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Abstract

The investigation focuses on an alternative route to metallic phase extraction from
complex Cu-Co-Fe mineral sulphide concentrates, from the Copperbelt region in
Zambia. In the context of developing a novel process route for metal extraction without
SO, gas emission and slag waste generation, the reduction of Cu-Co-Fe mineral
sulphide concentrates via carbothermic reduction in the presence of lime (CaO) by
following the equilibrium: MS + CaO + C = M + CaS + CO(g), where M represents the
metallic Cu, Co and Fe, was studied. The reduction experiments were carried out in a
temperature range of 1073 K - 1573 K, under argon atmosphere. The extent of
metallization was analyzed by plotting the percentage reduction (%R) for each reaction
against time (t). The reacted and partially reacted samples were characterised by X-ray
powder diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive
X-ray (EDX) techniques. SEM-EDX analysis of the reduced samples showed that the
purity of the metallic/alloy phases were over 97 wt.%. The reduced samples were
subjected to magnetic separation for separating out the metallic/alloy phases from CasS,
excess CaO and gangue minerals. The regeneration of CaO from CaS and utilisation of
CaS were investigated.

The effects of reduction temperature, type of carbon and mole ratios of CaO and
C were investigated. Complete reduction/metallisation occurred within 2 hours above
1173 K and 1273 K with carbon black and graphite, respectively. Carbon black was
found to be a better reductant as there was excessive sintering between the metallic and
CaS phases, in the reduction with graphite. However, the mole ratio of carbon black
should be slightly higher than that of CaO, because of; (i) consumption of part of CaO
by the gangue minerals (SiO, and Al,O3) at lower mole ratio of C than CaO (e.g.
MS:Ca0:C = 1:2:1) and (ii) incomplete reduction at very high mole ratio of C than CaO
CaO (e.g. MS:CaO:C = 1:2:4), at T < 1323 K. The reaction mechanisms were studied
by stopping the reduction experiments at different times and characterising the partially
reacted samples. The metallisation of Fe occured via reduction of the intermediate phase
of Fe-O (FeO and Fe;04) at C(carbon black) > CaO (mole ratio). There was broad
agreement between the experimental results and the thermodynamic predictions.

The low temperature (< 1123 K) metallisation of Cu, Co and Fe was achieved
via lime roast — reduction process. The mineral sulphide concentrates were roasted in air
(21 % O,), in the presence of CaO by following the equilibrium: MS + CaO + 20, =

MO + CaSQ,, in the temperature range of 773 K — 923 K. The lime roast calcine was
ii



reduced at 1073 K and 1123 K with; (i) carbon black for the selective metallisation of
Cu and for retaining the CaSO, phase and (ii) activated charcoal for the complete
metallisation of Cu, Co and Fe by following the equilibrium: MO + CaSO,4+ 4C =M +
CaS +4CO (g).

Because copper smelting slag is the major source of Cu and Co, the low
temperature recovery of Cu and Co from a 40wt.%SiO,-(30wt.%Fe,6wt.%Al),03-
10wt%CaO-7wt%CuO-7wt%CoO slag over a temperature range of 1173 K to 1323 K,
was investigated via; (i) carbothermic reduction of metal oxides according to MO + C =
M + CO(g) reaction and (ii) sulphidisation in the presence of CaSO,4 and C according to
MO + CaSO, +SiO; + 4C = MS + CaSiO3 + 4CO reaction. In the direct reduction of
oxides, the recovery of metallic phase was below 90 % at 1323 K. Nearly all Cu, Co
and Fe converted to metal sulphides or matte phase during sulphidisation of the slag.
The reaction kinetics for the sulphidisation of slag in the presence of CaSO,4 and C were
determined. The sulphidised slag was reduced in the presence of CaO and C to obtain
metallic/alloy, CaS and CaO rich slag phases. The metallic particles produced via
sulphidisation — carbothermic reduction route were larger than those produced by direct
reduction of the slag. The sulphidisation of slag in the presence of CaS via MO + CaS +

SiO, = MS + CaSiOj3 reaction, was also investigated.
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1.0 Introduction

Copper is widely used in construction and electric cables [1]. Cobalt and its alloys have
important applications in the areas of energy storage in lithium cobalt oxide batteries,
high temperature alloys [2] and cobalt alloy based magnetic materials [3, 4] for
transduction devices [5, 6]. The detailed applications of copper and cobalt and their
respective alloys are discussed in references [7] and [5, 6], respectively.

A majority of copper and cobalt are not found in the pure or metallic state but in
the form of complex sulphide and/or oxide minerals [6, 8]. The copper and cobalt
mineral sulphides are associated with iron in the form of chalcopyrite (CuFeS;), bornite
(CusFeS,) and cobaltian pyrite (Fe,C0)S,[9] minerals. The concentration of the Cu-Co-
Fe mineral sulphides is very low in the ore bodies, due to the presence of impurities or
gangue minerals. The total amount of copper in the ore bodies rarely exceeds 5 wt. %
[8]. The extraction of Cu and Co from the ores containing high gangue content is
uneconomical because of; (i) handling costs and (ii) high energy requirement as more
heat is spent in melting of the gangue minerals, in the case of the high temperature
extraction process [8, 10]. As a result, the Cu and Co mineral ores from the mine are
beneficiated prior to the extraction process [8, 10-12]. Beneficiation is aimed at
separating the mineral sulphides (Cu and Co mineral sulphides) from the gangue
minerals.

Even though there are many beneficiation techniques through which mineral
sulphides may be concentrated, the copper and cobalt mineral sulphides are normally
concentrated via froth flotation process [11]. The iron mineral sulphides (FeS;, and FeS)
float with the copper and cobalt mineral sulphides during the froth flotation process.
Consequently, the Cu-Co mineral sulphide concentrates may contain more iron than
copper and cobalt. The froth flotation mineral sulphide concentrates also contain gangue
minerals as the separation of mineral sulphides from the gangue minerals is never 100
% efficient [13]. The major consitituents of the froth flotation concentrates from the

Copperbelt province in Zambia are presented in table 1.1.



Table 1.1 — Major constituents of the froth flotation concentrates from the Copperbelt

province in Zambia

Mineral Chemical formula
Chalcocite Cu,S
Chalcopyrite CuFeS,

Bornite CusFeS,

Carrolite CuCo,S,4
Cobaltian pyrite (Fe,Co)S2

Pyrite FeS,

Quartz SiO;

Dolomite CaMg(COs3),
K-feldspar KAISi3;O0g

1.1 Conventional treatment of Cu-Co mineral sulphide concentrates

The common methods of recovering Cu and Co from their respective mineral sulphides
are pyrometallurgical, hydrometallurgical or a combination of pyrometallurgical and
hydrometallurgical processes [11]. By comparison, nearly 90 % of the copper
originating from the sulphide minerals is recovered via pyrometallurgical or smelting

process [8, 11].

1.1.1 Pyrometallurgical or smelting process

In the pyrometallurgical recovery of copper from the mineral sulphides, the mineral
sulphide concentrates are smelted in a temperature range of 1473 K — 1673 K [14, 15].
Iron and sulphur are removed from the mineral sulphides (Cu,S, CuFeS, and CusFeS,
etc.) via selective oxidation. In the conventional copper smelting process, the
production of copper or removal of iron and sulphur takes place via copper matte
smelting [16] and converting processes [11, 12]. In the copper matte smelting process,
iron and sulphur are partially oxidised according to equation 1.1a and, a copper rich
sulphide or matte phase (Cu,S.FeS) is produced. The partial pressure of the O, gas is
carefully controlled during copper smelting process, to avoid oxidation of FeO to Fe;O,.
The Fe;04 phase is undesirable because it is solid at the copper smelting temperature as
it has a melting temperature of 1871 K. A fluxing agent (SiO,;) may be added for
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lowering the activity of FeO via formation of FeSiO3 liquid phase (equation 1.1Db),
depending on the composition of the feed concentrates. The gangue minerals from the
mineral sulphide concentrates dissolve in the FeSiOgs liquid phase to form the molten
slag phase. The molten matte and slag phases separate out during smelting, due to phase
immiscibility. The matte phase being heavier than the slag phase sinks to the bottom of
the furnace. The basic principle of the copper matte smelting process is that; (i) the
oxidised metallic phases (CoO, Cu,0, CuO) dissolve into the molten slag phase as they
are less denser and soluble into the silicate slag phase and (ii) metallic and metal
sulphide phase which might include the precious metals dissolve into the molten matte

phase.

2CuFes, (1) + 2,50, (g) = Cu,S - FeS(l) + FeO(l) + 250, (g) 1.1a
FeO(l, s) + SiO, (s) = FeSiO, (1) 1.1b
Cu,S - FeS(l) + 0, (g) = Cu,S(I) + FeO(l) + SO, (g) 1.1c
Cu,S(1) +0,(g) = 2Cu(l) + SO, () 1.1d

The matte phase from the smelting process has 10 wt.% - 79 wt. % Cu and maybe
classified as low, medium and high grade copper matte as shown in table 1.2 [15]. The
high grade copper matte is also known as white metal as its composition is close to
Cu,S [11, 15].

Table 1.2 - Typical analysis of copper smelting matte in weight percent (wt. %)

Range of composition for Cu, Fe and S

Cu Fe S
High grade matte 45-79 1-15 20 - 22
Medium grade matte 30 - 45 25 - 37 24 - 27
Low grade matte 10-30 37 - 50 22 - 24

Iron and sulphur in the mate phase are removed in the converting process [11]. The

converting of copper matte occurs in two stages:



Q) Slag forming stage in which iron and part of sulphur are removed via equation
1.1c. Silica (SiOy) is added as a fluxing agent during the slag forming stage to
react with, FeO and form the molten FeSiO3 phase as shown in equation 1.1b.
The slag forming stage is completed when the iron content in the copper matte
is below 1wt. % [11]. The converting process is generally more oxidizing than
the copper matte smelting process such that any cobalt in the matte phase and
part of copper are oxidized and subsequently lost into the slag phase.

(i)  Copper making stage, involves the oxidation of the remaining sulphur to
produce blister copper and the main reaction is shown in equation 1.1d.

The production of Cu via copper matte smelting - converting route has some

environmental issues due to the release of SO, gas (see equations 1.1a, 1.1c and 1.1d).

The SO, gas released in reactions 1.1a, 1.1c and 1.1d, which is generic to both the

smelting and converting processes, is only available in dilute form and is, therefore,

uneconomical for sulphuric acid manufacture. Lack of control over SO, gas emission
may seriously endanger the lives of people, animals, and the eco-system through acid

rain.

1.1.1.1 Direct-to-blister copper smelting

The direct-to-blister copper smelting process combines the copper smelting and
converting processes, i.e. the copper sulphide concentrates are reacted with enriched air
or oxygen gas to give blister copper and slag phases, in a single process. The major
reactions that occur in the direct-to-blister copper smelting process are shown in
equations 1.2a — 1.2c. The off-gas can be as high as 30% SO, and hence sulphur can be
fixed as sulphuric acid or elemental sulphur. In other words, the direct-to-blister copper
smelting process is environmentally friendly, because nearly all sulphur can be

converted to sulphuric acid or elemental sulphur.

Cu,S () +0, (g) =2Cu(l) + SO,(9) 1.2a

CuFeS, (I) + 2.50, (I) = Cu(l) + FeO(s,l) + 2SO, (g) 1.2b

Cu,S.FeS.CoS(1) + 40,(g) =Cu(l) + FeO(s,l) +CoO(l)+3S0,(9) 1.2¢c



However, the direct-to-blister copper smelting process is economically viable only with
feed concentrates having high ratios of Cu/S and Cu/Fe, because of oxidation of copper
at lower ratios of Cu/S and Cu/Fe. As state above, most copper sulphide concentrates
have low ratios of Cu/S and Cu/Fe, due to the presence of CuFeS, and FeS, minerals
and hence different types of feed concentrates are blended prior to the direct-to-blister
copper smelting process. For example, the CuFeS; and FeS, mineral rich concentrates
may be blended with the Cu,S mineral rich concentrates, for increasing the ratios of
Cu/Fe and Cu/S.

