examination (section 2.6 ). The surface of the
sample must be electrically conducting and non-
conductors are vacuum-sputtered with carbon or
aluminigm.

Measurements were made at a number of fixed
spots, chosen at random over the surface of an
homogenous specimen.

The standards used were pure elements in the
case of copper and iron, and in the case of sulphur
pyrite was used. Corrections were applied to account
for the following effects(72):

1) Absorption: due to the fact that the standard
and the specimen absprb the emitted radiation by
different amounts,

2) Overvoltage: as the effective range of the
incident electrons varies with the critical excitation
energy of the x-ray lines being generated.,

3) Atomic Number effect : because of the

differences in the percentage of electrons backscattered
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by the standard and the specimen, and the difference
in electron retardation and x-ray production efficiency
due to the difference in atomic number.

4) Characteristic Fluorescence: to allow for
the production of radiation of one wavelength produced
by characteristic radiation of another wavelength.

5) Background Fluorescence:since additional
radiation at any particular wavelength may be excited
by the continous background radiation,

An & correction procedure was applied using a

formula of the type:

Cx =

( 1 + X, 0y +XpCh + "')STD

% E1

uncorrected % of element concerned
Cx : corrected % of element concerned
C. : concentration of the other elements i
in the phase concerned.
™, ¢ appropriate c(i values taken from a table
specially prepared by T. Kelly(73).
(Subscripts 1,2, etc. refer +to the phase analysed
A,B, etc. refer to the standards).

This method is suitable for use with a desk

calculator and is essentially a repetitive process.
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2.8 Reflectivitvy Measurements.

A Reichert Reflex Spectral Microphotometer
attached to a Reichert Zetopan microscope was
used (fig. 27).

The instrument is composed essentially of a
dialectric strip monochromator, ranging from 400
to 700 nm, together with a photomultiplier circuit
of high stabilization specifications with dark
current compensation., An ingenous mirror diaphragm
optical system, of variable aperture, enables areas
as small as 1 to be measured at half-height
bandwidths of 2-~5 nm. This instrument, which is in
normal use in the Royal School of Mines, combines
simplicity of operation with consistent precision
and linear response(74).

The standard chosen for the comparison of
reflective power was pyrite, and the calibration
made by B. Vaugham in December 1967 was used.

The deflections in the recording instrument
of the sample and the standard were measured several
times for each specimen, After taking the average
of the readings the reflectivity was calculated

by the simple formula:

R % = Deflection value of unknown % k
Deflection value of standard

when k = calibrated reflectivity of standard.
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2.9 Dengitvy Measurements.

A pycnometer and a micro balance were used
for the density measurements. The pycnometer was
chosen because the material to measure the density
was in powder form(75).

The following steps were followed in the
density determinations: First, the powder was
washed in absolute alcohol A.R. and dried in a
hot air oven to a constant weight. The weighing
was accurately performed on a micro balance. The
empty pycnometer was also dried in the hot air oven
and weighed on the micro balance,

The pycnometer was filled with distilled water.
In order to eliminate air bubbles included
among the mineral particles the bottle was
suspended in a beaker filled with water and
maintained at 50° C. A rubber pipe conected the mneck
of the bottle to a vacuum system and in this way
all the entraped air was removed and all the
particles were collected at the bottom of the
bottle.

Because a temperature control is essentiai,
in order to avoid any variation in the volume of
water, the bottle was suspended in a 1 liter

beaker filled with distilled water. This beaker
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was immersed in an oil bath with a constant
temperature of 25° €., When the system reached
an equilibrium the bottle was filled and the
stopper replaced. Special care was taken to
ensure that the water reached the top of the
capillary tube. The small excess was wiped off
with a soft tissue and the bottle was taken to
the balance room to be weighed on the micro
balande.

After taking the powder out, the pycnometer
was again filled with water in the same manner as
described above, using the oil bath at exactly
the same temperature as before (25° C).

Finally, the pycnometer filled with distilled
water was weighed on the micro balance,

The density was determined using the formula:

~ M= A
(P+M~A~-8)zx v,

D =

Where

=
|

= Weight of the pycnometer containing solid

Weight of the empty pycnometer

H

Hd
n

Weight of the pycnometer filled with
distilled water

Weight of the pycnometer filled with solid

n
]

and distilled water

Vt= Correction factor to relate the volumes of

water at 250 C and at 40 Ce
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2.10 Puritv of Materials.

a) Copper Rod (5 mm diameter by 15 cm long)

Spe¢trographically pure rods (Johnson
Matthey).

Spectrographic examination:

Element Estimate of guantity present
Silver : 5 ppm
Lead ‘ 3 ppm
Nickel 1 ppm
Silicon 1 ppm
Bismuth
Cadmium
each less than 1 ppm
Iron
Magnesium

b.) Sulphur (powder) .
Spectrographically pure sulphur (Johnson
Matthey).

Spectrographic examination:

Element Estimate of quanti