At Nchanga smelter in Zambia, the copper concentrates containing about 0.4 wt. %
Co, 35 wt. % Cu, 25 wt. % Fe and 15 wt.% S, are smelted to blister copper. However,
all cobalt and nearly 20 wt. % of the copper [17, 18] from the mineral sulphide
concentrates, are lost out into the slag phase via oxidation, owing to the strong oxidising
conditions. The molten slag is reduced with coke for reduction of Cu and Co oxide
phase. The reduction of the slag phase is carried out in two separate electric furnaces.
The first furnace is known as the slag cleaning furnace (SCF) and is operated under
mildly reducing condition to allow for the selective reduction or recovery of copper.
Therefore, blister copper and slag phases are produced from the slag cleaning furnace.
The slag from the slag cleaning furnace contains up to 5 wt.% Cu and 0.8 wt. % Co and,
it is treated under more reducing conditions, in the cobalt recovery furnace (CRF) to
produce the Cu-Co-Fe alloy. The Cu-Co-Fe alloy has a high liquidus temperature, due
to the high content of Fe and hence, fresh sulphide concentrates are injected into the
molten bath to produce sulphur containing Cu-Co-Fe alloy phase. The sulphur
containing Cu-Co-Fe alloy phase has up to 15 wt. % sulphur and is processed
hydrometallurgically, for the recovery of copper and cobalt metals. The simplified flow

sheet for the Nchanga smelter in Zambia is shown in figure 1.1.
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Figure 1.1 - Simplified process flow sheet at the Nchanga smelter plant in Zambia

Although the direct-to-blister copper smelting process is environmentally friendly, there
are a number of drawbacks for treating the Cu-Co-Fe mineral sulphide concentrates, as:
i.  Cobalt and part of copper are lost into the slag phase, thereby requiring two
additional electric furnaces (slag cleaning and cobalt recovery furnaces), and
both operating above 1573 K (see figure 1.1).
ii.  The Cu-Co-Fe alloy phase from the second electric furnace has low purity as
it contains up to 15 wt. % sulphur.
iii.  There is need for strict control of the ratios of Cu/S and Cu/Fe in the feed
concentrates and hence the process is not possible for certain type of mineral

sulphide concentrates.

1.1.1.2 Loss of Cu and Co into the slag

Even though various studies have revealed that the copper and cobalt from the copper
smelting and converting slag, exists in the metallic, metal sulphide (matte) and metal
oxide forms, a majority are in the oxide form [19, 20]. This shows that oxidation is the
main cause for the loss of copper and cobalt, during the conventional smelting and
converting processes. By comparison, only part of copper is oxidised but nearly all

cobalt is oxidised during the conventional copper smelting and converting processes



[21]. The high loss of cobalt into the slag phase is because of the higher stability of the
cobalt oxide phase. The higher stability of the Co-O phase and the acidic nature of the
copper smelting slag, mean that the Co-O reacts with SiO; to form cobalt silicate (figure
1.2) and dissolves in the slag phase. The thermodynamic prediction in figure 1.2 shows
that Cu and Co can be recovered during smelting process at 1og;0PO,(atm) < -10.8.
However, conventional copper smelting processes are carried out at -5 > l0og;oPO-(atm)
< -6.5 such that Co is oxidised and lost into the slag phase.

The Cu and Co content in the Nkana slag dump in Zambia can be as high as 3.9
wt. % [20] and 2.6 wt. % [22], respectively, which makes the metal extraction
uneconomical as metallic cobalt has to be recovered from the slag phase. By comparing
the spot metal price for cobalt and copper from London Metal Exchange in June 2014
(>$30,000 per tonne for cobalt compared with the $6700 per tonne for copper), the 2.6
wt. % cobalt in slag is equivalent to 11.7 wt. % copper in the slag. In fact, the 2.6 wt. %
cobalt in slag is actually more than the physical value found in natural minerals. The
price differential compels that the cobalt recovery from slag is essential, which is an
energy inefficient process because it requires temperatures higher than 1773 K to re-
melt the Cu-Co slag, [22, 23].

W - By

Cu-Fe-Co-0-8-8i, 1473 K
Fe/(Cu+Fe+Co) = 0.5, Co/(Cu+Fe+Co) = 0.4, log,,a(Si0O,(s)) =0

&
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B=CuFeS,+ FeS+ CoS,
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Figure 1.2 —The Co-Cu-S-O predominance area diagram at 1473 K, computed from the
FactSage software 6.1 [24]



1.1.1.3 Recovery of Cu and Co from slag

Leaching — electro-winning process is the method by which metallic cobalt and copper
may be recovered from there oxides [11]. However, the cobalt and copper oxides in the
slag, are mainly dissolved in the silicate and ferrite phases [15, 25]. The dissolved
copper and cobalt oxides cannot be selectively leached out, irrespective of the lixiviant
employed, unless the silicates and ferrites structures are destroyed or leached out as well.
Furthermore, iron is more abundant and is present in much higher concentration than
copper and cobalt. The worst problem is that the partially leached silica significantly
interferes with filtration [25, 26]. The two problems are the major challenges to the
hydrometallurgical extraction of copper and cobalt from slag, which could otherwise be
the easiest.

Chambishi Metals PLC in Zambia treats the Nkana slag dump. The slag is
initially crushed, ground to fine particles (< 100 pm). The ground slag is mixed with
malachite (Cu,CO3(OH),), pyrite (FeS,) and carbon and, smelted at about 1823 K to
produce the molten Cu-Co-Fe alloy and slag phases. The temperature of the molten Cu-
Fe-Co alloy is raised to 1873 K and the alloy is atomized by subjecting it to the high
pressure water stream to produce fine particles [22]. Normal leaching of this alloy is a
problem because iron is equally leached out. As a result, the atomized alloy particulates
are leached under high temperature and pressure in an autoclave, to form copper and
cobalt sulphates and, iron oxide / hydroxide precipitates. The summary of the process
flow sheet at Chambishi Metals plant is given in figure 1.3. The energy and operation
costs for smelting the slag at 1823 K and autoclave leaching of the Cu-Fe-Co alloy are
generally high. The cost of energy consumption is continuously rising which can have

an unfavourable effect on the recovery of cobalt by making it economically unviable.



Malachite ore
+ flux + carbon

Communition Smelting Slag.
~ 1523K To discard

Nkana dump slag
~19% Co lCu-Co-Fe alloy
~1.5% Cu
Auto-clave leaching Atomisation High pressure
High temp and pressure ~1873K stream
Copper
s o Copper cathodes
Electro-winning
Fe,0,/Fe(OH),

To discard l
Cobalt Cobalt cathodes
Electro-winning

Figure 1.3 — Simplified process flow sheet for treating Nkana dump slag at the
Chambishi Metals PLC, modified from Barnes and Jones [27]

1.1.1 Pyro-hydrometallurgical processes

The copper-cobalt sulphide concentrates are sometimes treated through pyro-
hydrometallurical (roast - leach) route, because of the high losses of cobalt that occurs
during the conventional copper smelting and converting processes [21]. Roasting is
carried out prior to hydrometallurgical processing, to convert the mineral sulphides into
acid soluble compounds (i.e. metal oxides and/or sulphates). In essence, oxygen gas is
blown into the feed material and the overall reactions that occur between the mineral
sulphides and oxygen gas are shown in reactions 1.3a - 1.3d. There is a great need for
controlling reaction temperature and time so as to avoid the formation of copper and
cobalt ferrites. Copper and cobalt ferrites are undesirable in the roast calcine as they can
only be leached out in very strong sulphuric acid. Therefore, a good roast calcine should
have metal oxides and sulphates and, this is favoured by low roasting temperature
(below 973 K) [28]. However, the reactions are very slow at low roasting temperature
such that dilute SO, off-gas is generated. The production of dilute SO, off-gas is

unattractive because SO, gas cannot be economically converted into sulphuric acid or



elemental sulphur, which are the common methods of preventing the emission of SO,

gas into the environment [10, 11].

CuCo,S, +50, = CuO +CoO +4S0, 1.3a
CuCo,S, +70, =CuSO, +2CoSO, + SO, 1.3b
CuFeS, +3.250, (g) = CuO +0.5Fe, O, +2S0, () 1.3c
CuFeS, +3.750,(g) =CuSO, +0.5Fe, O, + SO, (9) 1.3d

The Cu-Co ores from the Nkana mine in Zambia are treated by bulk and segregation
flotation processes to produce streams of Cu and Cu-Co concentrates as shown in figure
1.4. The Cu-Co concentrates have a typical assay grade of 10 wt. % Cu and 2 wt. % Co
and 20 wt. % S and are known as the Cu-Co sulphide concentrate because of the value
of cobalt compared to copper, in the concentrates. Conventional smelting of such
concentrates (low grade concentrates) generates high tonnage of slag per ton of the
metallic phase and hence metal loss via entrainment tends to be high [11]. The worst
problem is that nearly all cobalt in the mineral sulphide concentrates is oxidised and
dissolve in the slag phase during the smelting process. As a result, the Nkana Cu-Co
concentrates are treated via roast — leach — electro-winning process. The mineral
concentrates are roasted at temperatures below 973 K, to produce copper and cobalt
oxides / sulphates. The roast calcine is leached with sulphuric acid to dissolve Cu and
Co. The leach solution is separated from the leach residue and copper is recovered from
the purified leach solution via electro-winning process. Cobalt is precipitated as
Co(OH), from the copper tank house spent electrolyte at a pH of 6.5 — 7 [29] and then
dissolved in sulphuric acid. Cobalt is then recovered from the solution via electro-
winning process. The simplified process flow sheet is shown in figure 1.4. The
disadvantages of the roast - leach - electro-winning process are:
I. Adilute SO, off-gas is generated from the roaster plant and hence the fixation of
sulphur via sulphuric acid or elemental sulphur production, is uneconomical.
The dilute SO, gas is commonly vented into the atmosphere at Nkana Cu-Co

roaster, resulting into serious environmental pollution.
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ii. A significant amount of lime (CaQ) is consumed in the prepitation of Co(OH)s,.
CaO converts to CaSO4 but the later is not utilised at the moment [29].

iii.  High loss of Co during the precipitation process [29].

iv. Silver and precious metals that are normally present in the mineral sulphide

concentrates [10] cannot be recovered because they are not soluble in sulphuric

acid.
Cu-Co Cu - Concentrate
Ore Communition Flotation Segregation ~30%Cu, 0.5%Co
Cu-Co-Fe-S (to smelter)
Concentrates
Co - Concentrate
Gangue minerals ~10%Cu, 2%Co
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prmmmmm———————- , H.S0, 0, gas Dilute SO, off-gas
) \ ‘ To atmosphere
! v
|
Solid waste ! | Solid/liquid ) ——
Todiscard " 1| separation Leaching MRk
1
I
] Spent electrolyte
: CaO HZSO4 ,- _________ .
I
: |
Cu Purification and Co o
electro-winning precuoltatlon Co(OH), dlssolutlon electro-winning

| |

Cu cathodes CaSO4 Co cathodes

Figure 1.4 - Simplified process flow sheet for treating Cu-Co ore at Nkana plant,

modified from Mututubanya [29]
1.2 Carbothermic reduction of mineral sulphides in the presence of CaO

Calcium forms one of the stable sulphides and is readily available in the form of
calcium oxide (CaO) [10]. However, calcium oxide is more stable than calcium sulphide
[10], and hence the Gibbs energy change for reaction 1.4a is positive at all temperatures.
On the other hand, reaction 1.4a can be driven in the forward direction in the presence
of carbon (equation 1.4b), because of the entropy increase, since 2 moles of CO gas are

produced per mole of sulphur gas.

2Ca0 +S, = 2CaS + 0, 1.4a
11



2Ca0 + S, +2C =2CaS +2CO 1.4b

Based on reaction 1.4b, sulphur can be removed from the metal sulphides in the
presence of CaO to yield metallic, CaS and CO gas phases , as shown in equation 1.5a
[10, 30, 31]. The carbothermic reduction of the mineral sulphides in the presence of
lime has been carried out by a number of authors [30, 32-38]. The mechanism leading to
the reduction of mineral sulphides has been proposed by Jha et al., [30, 35, 38]. It
occurs via two stages; (i) ion exchange reaction between the mineral or metal sulphides
(MS) and CaO as shown in equation 1.5b, (ii) reduction of the metal oxide (MO) phase
by carbon and intermediate gas (CO) as shown in reactions 1.5c and 1.5d. The CO, gas

from equation 1.5d can react with C to generate CO gas according to equation 1.5e.

MS (s, 1) +CaO(s) + C = MO(s, I) + CaS(s) + CO(q) 1.5a
MS (s, 1) +CaO(s) = MO(s, 1) + CaS(s) 1.5b
MO(s, ) +C(s) = M(s,1) + CO(q) 1.5¢
MO(s,1) +CO(s) = M(s,1) + CO,(9) 1.5d
CO,(g) +C(s)=2CO(g) 1.5e

Where MS is the metal sulphide phase, MO is the metal oxide phase and M is the

metallic phase

For the sulphides of copper (CuS, Cu,S), cobalt (CoS) and iron (FeS), the computed
values of equilibrium constant are plotted as a function of temperature in figure 1.5
from which it is apparent that the logarithmic values of equilibrium constants (log;oK)
are greater than zero above 825 K for CoS, Cu,S, and FeS. Since covellite (CuS)
decomposes to Cu,S above 773 K, the significant conclusion from the equilibrium
calculations is that thermodynamically, the reduction reactions defined by equation
1.5a, for CoS, FeS, and Cu,S are feasible above 825 K.
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Figure 1.5 - A plot of logarithmic equilibrium constant (log;oK) against the reciprocal of
absolute temperature (T, K) for FeS, Cu,S, CusS, and CoS, per mole of CO gas [39] via
MS + CaO + C =M + CaS + CO(g) reaction

It is clear from figure 1.5 that metallization of copper, cobalt and iron will occur below
the melting points of pure metallic phases by reducing the mineral sulphide concentrates
in the presence of lime and carbon. In naturally occurring complex sulphide minerals
consisting of Cu,S, CoxSy and FeSy, the MS - CaO exchange reaction via equation 1.5b
may occur and lead to reduction of metal oxides to metals, which may then form one or
more alloy phases, due to extensive solid solubility of the constituent metallic elements
[5, 6, 8]. The thermodynamic condition for alloy formation will further force the
equilibrium in equation 1.5a in the forward direction, by lowering the chemical
potential of the constituent metallic elements. Consequently, the equilibrium partial
pressure of CO gas will increase, with respect to the equilibrium condition for the pure
metal as a standard state. The carbothermic reduction of copper and cobalt from the
mineral sulphide concentrates in the presence of lime and carbon offers several
advantages:
i.  Lime is cheap and readily available [10, 31, 40].
ii. It is possible to completely fix sulphur as calcium sulphide during metal
production (see equation 1.5a) and hence there is no environmental pollution

with the sulphurous gas.
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iii.  The process can be carried out below the melting points of pure metallic phase
e.g. 1273 K, without the need of melting the gangue minerals in the mineral
sulphide concentrates which requires additional energy.

iv.  Metallization is independent of the ratios of Cu/Fe and Cu/S in the mineral
sulphide concentrates whereas these ratios should be high in the direct-to-blister
copper smelting process.

v. Itis possible to achieve zero waste process because:

a. There is no oxidation of the metallic values as reactions occur under
reducing conditions.

b. CaO can be regenerated from CasS.

c. Carbon monoxide rich gas can be re-used to supply part of the energy into

the process.

1.3 Hypothesis of the study

Although several studies have been carried out on carbothermic reduction of copper
sulphides, iron sulphide and Cu-Fe sulphide, the carbothermic reduction Cu-Co-Fe
mineral sulphides concentrates, particularly with more than 30 wt. % gangue minerals,
have never been carried out. The pyrometallurgical treatment of Cu-Co-Fe mineral
sulphide concentrates is a major problem in the extractive metallurgical industry
because of oxidation of cobalt and iron. The oxidation of cobalt and iron increases the
amount of waste generation per tonne of copper produced. Furthermore, the separation
of metallic values from the carbothermic reduction of the mineral sulphides has been
least studied. The carbothermic reduction of Cu-Co-Fe mineral sulphides in the
presence of lime was therefore carried out, with a view of producing the metallic/alloy

phases of Cu, Co and Fe.

1.4 Objectives of the study

e To obtain metallic / alloy phases of Cu, Co and Fe via carbothermic reduction of
the mineral sulphide concentrates in the presence of CaO, under argon
atmosphere.

e To determine the optimal operating conditions of the carbothermic reduction of
the mineral sulphide concentrates in the presence of CaO, in terms of

temperature and mole ratios of CaO and C.
14



To investigate the separation of metallic /alloy phases of Cu, Co and Fe from the
reduced samples.

Investigate the low temperature preferential reduction of copper via lime-roast
carbothermic reduction process.

To utilise CaS or regenerate CaO from CasS.

To investigate the low temperature recovery of copper and cobalt from Cu-Co

silicate slag.

1.5 Structure of the Thesis

The thesis has 9 chapters:

Chaper 2: presents the basic principles of metal extraction from the mineral
sulphides. The previous studies on reduction of mineral sulphides in the
presence of CaO are discussed. The thermal decomposition of mineral sulphides
under inert atmosphere, equilibrium phase diagrams and solution
thermodynamics are also discussed.

Chapter 3: provides details of the as-received samples, experimental details and
characterization techniques.

Chapter 4: looks at the characterization (XRD, XRF and SEM analyses) of the
as-received mineral sulphide concentrates.

Chapter 5: The heat treatment of the mineral sulphide concentrates in the
presence and absence of CaO, under argon atmosphere are analysed. The results
are compared with the predominance area diagrams.

Chapter 6: Covers the carbothermic reduction of the mineral sulphide
concentrates in the presence of CaO. The reaction mechanism and kinetics of the
carbothernic reduction of mineral sulphide concentrates in the presence of CaO,
are discussed. The separation of the metallic/alloy phases from the reduced
samples and the regeneration of CaO from CaS are also discussed. The energy
analysis for the carbothermic reduction of the mineral sulphides in the presence
of CaO is analyzed using HSC software 5.1 [39] and compared with the
conventional processes.

Chapter 7: roasting of the mineral sulphides concentrates in the presence of CaO
as a way of fixing sulphur as CaSQO,. The roast calcine is reduced at T < 1123 K
with; (i) carbon black for the selective metallization of Cu and (ii) activated

charcoal for the complete metallization of Cu, Co and Fe. The overall energy
15



requirement for the lime roast — reduction processes is estimated with HSC
software 5.1 [39].

Chapter 8: the Cu-Co slag is reduced in the presence of carbon black and
activated charcoal and, the reaction kinetics are determined. The Cu-Co slag is
sulphidised in the presence of CaSO,4 and C. The sulphidised slag is reduced in
the presence of CaO and carbon to obtain metallic, CaS and slag phases. The
Cu-Co slag is also sulphidised in the presence of CaS

Chapter 9: Gives the conclusions drawn from the experimental work, future

work and major achievements of the project.
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2.0 Literature review

2.1 Principles of metal sulphide reduction

Mineral sulphides only lose part of sulphur when heated at elevated temperatures, under
inert atmosphere as shown in equations 2.1a - 2.1c. Therefore, the extraction of metallic

phase via thermal decomposition of minerals sulphides is not practically possible.

2CuS <> Cu,S +0.5S, 2.1a
SCuFeS, < CuFeS ,+4FeS +S, 2.1b
FeS, < FeS +0.5S, 2.1c

However, all sulphur can be removed as SO, gas, when the mineral sulphides are heated
in the O, gas atmosphere. As a result, metals can be extracted from the mineral
sulphides via oxidation of sulphur, provided that the oxidation of the metallic phase
does not occur. The oxidation of the metallic phase cannot occur, when the SO, gas is
more stable than the metal oxide phase. The Gibbs energy changes for the oxidation of
Cu, Co, Fe, and S; gas are compared in figure 2.1, per mole of O, gas. It is evident from
figure 2.1 that CoO and FeO are more stable than the SO, gas but, Cu,O is less stable
than the SO, gas. The thermodynamic prediction in figure 2.1 explains as to why; (i) Cu
is extracted from the mineral sulphides via smelting process (see equations 1.1a — 1.1d)
and (ii) Co and Fe are oxidised during conventional smelting of Cu-Co-Fe-S

concentrates.
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Figure 2.1 — The Gibbs energy change versus absolute temperature plots for the

oxidation of Cu, Co, Fe and S; gas per mole of O, gas

Based on the thermodynamic prediction in figures 1.2 and 2.1, the simultaneous
recovery of Cu, Co and Fe from the sulphide minerals requires: (i) reducing condition
so as to avoid oxidation of the metallic/alloy phases and (ii) sulphur absorber for
removing sulphur from the mineral sulphides, as the metal sulphides cannot be reduced
to metallic state by any of the reductants such as C, CO gas and H gas. The equilibrium

constant in equations 2.2a — 2.2c is very small, for all metal sulphides.

2MS +C = 2M +CS, 2.2a
MS +H,(g) =M +H,S(g) 2.2b
MS +CO(g) = M +COS(g) 2.2¢

2.2 Carbothermic reduction of mineral sulphides in the presence of basic oxide

Even though the direct carbothermic reduction of the metal sulphides (equation 2.2a) is

not practically possible, the reduction can be achieved in the presence of sulphur

absorber [41]. By comparison, the sulphides of Ca, Na and Mg are more stable than the

metal sulphides (Cu,S, FeS and CoS) as shown in figure 2.2. Although CaS, MgS and

Na,S are more stable than metal sulphides, CaS is the most stable. Based on the
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thermodynamic prediction in figure 2.2, Ca may be employed as a sulphur absorber.

However, it would be uneconomical to use Ca because, Ca is mainly available in the

form of CaO [10]. The formation of CaS or reduction of metal sulphides in the presence

of CaO can proceed via two mechanisms:

Carbothermic reduction of CaO to form Ca and CO(g) (equation 2.3a), followed
by the reaction between Ca and metal sulphide (MS) (equation 2.3Db).
Nonetheless, this mechanism may not occur because the Gibbs energy change

for reaction 2.3a is highly positive even at 2000 K [39].
CaO(s) + C(s) =Ca(s,1) +CO(9) 2.3a
MS(s,l) +Ca(s,l) = 2M (s, 1) + CaS(s) 2.3b

lon exchange reaction between MS and CaO to form MO and CaS (see equation
1.5b). Several authors [38, 42-45] have reported the presence of MOs in the
partially reduced samples which implies that metallisation proceed via formation

of metal oxide as an intermediate phase.
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Figure 2.2 — Computed Gibbs energy change against temperature for the formation of

metal sulphides via 2M + S,(g) = 2MS equation, data obtained from HSC 5.1 software

database [39]
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2.2.1 Thermodynamic consideration

The ability of the mineral sulphide to undergo the ion exchange reaction depends on the
relative stability of the metal oxide compared to its sulphide. The ionic radius of O
(1.4A) [46] is smaller than the S* (1.84 A) ionic radius [46] and hence, there is an
increase in the force of attraction when the oxide ion replaces the sulphide ion as shown
in equation 2.4 [14].

2
“AZnZo®” B 2.4
rd rd

E =

lattice

Where A is the Madelung constant, rq is the interionic distance, Zn,, and Z, are the
cationic and anionic charges and e is the electric charge (1.6022x10™"° C). The second

term is the repulsive interactions between cation and anion cores.

The effect of replacement is more noticeable as the cation radius decreases [14]. As
such, the mineral sulphide with the smaller cationic radius may easily undergo exchange
reaction compared to the mineral sulphide with a larger ionic radius. The ionic radius
for Cu™*, Co®" and Fe” are 0.96 A [46], 0.79 A (octahedral) and 0.74 A [46]
respectively so that the stability decreases in the order of FeO, CoO and Cu,O.

The plots of the Gibbs energy change against temperature for the ion exchange
reaction between CaO and Cu,S, CoS and FeS are shown in figure 2.3. The Gibbs
energy change is more negative for the reaction between FeS and CaO because, FeO is
more stable than FeS [14, 19]. On the other hand, the Gibbs energy change for the
exchange reaction between Cu,S and CaO becomes more positive with temperature as
the stability of Cu,S increases with temperature [19]. The Gibbs energy change for the
exchange reaction between CoS and CaO is positive and negative, below and above
1303 K, respectively. In a system having a mixture of Cu,S, FeS, CoS and CaO, the
exchange reactions may readily take place because of formation of more stable

compounds from the reactions involving metal oxides (MOs) and CaO/CaS.
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Figure 2.3 — Gibbs energy change against temperature for; (a) ion exchange reaction
between metal sulphides with CaO and (b) carbothermic reduction of metal sulphides in

the presence of CaO, computed from HSC software 5.1 database [39]

Even though the Gibbs energy change is positive for the reaction between Cu,S and
CaO, it becomes negative in the presence of carbon because of the production of the CO
gas as shown in figure 2.3b. By comparison, the Gibbs energy change is more negative
for the carbothermic reduction of CoS, although the Gibbs energy change is more
negative for the exchange reaction between FeS and CaO, due to the higher stability of
FeO. Based on the thermodynamic predictions in figures 2.3a and 2.3b, it can be
summarised that; (i) metallisation of copper may be limited by the exchange reaction as
the Gibbs energy change for the Cu,S - CaO exchange reaction is more positive in

figure 2.3a (ii) metallisation of iron may be limited by the reduction reaction.

2.2.2 Previous studies on reduction of mineral sulphides

The reduction of synthetic chalcopyrite (CuFeS,) in the presence of lime, with coal,
graphite and CO gas, has been studied by Jha and Grieveson [32] in the temperature
range of 1123 K - 1273 K. Three oxysulphide liquid phases namely 3CaS<4FecO,
CaS<FeO and CuFeCaSO were analysed in the partially reacted samples when coal and
graphite were used as reductants. A number of observations were made when CO gas
was used as a reductant:

i.  The rates of reductions were independent of temperature.

ii. The experimental weight losses were higher than the theoretical weight losses,

due to the evolution of SO, gas.
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iii. Segregation of metallic iron to the periphery of the pellet and copper to the core
of the pellet, due to diffusion of the Fe?* and O* ions towards the periphery and,
Cu* ions towards the core, caused by the difference in oxygen potential [32].

The carbothermic reduction of chalcopyrite (CuFeS,) concentrates containing 12 wt. %
gangue minerals (SiO, and Al,03), in the presence of lime, has been studied by Payne
[47]. The reduction experiments were carried out at mole ratio of MS:CaO:C = 1:2:2
and, the rate of metallisation was dependent on reduction temperature. Nonetheless, the
effects of changing the mole ratios of lime and carbon, were not analysed by Payne. A
quinary phase with a general formula of CuFeCaOS was identified when the mixture of
CuFeS, concentrates and CaO were heated in the absence of carbon [47]. The
mechanism leading to the formation of the CuFeCaOS phase was not explained but it
was considered that the phase was formed as result of reaction 2.5a [47]. However,
there is no thermodynamic data for the CuFeCaOS phase and hence the possibility of
reaction 2.5a is uncertain. Payne also reported the presence of metallic copper after
heating the mixture of CuFeS, and CaO, in the absence of reducing agent and it was

explained that the formation of metallic copper was due to equation 2.5b [47].

CuFeS, +2Ca0(s) = CuFeCa0S(s) + CaS(s) +1/20, (q) 2.5a

CuFeS, +2Ca0(s) = Cu + FeO e CaS(s) + CaS(s) +1/2 O, (q) 2.5b

The carbothermic reduction of chalcopyrite (CuFeS;) concentrates containing about 6.4
wt. % SiO,, in the presence of CaO with graphite, has been studied by Khaki et al. [48]
in the temperature range of 1073 K - 1273 K. The extent of metallisation increased as
the mole ratios of CaO and C were increased. Khaki et al. [48] reported that
metallisation was complete at 1173 K and mole ratio of MS:CaO:C = 1:2:2 but several
peaks were unidentified in the XRD pattern, which appear to belong to the Ca,CuFeQO3S
phase [49].

The carbothermic reduction of covellite (CuS) and chalcocite (Cu,S) in the
presence of lime, with coal and graphite has been investigated by Jha et al. [35]. The
extent of metallisation increased with increase in reduction temperature. The
carbothermic reduction of covellite (CuS) and chalcocite (Cu,S) were completed in 25
minutes and 60 minutes respectively, at 1273 K, for a mole ratio of MS:CaO:C = 1:1:2,

with coal. However, Jha et al. [35] found that the % reduction reached 82 % reduction
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and about 100 % for chalcocite (Cu,S) and covellite (CuS) respectively, when graphite
was used as a reductant at 1273 K. The reduction of chalcocite (Cu,S) in the presence of
CaO, with CO gas, has also been carried out by Mohan et al. [50] in the temperature
range of 1123 K — 1273 K. The reactions were completed in 30 minutes at 1273 K.

The reduction of pyrrhotite (Fe;«S) [51, 52] in the presence of lime, with coal,
graphite and carbon monoxide gas has been studied by Jha and Grieveson [34]. The
reduction with graphite was ineffective at 1073 K [34]. The extent of metallisation
reached 30 % reduction in 20 hours at 1073 K and, 100 % reduction in 10 minutes at
1273 K, in the reduction with coal. The C;(3CaS+4FeQ) and C11(CaS<FeQO) oxysulphide
phases were identified in the partially reacted samples, in the reduction with coal, below
1173 K. The mechanism leading to the formation of oxysulphide phases were explained
as follows; (i) ion exchange reaction between FeS and CaO as shown in equation 2.6a
and (ii) reaction between FeO and CaS as shown in equation 2.6b. It was discussed that

metallisation of Fe occurred via reduction of the oxysulphide phases.

FeS(s) + CaO(s) = FeO(s) + CaS(s) 2.6a

aFeO(s) + bCaS(s) = (CaS)b e (FeO)a 2.6b

The carbothermic reduction of pyrrhotite (Fe1S) in the presence of CaO, with activated
carbon, has also been studied by Kutsovskaya et al. [53]. The reductions reached 95 %
reduction in 20 minutes and 40 minutes at 1323 K and 1273 K, respectively, whereas
the % reduction only reached 70 % after 2 hours at 1223 K, for a molar ratio MS:Ca0O:C
=1:1.1:1.1.

The carbothermic reduction of synthetic cobalt sulphide (CogSg) has been
studied by Ford and Fahim [36] in the presence of CaO and hydrogen gas. The rate of
reduction did not improve as the mole ratio of CaO was increased above 300 % of the
stoichiometric mole ratio. The reduced cobalt particles had needle-like whiskers after
reduction at 1073 K [36]. The reduction of bornite (CusFeS,) in the presence of lime
and hydrogen gas has been investigated by Habashi and Dugdale [54]. The reactions
were complete in about an hour at 1073 K. The carbothermic reduction of molybdenum
sulphide (MoS,)in the presence of lime, with activated carbon, has been carried out by
Padilla et al. [55] in the temperature range of 1173 K - 1473 K. Complete metallisation

was achieved in 30 minutes at 1473 K. The rate and extent of metallisation did not
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increase as the mole ratio of CaO was increased above 300 % of the stoichiometric mole
ratio [55].

The carbothermic reduction of lead sulphide (PbS) in the presence of lime, with
graphite has been carried out by Rao and El-Rahaiby [56] in the temperature range of
1068 K - 1263 K. The off-gas from the carbothermic reactions were analysed by gas
chromatograph [56] and there was no evidence of any sulphurous gas, confirming that
sulphur was tied up as CaS, during metal production. Several catalysts such as lithium,
potassium and sodium carbonates and, sodium sulphate, were used. The uncatalysed
reactions were about four times slower than the catalysed reactions. Lithium carbonate
was found to be more effective because of lack of volatilisation of the oxide or metal.
The role of catalysts in speeding up the reactions is shown in equations 2.7a - 2.7c.

M,CO,(s,1) + C(s) = M, O(s,I) + 2CO(g) 2.7a
MO(s,1)+ CO(g) = M(s,l) +CO, (9) 2.7b
M,0O(s,1)+ CO,(s)=M,CO,(s,1) 2.7c

The carbothermic reduction of lead sulphide (PbS) in the presence of CaO, has also
been studied by Igiehon et al. [45]. Metallisation of Pb occured in the absence of carbon
via reaction 2.8a. It was also proposed that the metallisation of lead in the absence of
carbon occurs via reaction 2.8b [45]. Igiehon et al. [45] further suggested that the
carbothermic reduction of PbS in the presence of carbon can proceed via reduction of
the PbSO4-2PbO phase.

3PbS(s,1) + 2Ca0O(s) =3Pb(l) + 2CaS + SO, () 2.8a

6PbO(1) + PbS(s) = PbSO, - 2PbO(s)+ 4Pb(l) 2.8b

The carbothermic reduction of antimony sulphide has been investigated by Igiehon et al.
[44] in the presence of CaO and MgO, with coal or graphite. CaO was more effective
than MgO, which can be due to the higher stability of CaS than MgS (see figure 2.2).
The metallisation of antimony was controlled by the reduction reaction, in the reduction
with graphite as the Ca,Sb,0s phase was found in the partially reacted samples [44].
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However, the metallisation of antimony was not limited by the reduction reaction, in the
reduction with coal as the Ca,Sbh,0s compound [44] was not observed in the partially
reacted samples. Igiehon et al. [44] also studied the exchange reaction between
antimony sulphide and CaO in a temperature range of 973 K - 1173 K. The exchange
reactions were incomplete at all temperatures but CaS and Ca,Sh,Os phases were
produced. The exchange reactions were more favourable at excess CaO and, the CaO
rich antimony oxide (Ca3Sh,0s) phase was produced.

The carbothermic reduction of nickel sulphide in the presence of calcium
hydroxide (Ca(OH),) has been studied by Bronson and Sohn [33] in the temperature
range of 1073 K - 1397 K [33]. The off-gas was analysed by gas chromatograph and,
CO; and CO were the only gases. Machingawuta et al. [38] have also studied the
carbothermic reduction of nickel sulphide in the presence of lime, with coal and
graphite as the reductants. The reductions were slower with graphite than with coal.

The reduction of molybdenite (MoS,) in the presence of CaO, with carbon, H;
gas and CO gas has been investigated by Prasad et al. [43]. The reduction of MoS; with
hydrogen yielded Mo and CaS phases, whereas the reduction with C and CO gas
yielded Mo, Mo,C and CaS phases [43]. Furthermore, CaMoO, was detected in the
partially reacted samples, in the reduction with C or CO gas [43], suggesting that
metallisation proceeds via reduction of the metal oxide. The carbothermic reduction of
molybdenite (MoS,) has also studied by Padila et al. [55] in the temperature range of
1173 K - 1473 K. Padila et al. [55] also reported about the presence of the metal oxide
(MoO; and CaMo0OQ,) in the partially reacted samples and, Mo and Mo,C in the fully
reacted samples. Therefore, it was suggested the MOs phases are the intermediate
phases formed by the ion exchange reaction, which then reduce to Mo and Mo,C, in the

presence of carbon.

2.2.3 Factors affecting the carbothermic reduction of mineral sulphides

Previous studies [32, 35, 57, 58] on carbothermic reduction of the mineral sulphides in
the presence of lime have showed that the carbothermic reduction of mineral sulphide in
the presence of lime is affected by reaction temperature, stoichiometric ratio of the
reactants (lime and carbon), type of carbon and particle size of the mineral sulphides.
All previous studies have showed that the rate of reaction increases with increase in the
reduction temperature [31-34, 42, 44, 45, 57, 58].
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The effect of increasing the stoichiometric ratio of CaO, in the carbothermic
reduction of mineral sulphides has been studied by Kutsovskaya et al. [53] and Bronson
and Sohn [33]. Kutsovskaya et al. [53] studied the effect of increasing the
stoichiometric ratio of lime in the reduction of pyrrhotite (Fe;«S) at a ratio of MS:C =
1:1.1 and 1:2. The rate of reduction was higher for MS:CaO = 1:2 than for MS:CaO =
1:1.1. The effect of increasing the stoichiometric ratio of CaO in the carbothermic
reduction of nickel sulphide (Ni3S,) with coconut charcoal has been studied by Bronson
and Sohn [33] for MS:C = 1:4, between 1073 K and 1397 K. The rate of reaction and
the extent of metallisation was higher at MS:CaO = 1:4 than at MS:CaO = 1:2. However,
the rate of reaction was lowest at MS:CaO = 1:6, probably, due to formation of
intermediate compounds between CaO and Ni-O.

The effect of increasing the stoichiometric ratio of carbon has been studied by
Kutsovskaya et al. [53], Jha et al.[35] and, Bronson and Sohn [33]. The results by
Kutsovskaya et al. [53] showed an increase in the rate of reduction with increase in the
stoichiometric ratio of C, from MS:C = 1:1.1 to 1:2 for MS:CaO = 1:1.1 or 1:2, at 1273
K. On the other hand, Jha et al.[35], observed that the extent of metallisation was
slightly slower at MS:CaO:C = 1:2:4 than at MS:CaO:C = 1:2:3, in the carbothermic
reduction of Cu,S with coal. The rate of reactions was slower at MS:Ca0O:C = 1:2:4 than
at MS:CaO:C = 1:2:3, due to the decrease in the rate of the exchange reaction when the
stoichiometric ratio of carbon is increased. The experimental results by Bronson and
Sohn [33] in the carbothermic reduction of nickel sulphide shows that the rate of
reactions increases with increase in the stoichiometric ratio of coconut charcoal.

There are several types of carbon namely coal, carbon black, coke, graphite etc.
The effect of using coal and graphite in the reduction of Cu,S has been studied by Jha et
al. [35]. The reductions at 1123 K reached; (i) 100 % reduction in 6 hours with coal and
(if) 30 % reduction in 8 hours with graphite. The effect of coal and graphite in the
reduction of chalcopyrite (CuFeS,) has been studied by Jha and Grieveson [32]. The
evolution of SO, gas occurred below 30 % reduction, in the reduction with graphite,
between 1123 K and 1273 K. The SO, gas was evolved in the initial stages of the
reactions because of the reactions between MO and MS/CaS. However, SO, gas was not
evolved in the reduction with coal, since the metal oxide phase is reduced to metallic
state, as coal is a very reactive reductant. In short, the reduction reaction was able to
cope with the ion exchange reaction when coal was used and hence eliminating the

reaction between metal oxides and metal sulphides/CaS.
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The effect of mineral concentrates particle sizes has been studied by
Bronson and Sohn [33] at 1193 K and 1293 K. The rate of reactions increased with
decrease in the mineral concentrates particle sizes, due to the increase in the reaction

surface area.

2.3 Reduction with solid carbon

As the carbothermic reduction of mineral sulphides in the presence of lime may proceed
via reduction of the metal oxide phases, it is necessary to discuss the reduction of the
metal oxides with solid carbon. The reduction of metal oxides with carbon may yield
CO or CO;, gases, depending on the reduction temperature. The CO, gas is more stable
than the CO gas below about 990 K but the CO gas is more stable above this
temperature (figure 2.4). CO, gas is more stable than Cu,O and CoO (figure 2.4) such
that the carbothermic reduction of these oxides (Cu,O and CoO) may proceed with CO,
gas as the product gas. On the other hand, the carbothermic reduction of Fe,O is only
possible above 990 K as Fe O is less stable than both CO and CO, gas. It is evident
from figure 2.4 that the stability of CO gas increases with temperature compared to that
of CO, gas and hence there is a higher possibility of generating CO gas at higher

temperature during reduction of metal oxides.
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Figure 2.4 — The Gibbs energy change for the oxidation of Cu, Co, Fe and C per mole of

0O, gas
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2.3.1 Mechanism

The carbothermic reduction between solid metal oxide and solid carbon takes place via
two mechanisms: (i) direct reduction of the solid metal oxide with solid carbon at the
contact surface as shown by reaction 2.9a and (ii) indirect reduction of the metal oxide
with CO gas (intermediate gas) (equation 2.9b). The CO, gas from equation 2.9a can
react with carbon to regenerate CO gas according to equation 2.9c. Equation 2.9c is
known as the Boudouard reaction [59-63].

The rate of reduction increases with increase in the C/MO mole ratio because of
increase in the reacting surface area. Similarly, the rate of reduction increases with
decrease in the particle sizes as the contact surface area increases. The rate of reduction
slows down when a rim of metallic phase surrounds the un-reacted core of metal oxide

as the reduction might occur, either by diffusion of carbon or CO gas through the solid

metal layer.
MO(s) +C(s) = M (s) + CO(Q) 2.9a
MO +CO =M +CO, (g) 2.9b
C +CO, =2CO(g) 2.9c

2.4 Reaction models

Different kinetic models have been established for examining the solid state reactions.
The solid state reactions maybe controlled by: (i) the reaction at the interface, (ii)
diffusion of the reacting and product species through the product layer and (iii)
diffusion and chemical reaction, also known as mixed reaction. In the case of a porous
reaction product, where the diffusion of species is faster than the chemical reaction at
the interface, the process is controlled by the chemical reaction [64]. The diffusion
controlled process is where the diffusion of the reacting and product species are faster
than the interface reaction. The model for chemically controlled reaction was developed
by Spencer and Topley and is given in equation 2.10a [65]. Such processes are
temperature dependent as the rate of chemical reaction increases with temperature [64].

Jander proposed the product layer diffusion controlled reaction based on the parabolic
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law where it was assumed that the growth of the reaction product is inversely
proportional to its thickness and is given in equation 2.10b. However, the Jander model
cannot be applied when the surface area changes with time due to the change in the rate
of reaction [64, 66]. The model is just valid to one dimensional diffusion or can only be
useful during the early stages of a three dimensional reaction. Ginstling and Bronstein

proposed a new model for a diffusion controlled reaction (equation 2.10c) [66, 67].

1
1-(1—X)3 =kt 2.10a
1
1-(1—X)3)2 =kt 2.10b
2 2
1—§X—(1—X)3 = kt 2.10c

Where X is the fraction reacted at time t and K is the rate constant

The shrinking core model has been broadly applied in the field of metallurgy.
According to this model, the reaction starts from the outer surface of the particle and the
reaction zone advances inwards, leaving behind the reaction product [68]. The
unreacted core shrinks in size during the reaction [68]. The schematic illustration of the

shrinkng core model is shown in figure 2.5.

Product layer

Unreacted _ _ Complete
particle Low conversion High reacted particle
particle conversion

Figure 2.5 — Illustration of shrinking core model
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The rate determining step in the shrinking core model can be diffusion through the
reaction product or chemical reaction at the interface [69]. The chemically and diffusion
controlled reactions in the shrinking core model are represented by equation 2.10a and

2.11a[69, 70], respectively, for spherical particles.

2

1-3(1— X)® +2(1— X) =kt 2.11a
X +(1—X)In(Ll— X) =kt 2.11b

For cylindrical particles, it is assumed that the particles are considerably long and that
the reactions and diffusion take place in the radial direction [71]. The chemically
controlled and diffusion controlled reaction are given in equations 2.10a and 2.11b,

respectively.

The relationship between temperature and the rate constant (K) is given by the
Arrhenius (equation 2.12) [72, 73].

k= Aexp{%} 2.12

Where Q is the activation energy, T is the absolute temperature in kelvin, R is universal

gas constant = 8.314 J/mol/K and A is constant.

There is no published data for the activation energy of carbothermic reduction of Cu-
Co-Fe mineral sulphide concentrates in the presence of lime. The activation energy for
the reduction of Cu,S with CO gas has been determined by Mohan et al.[50] as 170
kJ/mole, in temperature range of 1123 K - 1273 K. The activation energy for the
carbothermic reduction of pyrrhotite (Fe;xS) in the presence of lime has been
determined by Jha and Grieveson [34]. The activation energies were 308 £ 45 kJ and
270 + 14 kJ/mol, for reduction with graphite and coal [53], respectively. The activation
energy for the carbothermic reduction of pyrrhotite with activated carbon has also been
determined by Kutsovskaya et al. [53] as 299 kJ/mole, between 1223 K and 1323 K.
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2.5 Separation of metallic phases from the carbothermically reduced samples

The reaction products from the carbothermic reduction of mineral sulphide concentrates
will consist of metallic phases (Cu, Co, Fe), CaS, excess CaO and impurity phases
(SiOy, Al,O3 etc.). The metallic phases must be separated from the unwanted reaction
products. The separation of metallic phases from the reaction products of carbothermic

reduction can be achieved in a number of ways.

2.5.1 Magnetic separation

Magnetic separation is a separation technique that is used for separating out the
magnetically susceptible products from the non-magnetic products to produce streams
of magnetic and non-magnetic compounds. The magnetic fractions can further be
separated into weakly magnetic (paramagnetic) and strong magnetic (ferromagnetic)
fractions depending on the difference in the magnetic susceptibility [28]. The magnetic
separation of iron and cobalt from the reaction products of the carbothermic reduction
of Cu-Fe-Co mineral sulphide concentrates is possible because Co and Fe
metallic/alloys phases are ferromagnetic [74]. The dissolution of iron and cobalt in the
copper matrix may enable the magnetic separation of copper due to precipitation of
magnetic phases of iron and cobalt during cooling of the samples. Nonetheless, the
copper rich phase containing iron and cobalt precipitates may be weakly magnetic
compared to the metallic/alloy phases of iron and cobalt phase. It is therefore possible
to produce a strongly magnetic (ferromagnetic) fraction consisting of Co and Fe
metallic/alloy phases and a weakly magnetic (paramagnetic) Cu rich alloy phase.

The magnetic separation of the metallic phases from the reaction products of the
carbothermic reduction of mineral sulphides in the presence of CaO has been carried out
by a few authors [48, 53, 75]. The magnetic separation of Ni-Fe alloy(s) from the
reaction products of the carbothermic reduction of synthetic pentlandite (Fe,Ni)gSg in
the presence of Ca(OH),, has been carried out by Shah and Ruzzi [75]. Iron and nickel
were separated out from the reaction products as they are both ferromagnetic. However,
Shah and Ruzzi [75] did not report the effects of the reduction temperature, type of
carbon and the stoichiometric ratios of CaO and C, on the magnetic separation of the
metallic phases. Magnetic separation of iron from the carbothermic reduction of Fe; S
in the presence of CaO, has been investigated by Kutsovskaya [53]. The separation of
Fe was sensitive to the reduction temperature. The magnetic fraction of the samples
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reduced at high temperature (1458 K) had about 12 wt. % S in the form of CaS due to
sintering in the sample. Nevertheless, Kutsovskaya et al. [53] did not explain the cause
of sintering in the sample at high reduction temperature. Kutsovskaya [53] further
observed that, even though sintering of the sample was less at low reduction
temperature, the magnetic fraction contained about 4 wt. % S sulphur but in the form of
FeS as a result of incomplete reduction. The magnetic separation of Cu and Fe from the
carbothermic reduction of chalcopyrite (CuFeS;) concentrates in the presence of CaO
(MS:Ca0:C = 1:2:2), with graphite, has been carried out by Khaki et at.[48]. The
magnetic fractions had high XRD peak intensities for CaS, meaning that the separation
process was extremely poor. Moreover, Khaki et al. did not analyse the effects of the
reduction temperature, type of carbon and the stoichiometric ratios of CaO and C.

The magnetic separation of the metallic values (Cu, Fe and Zn) from the
reduction of chalcopyrite (CuFeS;) concentrates in the presence of H, gas and CaO has
been carried out by Habashi and Yostos [76]. The mineral sulphide concentrates were
formed into pellets and reduced in a bed of CaO, to achieve good separation. The
reduced pellets were separated from CaS and excess CaO by the magnet. However, this
method may not be used for the reduction of the mineral sulphide concentrates in the
presence of CaO with carbon. This is because, the exchange reaction between MS and
CaO is limited to the surface of the pellets, when the mineral sulphide concentrates are
pressed into the pellets and reduced in the bed of CaO. Good contact between MS and
CaO is necessary for the complete carbothermic reduction of the mineral sulphides in
the presence of CaO. However, the contact between MS and CaO may not be necessary
for the reduction of mineral sulphides in the presence of CaO and H, gas because,
metallisation can occur via reactions 2.13a and 2.13b. Based on reaction 2.13a, CaS

may be formed in the bed of CaO, for the reduction with H, gas.

MS+H,(g) =M +H,S(g) 2.13a

CaO + H,S(g) = CaS + H,0(g) 2.13b

Magnetic separation of the metallic phases from the reaction products is quite
advantageous as CaS can be reprocessed to regenerate CaO or converted into a stable
CaSO, phase [15, 28, 41]. The only drawback of magnetic separation is that the non-

magnetic metallic phases cannot be separated out.
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2.5.2 Selective leaching of the unwanted reaction products

The separation of metallic phases from the reduction of mineral sulphides in the
presence of CaO, has been achieved via selective leaching (dissolution) of CaS and
excess CaO in weak acid (less than 5% HCI or acetic acid) [54, 55, 75, 77, 78].
However, the separation or recovery of metallic values via selective dissolution of CaS
and excess CaO in acid, is ineffective in the presence of acid insoluble compounds
(SiO,, Al,O3, etc.), because the acid insoluble compounds remain with the metallic
phases [76]. In practice, most mineral sulphide concentrates contain significant
quantities of acid insoluble gangue minerals [11] which cannot be dissolved in acid.
Therefore, the separation of metallic values via selective leaching of CaS and excess
CaO, has very limited practical application.

2.5.3 Gravity method

Gravity method is a separation technique that is widely used for separating out materials
of different densities. It is a sink-float process in which the heavier particles sink to the
bottom. The gravity separation method is very effective in the presence of liquid media
whose density is between the lighter and denser particles. The liquid density can be
controlled via addition of fine particles [79]. The gravity method has never been applied
for separating out the heavier metallic phases from the reduced mineral samples. The
presence of carbon and fine gangue mineral particles may enhanced flotation of lighter

CaS and gangue mineral particles.

2.5.4 Carbonyl process

The carbonyl process is based on the principle that some metals react with the CO gas
to produce carbonyls according to equation 2.14 [15]. In the later stage, the metal
carbonyl is decomposed to give the metal phase and CO gas. The decomposed CO gas
can be recycled back into the process. The carbonyl process can be used to obtain high
grade Fe and Co phases [80] because of the difference in the decomposition
temperatures of their respective carbonyls. For example, cobalt carbonyl (Co,(CO)s)
decomposes below 363 K [81] under inert atmosphere whereas Fe(CO)s decomposes at
413 K. The carbonyl process has been used for obtaining Fe and Ni from the reduced
laterite ores [80]. The process has also been used for producing high grade ( > 99.8 %)
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powders of Co, Fe and Ni, from the reduced samples [82]. The major advantage of
carbonyl process for separating iron and cobalt is that high purity Co and Fe may be
produced, while utilizing CO gas from the carbothermic reduction process.

M +XCO = M(CO)x 2.14

2.6 Treatment of CaS

It has been shown in equation 1.5a, that no SO, gas emission arises as a result of
simultaneous exchange and reduction reactions as sulphur is fixed as CaS. However, for
such a metal sulphide reduction process to occur efficiently, the CaS formed must be
reprocessed for the regeneration of lime.

Calcium sulphide can be converted into CaCO3 via hydrolysis and carbonation
process [83]. The hydrolysis and carbonation reaction, leading to the regeneration of
CaCOj3 from CasS are shown in equations 2.15a — 2.15c. The CO; gas used in reactions
2.15a — 2.15c can be obtained by burning off (oxidising) the CO gas from the
carbothermic reduction, in air (equation 2.15d). The heat from reactions 2.15d can be
used in heating up the mineral sulphide concentrates. The proposed method in equations
2.15a — 2.15c is summarised in figure 2.6. The summary in figure 2.6 does not include
the gangue minerals but this may not affect the hydrolysis and carbonation reactions.
Furthermore, the recycled CaCO3 does not really need to be pure, may be used for the

reduction of mineral sulphides even with impurity gangue minerals.

CaS(s) + H,0(l)+ CO, (9) =H,S(g) + CaCO,(s) 2.15a
CaS(s) + 2H,0(l) = H,S(g) + Ca(OH), () 2.15b
Ca(OH), (s)+C0,(g) =H,0(g) + CaCO,(s) 2.15¢
CO(g) +0.50,(g) = CO, (9) 2.15d
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Figure 2.6 — Simplified flow sheet for the carbothermic reduction, magnetic separation

and regeneration of CaCO3 from CaS

The regeneration of lime from CaS can also be achieved by heating CaS with CaSO,,
according to equation 2.16 [84, 85]. As shown in equation 2.16, no air is required for
the regeneration of CaS in the presence of CaSO, such that the off-gas will be nearly
100% SO, gas and can be converted to sulphuric acid or elemental sulphur. The
production of CaO from CaS via equation 2.16 has been studied by Jha and Grieveson
[84] and, Kutsovskaya et al. [53]. The rates of reactions increased with increase in the

reaction temperature, completing in about 2 hours at 1323 K, under argon atmosphere.

CaS +3CaS0, =4Ca0 +4S0, 2.16

Alternately, the regeneration of CaO from CaS can be achieved by heating CaS in an
atmosphere of H,O, CO, and 1 - 3 % O, gas [35, 85]. The overall reaction is given in
equation 2.17. According to Turkdogan [85], there is no formation of CaSQ, if the
reaction is carried out above 1273 K although the complete conversion is achieved in 7
— 10 cycles [85]. However, the presence of CO, dilutes the concentration of SO, in the

off-gas.

CaS +1.50, = CaO + SO, 2.17
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Rosenqvist [41] and Habashi [15, 78] have proposed that CaS can be roasted in a rich
O, gas atmosphere to form a stable CaSO, compound (equation 2.18). This method may
be necessary in countries where there is no market for sulphuric acid or where the
emission of sulphurous gas is completely prohibited. The sulphation of CaS in the O,
gas atmosphere has been studied by Dong et al. [86] in a temperature range of 923 K -
1123 K. It was found that sulphation was dependent on the CaS particle sizes.
Sulphation of CaS to CaSO, was complete at -50 pm particle size but incomplete at +50
pum particle size. The sulphation of CaS to CaSO, has also been studied by Dong et al.
[87] in the temperature range of 973 K — 1573 K. The complete sulphation was achieved
for smaller CaS particles (< 50 um) and at temperatures below 1273 K.

CaS +0,(g) =CasO, 2.18

2.7 Thermal decomposition of the mineral sulphides under inert atmosphere

Most mineral sulphides are unstable at high temperature, they decompose by losing part
of sulphur to form low sulphur, stable phase(s) [15, 78]. The thermal decomposition of
the mineral sulphides may result in colour, magnetic properties and density changes.
Chalcopyrite (CuFeS,) is a copper sulphide mineral (CuFeS;) with a brass yellow
appearance [78]. It has a tetragonal structure with ¢ = 5.25A and a = 10.32A [78]. Each
sulphur atom is coordinated by 2 atoms of iron and 2 atoms of copper as shown in
figure 2.7 [78]. The room temperature o-tetragonal phase transforms to cubic -phase at
673 K. The p—phase also transforms to the tetragonal y-phase above 823 K [78, 88].
The o — B — y phase changes are due to volatilization of sulphur, according to
equation 2.19a [89]. The deficiency of sulphur in y-chalcopyrite may be up to 15 wt. %
[89] but bornite and pyrrhotite (Fe1xS) are formed as sulphur deficiency reaches 20 wit.
% (equation 2.19b [89]).

CuFeS, = CuFeS, , + XS, ;x<0.4 2.19

5CuFeS,  (s) = CugFeS, (s) +4FeS(s) + (1-5x/2S,(g) 2.19b
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Figure 2.7 — Crystal structure of chalcopyrite [78]

The thermal decomposition of chalcopyrite (CuFeS,) and chalcocite (Cu,S) have been
studied by Winkel et al. [89, 90] under inert (nitrogen) atmosphere. Metallic copper in
the form of fibres was found with CusFeS, and FeS phases, after heating the CuFeS;
mineral at 1773 K. Winkel et al. also reported the presence of metallic copper after
heating Cu,S at 1773 K, under nitrogen atmosphere. It was explained that the formation
of copper during heating of the mineral sulphides, was due to excessive loss of sulphur.
However, the explanation does not agree with the thermodynamic prediction in

equations 2.20a — 2.20c, as the Gibbs energy changes are positive.

Cu,FeS,(I) =3Cu(l) + Cu,S+ FeS(l) +S,(9), AG, ;75 =+105.2 kJ 2.20a
2Cu,S(I) =4Cu(l) +S,(9), AG,;74¢ = +140 kJ 2.20b
Cu.FeS, (1) =3Cu(l) + Cu,S+FeS(l) +S,(9), AG, 7,4 = +105.2 kJ 2.20c

Nonetheless, metallic copper can be formed in the presence of small concentration of
oxygen gas and this happens when the reaction vessel is not completely air tight. The
metallisation of Cu due to the presence of O, gas can occur via equations 2.21a and
2.21b. Note that the Gibbs energy changes for reactions 2.21a and 2.21b are negative.

Based on equations 2.20a — 2.20c and, 2.21a and 2.21b, the formation of metallic
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copper in the work by Winkel et al. might have occurred due to the presence of O, gas

in the reaction vessel.

Cu,FeS, (I) + 0,g) = Cu(l) + 2Cu,S (I) + FeS(l) +S0, (),
2.21a
AG 75 = —207 kJ

Cu,S(I) +0,(g) = 2Cu(l) +S0,(0), AG,,y =-1545kJ 2.21b

Pyrite (FeS,) is unstable above 1016 K, decomposes to troilite (FeS) or pyrrhotite (Fe;-
xS) [91] according to equation 2.22. The thermal decomposition of pyrite (FeS;) under
inert atmosphere starts between 683 K and 789 K [92].

(1-x)FeS,(s) = Fel_XS(s)+(%—x)Sz(g) 2.22

The thermal decomposition of FeS, under nitrogen atmosphere has been studied by
Boyabat et al. in a temperature of 673 K and 1023 K [93]. The thermal decomposition
of FeS, to FeS, completed within 3 minutes at 1023 K. The rate of thermal
decomposition of FeS, increased with the decrease in the particle size.

Covellite (CuS) is also unstable at higher temperature. The thermal
decomposition of CuS can occur according to equations 2.23a and 2.23b [94, 95].

3.6CUS = 2Cu,,S +0.95,(g) 2.23a

4CuS =2Cu,S +S,(09) 2.23b

2.8 Thermodynamics of solution
The metallic phases and/or gangue minerals may form liquid and solid solutions during

the carbothermic reduction of mineral sulphides in the presence of lime. The

thermodynamics of metallic solutions is therefore briefly discussed in this section.
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2.8.1 Thermodynamic properties of solutions

There are three important thermodynamic properties for all mixtures and they are, the
entropies, heats and free energies of mixing [96, 97]. The relationship between the
Gibbs energy change of mixing (AG™) and, the entropy change (AS™) and the enthalpy
or heat change of mixing (AH™), at constant temperature are given in equation 2.24.

AG" =AH™ —TAS™ 2.24

The partial molar free energies, entropies and enthalpies are the important properties
that can be derived from three thermodynamic properties [96]. The partial molar free

energy, partial molar entropy and partial molar heat are given in equations 2.25a, 2.25b,

and 2.25c, respectively [96, 98]. The partial free energy ((_BA) is simply the change in

the total energy due to the addition of component A by onA [99] and is also known as

the chemical potential (,) [10, 100].

Ga =(£j Ng,Nereons T, P 2.25a
OnA

— OAH

Ha =(—’”J Ng,Neyeers T, P 2.25b

OnA

= A

Sa :(8 S j Ng,Neyeey T, P 2.25C
OnA

Where G is the free energy, Na is the number of moles of A, at constant moles of B
(Ng), C (N¢), temperature (T) and pressure (P) [10, 96].

The relationship between the chemical potential and the composition of the alloy or
mole fraction is given by the Gibbs-Duhem equation (equation 2.26) [10, 96, 101-103].

N,dG, + NgdGa +...+ N,dG; =0 2.26

39



2.8.2 Activity

The activity of the solution may be defined as its effective concentration [104, 105]. The
activity of the component i in the solution is therefore directly related to its
concentration [104]. If the activity of the component in a solution is equal to its
concentration or mole fraction X;, the solution is known as ideal solution and is said to
obey the Raoult’s law (equation 2.27a) [10, 99, 100, 104, 105]. However, most
solutions are non-ideal, they deviate from the ideal behaviour [28] and hence they do
not obey equation 2.27a. The deviation from the ideal behaviour is represented by the
activity coefficient (y;) (equation 2.27b). The relationship between the activity and the
mole fraction in a binary system is shown in figures 2.8a and 2.8b. A straight line is
obtained at very concentrations in a non-ideal solution and, the solution is said to obey
Henry’s law [10, 100, 104, 105].

a =X, 2.27a

a =y X, 2.27b

__ Henry's law

—

0

—

'U' XE —_— 1
A B
(a) (b)

Figure 2.8- Variation of the activity against mole concentration (a) for component B and

(b) for component A , line 1 Raoult’s law (ideal solution) line 2 negative enthalpy of

mixing (AHp,, < 0) and line 3 positive enthalpy of mixing (AH, > 0), [100]
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The activity coefficient can be greater or less than one unity, positive deviation in the
former case and negative deviation in the latter case [28]. The deviation from the
Raoult’s law may determine the mixing or de-mixing tendency of the solution [105].
The positive deviation from the ideal behaviour represents the de-mixing tendency
whereas the negative deviation from the ideal behaviour represents compound formation
[10, 105]. The Fe-Mn solution is ideal but the Fe-Cu [106] and Fe-Si show positive and

negative deviation, respectively, from the Raoult’s law.

Energy

N 7/
\\A’G//

A 0-5 B
Composition Xy —
Raoultian

----------- + ve deviation
- ——— - ve deviation

Figure 2.9 — Free energy of mixing for ideal solution and for the solutions exhibiting
positive and negative departure from the ideal behaviour

2.8.3 ldeal solution model

The ideal solution model assumes that the activity of each component or species is
equal to the mole fraction of the component or species in the solution [10] (equation
2.27a). The enthalpy of mixing is zero (AHpix = 0) in an ideal solution because the

energy change for breaking up the bonds between the unlike atoms is zero [100, 107]. In
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short, there is no interaction between the unlike atoms [108]. However, the entropy
change is never zero for the ideal solution as entropy is driven by the natural tendency
for mixing of atoms so as to reach the state of complete randomness [108]. Since AHpix
= 0 for ideal solutions, then from equation 2.24, the Gibbs free energy change for

mixing is given by equation 2.28.

G" =-TAS" 2.28

Where G and AS™ are the free energy change and entropy change of mixing,

respectively.

The partial molar free energy change for component A in a solution is given by equation
2.29a [10]. Since the enthalpy change is zero for the ideal solution, the partial molar

entropy of mixing for component A will be given by equation 2.29b.

Ga=RTINN, 2.29
Sa =—GT—A=—R|n N, 2.29b

The integral molar entropy of mixing (S™) is given by equations 2.30a and 2.30b.
S™=(N,Sa+N,Ss +..N,Si) 2.30a
S™=—R(N,INN, +NgInN; +..N,InN,) 2.30b

The integral molar free energy change (S™) can be derived from equations 2.28 and
2.30b and is given by equation 2.31. As shown in equation 2.8, the Gibbs energy of

mixing will depend on temperature (T) and composition (Ny) for the ideal solution.

G™ =RT(N,InN, +NgInN, +..N, InN,) 231

42



2.8.4 Regular solution model

The regular solution model assumes that the enthalpy change for mixing is not zero due
to the interactions between the unlike atoms. However, the entropy of mixing in the
regular solution is the same as that of the ideal solution [10]. The enthalpy of mixing is
therefore given by equations 2.32a — 2.32d. Equation 2.32c can be written items of
activity coefficient (equation 2.32d), because of the relationship between the activity,

the activity coefficient and the mole fraction (see equation 2.27b).

H™=G" +TS" 2.32a

H™=RT(N,Ina, +NgIna; +..N;Ina,)—RT(N,InNa+N; InB...+ NilnN,)

2.32b
H™ =RT(N, In22 N In 22 4 N 2 2.32¢
N, Ng N,
H"=RT(N,Iny, +N;Iny, +..N. Iny,) 2.32d
The partial molar enthalpy of mixing is given by equation 2.33 [10, 96].
Ha=RTIny, Hs =RTIny,, Hc=RTIny, 2.33

2.8.5 Derivation of binary phase diagram from free energy curves

A phase diagram has been defined by Bodsworth [10] as a map or chart that shows how
at equilibrium, the coexisting phase boundaries are moved by the change in temperature
(T) and compositions [10]. The locations of the phase boundaries or the stability regions
are determined by the thermodynamic properties of the system and hence knowledge of
the phase diagram can be used to evaluate or estimate the thermodynamic data [10]. The
phase diagrams can be constructed from the free energy composition curves at
isothermal temperature [105].

Complete solid and liquid solubility (miscible) - This is found in systems that conform
completely or nearly to ideal behaviour [10], such as the Cu-Ni binary phase diagram.
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The major phases at any temperature and composition (at Xa = O to Xa = 1), are the
liquid (L), solid (S) and S + L phases. In practice, there will be solid A (G3), liquid A (
G,), solid B (G;) and liquid B (G;). The liquid phase is the most stable phase above
the melting temperatures of both A and B (T1 > Tr(A) > Tm(B)) and hence it has lower
free energy than the solid phase (figure 2.10a). The free energy curves for the solid and
liquid phases move upwards or increase as the temperature decreases based on equation
2.28 but the increase is more rapidly for the liquid phase (figure 2.10b), because it has
higher entropy than the solid phase. The free energy for the liquid phase continues to
decrease more rapidly than the solid phase and hence G; = G, between b and ¢ (figure
2.10c). Since the free energies are the same for the solid and liquid phases, between b
and c, a two phase field (s + I) co-exists. The solid is more stable at composition
between A and b whereas the liquid phase is more stable at composition between ¢ and
B, at T,. The solid phase becomes the only stable phase at temperatures below T(B).

G T, T, (A) T,
v \%
L L
A B A B B
(@ (b)
T.
T (B) ’ T (A)
L "L Liquidus
U T, (B)
S
S Solidus
A B A B A B
@ () (0

Figure 2.10 - Derivation of the binary phases diagram (f) with a complete solid and
liquid solubility, from the Gibbs energy change from the solid and liquid curves (a), (b),
(c), (d) and (e) [100]

Where S and L are the solid and liquid phases, respectively.
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The line separating the S + L phase field from the L phase field is known as the liquidus
line and it gives the composition of the liquid phase. Similarly, the line separating the S
+ L phase field from the S phase field is known as the solidus line and it gives the
composition of the solid phase. The width between the solidus and liquidus lines or
width of the two phase region is proportional to the difference in the melting points of

the two components and the entropy of fusion (equation 2.34).

AS; AT,

b*—c' = 2.34
4RT

(o]

Where AS? is the standard entropy change, T, is the temperature, AT, is the difference

in the melting temperatures of the pure components A and B.

Complete liquid solubility with a solid miscibility gap — This is found in systems in
which the liquid phase is nearly ideal (complete liquid solubility) but AHpmix > 0, for the
solid phase, i.e. the different types of atoms dislike each other [100]. As a result, the
free energy curve for the solid assumes a negative curvature at the centre [10, 100] and
a common tangent can be drawn as shown in figure 2.11c to give a two phase region,
consisting of o’ and o” phases. However, e and f approach each other at higher
temperatures since -TASnix becomes more negative and, the two phase field disappears
[100]. The o’ + o phase field is known as the miscibility gap [100]. The Co-Fe system
belongs to this type of the system.
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Figure 2.11 — Derivation of the binary phase diagram (d) in which the liquid phase is
nearly ideal but, from the free energy curves (a), (b) and (c) [100]

Eutectic and peritectic phase diagrams — If AHpix iS much more positive in figure 2.11,
the miscibility region (gap) may extend into the liquid phase. A eutectic system results
when the melting points between the two components are closer to each other. The
liquidus temperature of solid i is given by equation 2.35a [38, 109]. When there is
appreciable solid solubility between the components, equation 2.35a is changed

according to equation 2.35b [109].

AH T
InN, = —— (T, =T) 2.35a
RTT,
AH T
N _ AR (T —T) 2.35b
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Where Ty, is the melting temperature, N; is the composition for the liquidus line, N; is

the solid solubility of component i at temperature, T [109].

T, 7

Solid
Solid
Solid
’ L

@

=

2+

Solid

Figure 2.12 — Derivation of the binary phase diagram from the free energy curves at Ty,
T,, T3, Tgand Ts [100]

A peritectic system is formed when there is a significant difference in the melting points
between the components because the free energy curves are more skewed [10] (see
appendex A.2.1). The Cu-Fe binary system is a good example of the peritectic system
due to the marked difference between the melting points of Cu and Fe.

2.9 Smelting slags

It has been stated in chapter one that copper smelting slags are the major sources of
cobalt. Slag has been defined as molten mixtures of silicates and metal oxides [28, 69,
110]. Slag acts as the receptacle for the unwanted compounds (gangue minerals), in
metal extraction process [110]. In practice, slag from metal extraction process may
contain halides and sulphides depending on the ore composition and the operating
conditions. A good slag should be completely immiscible with the liquid metal phase
and should therefore have the following properties [11]: (i) low melting temperature
than the molten metal so as to maintain high fluidity [110] (ii) low viscosity (iii) low

density and (iv) correct composition in order to accept and react with the impurities
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from the liquid metal [110]. The above named slag properties are attained through
control of slag structure and this is achieved by adding fluxes during the smelting
process [11]. The common types of fluxes in copper smelting process are lime (CaO)
and silica (SiO,) even through CaF is added, sometimes [111].

Molten slag consist of cations (Fe?*, Ca®*, Mg etc.) and anions (SiO.*, PO,
O% etc.) [108, 112]. The SiO,* tetrahedral unit structure is formed when silicon is
coordinated by four O ions. The SiO4* unit structures may be connected as rings or
chains depending on the SiO, content, to form a large polymerised ion as shown in
figure 2.13 [108]. It can be observed in figure 2.13 that the structure of silicate ions
depends on the degree of polymerization. The viscosity of the slag increases with
increase in the size of the silicate ion or polymerisation [108].

10
1 23 4 56 7 8 9
Olll.l.ll.l..lll
Scale in Angstrom units

( Siz0)
( 3’207)

(Si0,)*

(Si, 02) ® (Sis0se)™

Figure 2.13 — Crystalline silicates, the silicon and oxygen atoms are shown in black and
white circles, respectively [108]

The oxides in the slag can be classified as acidic, basic or neutral [10, 15, 108, 110].

The basic oxide is the O ion donor (supplier) and the acid oxide is the O% ion acceptor
(consumer) as shown in equations 2.35a and 2.35b [69, 108, 110], respectively. Neutral
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oxides are also known as amphoteric oxides and they can combine with both the basic
and acid oxides [15, 108].

MO =M?* +20* 2.35a

SiO, +20% =Si0}" 2.35b

A slag is therefore considered as acidic when it is rich in the acidic oxides (SiO, P2Os
etc.) and basic when it is rich in basic oxides (CaO, Na,O, K,O etc.) [110]. The basic
slag contains a lot of O% ions and the acidic slag contains fewer O% ions [105, 111]. The
basic metal oxides will be absorbed in the acidic slag and the acidic oxides will be
absorbed in the basic slag.

The bond in the Si-O-Si chain is broken to form smaller units [108] such as
Si04*, with the addition of CaO as shown in equation 2.36 and, the viscosity of the slag

decreases.

Si,0% +0% =2Si0}" 2.36

Similarly, the addition of CaF, breaks down the bond in the Si-O-Si chains to release
free O ions as shown in equation 2.37. The free O* ions from equation 2.37 may bring
more depolymerisation according to equation 2.36 such that the addition of CaF,
significantly decreases the viscosity of silicate melts.

Si,0% +2F =2SiFO% +0% 2.37

The chemical composition of the slag depends on a number of factors such as
mineralogical composition of the ore/concentrates, the extraction method and the type
of the furnace. The different types of slags have been discussed by Rosengvist [28].

2.9.1 Solubility of CaS in slag

Calcium sulphide (CaS) is one of the main reaction products from the carbothermic
reduction of mineral sulphide concentrates in the presence of CaO. However, the
solubility of CaS in slag is low even at 1573 K. The highest solubility of CaS at 1573 K
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occurs in the Ca0O-SiO,-CaF, system (figure 2.14) and this means that CaF, must be
added as a fluxing agent in order to produce CaS containing slag. Even though figure
2.14 shows that the CaO-SiO,-CaF, system can dissolve up to 10 wt. % CaS, there is
yet another obstacle for achieving liquid metal / molten slag separation in the reduction
of Cu-Fe-Co sulphide concentrates because, the Cu-Co-Fe alloys have high melting

temperatures.

SiO,

Ca0-SiO L
3Ca0-2SiO,
2Ca0-Sio, vyo '
i liquids
3C&O-SIOZ

CaO CaF,

Figure 2.14 - Calcium sulphide (CaS) solubility contours for the CaO-SiO,-CaF; system
at 1573 K, in weight percent [108]

2.10 Recovery of metallic phases from slag

As stated in the introduction (chapter one), copper smelting and converting slag dumps
contain significant quantities of copper and cobalt. In addition, the slag from the copper
smelting and converting processes, contain more than 20 wt. % Fe. The metallic values
(Cu, Co and Fe) in the slag are mainly present in the oxide form. Microscopic
examinations of copper smelting and converting slag have revealed that the Cu and Co
oxides are either dissolved in the oxide (fayalite, glassy) phases or exist as small spinel
phases enclosed within the oxide phases [20, 25].

As a majority of Cu and Co from the slag are mainly in the oxide form [3], the

carbothermic reduction (equation 2.38) may be employed to produce metallic/alloy
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phases (M) of Cu, Co and Fe. The thermodynamic prediction indicates that Cu,Co and

Fe oxides can be reduced to metallic state at temperatures as low as 1073 K [24, 28, 85].

MO +C =M +CO(g) 2.38

However, the solid state carbothermic reduction of metal (Cu, Co and Fe) oxides from
the slag phase may not be straight forward. This is due to lack of contact between the
metal oxides in the silicate phase(s) and the solid carbon. It may be suggested that the
reduction of the metal oxides may require different mechanism(s), other than the direct
contact between metal oxides and solid carbon. Therefore, metallisation may proceed as
follows: (i) the diffusion of the O% and metal (M?*) ions from the metal oxide (MO) to
the slag/carbon interface (figure 2.15a). The rate of reaction may be determined by the
diffusion of O* and metal (M) ions through the slag matrix and/or gasification of
carbon and (ii) diffusion of carbon/CO gas in the slag matrix so that the metallic phase
is formed within the slag phase (figure 2.15b). This mechanism may be undesirable for
solid state reduction as a result of the lack of separation of the metallic phases from the

slag phase.

M2+ +2e=M M2+ +2e=M

C+0% =CO+2e C+0% =CO+2e

(a) (b)
Figure 2.15 — lllustration of reduction mechanism of the metal oxide crystal in slag
2.10.1 Thermodynamic consideration

The Cu-Co-Fe-Ca-O-S predominance area diagram at 1273 K is shown in figure 2.16,
from which the following observations can be made:
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i. Metal oxides (CoFe,O, and Cu,O) co-exist with CaSiO; and SiO, at
logi0(P(O2)) >-6.4.
ii.  Metal sulphides (CuFeS,, CusFeS4, CogSg, FeS) co-exist with CaSiO3 and SiOs.
iii.  Metal sulphides (CuFeS,, CusFeS,, CogSg, FeS) co-exist with CaS and SiO; at
lower partial pressure of O, gas.

iv.  Preferential sulphidisation of Cu and Co may be achieved based on the partial

pressures of SO, and O, gases.

,#’CuFe0,+CoFe,0,+
Cu,0+CaS0,44Si0,

7
7’

L

log,,(P(SO,)) (atm)

CuFe0,+CoFe,0,+Cu+CaSiO;+5i0,

CuFeO,+CoFe,0,+Cu,0+CaSi0;+Si0,

-9 -8 -7 -6 -5
log,,(P(0,)) (atm)

Figure 2.16 — The Fe-Co-Fe-Ca-Si-O-S predominance area diagram at 1273 K
constructed by superimposing the Fe-Co-Fe-O-S (continuous line) and the Ca-Si-O-S
(dotted line) predominance area diagrams, computed using FactSage software [24]

2.10.2 Sulphidisation of metal oxides

Based on the Cu-Co-Fe-Ca-O-S predominace area diagram in figure 2.16, carbon and
SO,/S; are required for the sulphidisation of the metal oxides because: (i) the partial
pressure of O, gas should be lower (log;0PO-))(atm) < -6.1) and (ii) the partial pressure
of SO,/S; gas should be high as shown in figure 2.16. SO, and S, gases can be obtained
from the reduction calcination of CaSO, [30] and from the thermal decomposition of

FeS,, respectively.
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2.10.2.1 Sulphidisation of metal oxides with pyrite (FeS,)

As already stated, pyrite (FeS,) evolves S, gas as it decomposes to FeS above 1016 K
(reaction 2.39a) such that it has been used for sulphidizing the metal oxides into the
metal sulphides (equation 2.39b) [113, 114]. The iron sulphide (Fe1.xS) from the thermal
decomposition of FeS, may further react with Cu-O and Co-O according to equations
2.39a and 2.39d, respectively. The un-oxidised FeS reacts with Cu,S and CoS to form
Cu-Co-Fe-S matte phase.

FeS, = FeS +0.5S,(g) 2.39a
MO +0.5S,(g) +C = MS + CO 2.39b
FeS + Cu,0O =Cu,S + FeO 2.39c
FeS +CoO = CoS + FeO 2.39d

The sulphidisation of metal oxides in the presence of pyrite (FeS;) has three major draw
backs: (i) the S, gas may escape out, without reacting with the metal oxides, because of
the rapid decomposition of pyrite (FeS,) above 1016 K, (ii) large quantities of FeO rich
slag may be generated because of the presence of FeO from reactions 2.39¢c and 2.39d,
at low addition of FeS; and (ii) a FeS rich matte may be generated at high addition of
FeS,, because of the FeS from the sulphidisation of FeO in the slag phase and, from
equation 2.39a.

As pyrite (FeS;) decomposes at low temperature, it has been used for sulphate
roasting of the slag, in which Cu and Co are converted to sulphates. However, studies
by Tumen and Bailey have showed that even though more than 90 % of copper can be
recovered through sulphate roasting of slag with pyrite (FeS,), the recovery of Co and

Ni were very poor [115].

2.10.2.2 Sulphidisation of metal oxides with CaSO,

Even though the thermal decomposition of calcium sulphate (CaSO,) takes place at

about 1473 K, the decomposition can occur at temperature as low as 1073 K, in the
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presence of carbon (equation 2.40). Reaction 2.40 is known as reduction calcination
[30].

CaSO, +0.5C = CaO + SO, +0.5CO, (g) 2.40

The SO, gas from the reduction calcination of CaSO,4 will react with the metallic oxides
to give metal sulphides as shown in equation 2.41a. The summation of equation 2.40

and 2.41a gives the overall equation 2.41b.

MO + SO, (g) +1.5C = MS +1.5CO, (g) 2.41a

MO + CaSO, + 2C = MS +CaO + 2CO, (g) 2.41b

The use of CaSO; is attractive because: (i) CaSOy, is readily available, (ii) sulphidisation
may be achieved with minimal or no generation of SO, gas via reaction 2.41Db i.e., by
carefully controlling the molar ratio of CaSO,/C [85] and (iii) a calcium silicate slag
may be produced which may be used for construction and glass making. The
sulphidisation of slag in the presence of CaSQO4, has been carried out by Matusewicz and
Mounsey [113]. However, it was found that CaSO, was inappropriate for facilitating
matte production [113] but no details were given out, regarding the type of carbon,
stoichiometric ratios of CaSO,4 and carbon.

The reduction calcination of CaSO, has been studied by Turkdogan and Vinters
[85] using various types of carbon. The reaction was completed in about 40 minutes and
120 minutes at 1373 K and 1273 K, respectively, in the presence of graphite. The
reduction calcination of CaSO, with graphite yielded, mainly CaO and SO, gas.
However, only 20 — 40 % of SO, gas was given off in the presence of more reactive
carbon such as coke and coconut charcoal because part of CaSO, was calcined to CaS
(figure 2.17a). Turkdogan and Vinters also studied the effect of changing the molar ratio
of graphite in equation 2.40, the amount of SO, gas decreased at C/CaSO, > 0.5 mole
ratio, (figure 2.17b) because of the calcination of CaSO, to CaS.
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Figure 2.17 — (a) Reduction calcination of CaSO, according to equation 2.40 with
various types of carbon and (b) effect of changing the quantity of graphite during
reduction calcination of 1.65g of CaSO, [85]

2.11 Equilibrium phase system

The froth flotation mineral concentrates consist of various phases and hence several
phases are expected to form during reduction at high temperatures (above 1073 K). It is

for this reason that various phase systems are discussed in the section.

2.11.1 Cu-Fe-S system

There are several phases in the Cu-Fe-S system, depending on temperature and
composition of Cu, Fe and S. A liquid phase is formed in the region of 55 at. % - 60 at.
% Cu, 15 at. % - 28 at. % Fe and 40 at. % - 45 at. % S, at 1073 K as shown in figure
2.18. The liquid phase is in equilibrium with Cu, Fe, Cu and Fe, Fe;«S (Po) phases,
depending on composition. Part of the liquidus surface of the copper-iron-sulphur
system is shown in figure 2.19 [28] and it is evident that the liquidus temperature
increases towards the Cu-Fe line. Copper mattes are metal rich and have composition

lying between the FeS and Cu,S line [111].
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Figure 2.18 - The copper-iron-sulphur tenary system at 1073 K [91], bn is bornite
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Figure 2.19 — Part of the Cu-Fe-S system showing the liquidus surface [28]
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The Cu,S-FeS pseudo binary phase diagram is shown in figure 2.20 [15]. The Cu,S and
FeS liquid phases are completely miscible because of the slight negative deviation from
ideal behaviour [14]. The solid solubility of FeS in Cu,S and Cu,S in FeS are about 50
wt. % and 10 wt. %, respectively. There is a eutectic reaction at about 1198 K. The
eutectic melt may be formed during carbothermic reduction of CuFeS; since Cu,S and

FeS can be produced via equation 2.42, at low addition of CaO or low reaction.

2CuFeS, + CaO + C =Cu,S e 2FeS + CaS + CO 2.42

It can be deduced from the Cu,S-FeS pseudo binary phase diagram in figure 2.20 that:
(i) CusFeS,4 or Cu,S + CusFeS, are the main phases that can be obtained after heating
the Cu,S rich mineral sulphide concentrates and (ii) CuFeS, + CusFeS, + FeS are the

main phases than can be obtained after heating the FeS or FeS, rich mineral sulphide

concentrates.
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Figure 2.20 — The Cu,S-FeS pseudo binary phase diagram [15]
2.11.1.1 Copper-sulphur (Cu-S) system

The copper-sulphur (Cu-S) system has been studied by Chakrabarti and Laughlin [116]

and is shown in figure 2.21. There are a number of intermediate compounds in the Cu-S
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system and they are; covellite (CuS) and chalcocite (Cu,S) [117], djurleite (Cuj.gS),
digenite (Cu,S), anilite (Cuy7sS) [116]. Covellite (CuS) decomposes to digenite
(Cuy.06S) and S, gas at about 780 K (507 °C) [116]. There are two miscibility gaps [118]
or immiscibility regions between L; and L, above 1378 K [10, 28, 116, 119] and
between L, and L3 above 1086 K [116]. There is a eutectic reaction at 1340 K (1067 °C)
and 0.75 wt. % S. The solid solibility is very low in the Cu-S system due to the high
tendency of compound formation [10].
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Figure 2.21 — Copper-sulphur binary phase diagram [7]

2.11.1.2 Iron-sulphur (Fe-S) system

The iron-sulphur system is shown in figure 2.22. There are two intermediate compounds
in the system (pyrite (FeS,) and the non-stoichiometric pyrrhotite (Fe;S)), and both are
stable at room temperature. Fe;.xS melts congruently at about 1462 K whereas FeS,
decomposes at about 1016 K to give Fe;.xS and S, gas. The region between Fe;xS and
Fe is important during carbothermic reduction of the mineral sulphides in the presence
of CaO, considering the fact that FeS, decomposes at above 1016 K. There is a eutectic

reaction between Fe and Fe;.,S, at about 1261 K and 31.6 wt. % S.
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Figure 2.22 — The iron-sulphur binary phase diagram [120]
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2.11.2 Copper-cobalt-sulphur system

The copper-cobalt-sulphur system is essential as it constitutes the major cobalt sulphide
mineral (CuCo,S,) [13]. The system has been studied by Claig et al. and is shown in
figure 2.23 at 1173 K[121, 122]. There are two liquid phases in the system at 1173 K.
Liquid i has 70 wt. % - 74 wt. % Cu and extends from the Cu-S line, to a point with
about 18 wt. % Co. Liquid ii has about 26 wt. % - 30 wt. % S and extends from the Co-

S.
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Figure 2.23 — The copper-cobalt-sulphur (Cu-Co-S) system at 1173 K [121, 122]

2.11.2.1 Cobalt-sulphur (Co-S) system

The cobalt-sulphur system is shown in figure 2.24 [120]. It consists of five intermediate
phases hamely Co1.xS (hon-stoichiometric), CoS,, CogSg, C04S3and CoS;) [123]. Cobalt
disulphide (CoS;) has a pyrite (FeS;) type of structure [5] and hence they form solid
solution. The solubility of sulphur in cobalt is very limited (about 0.04 wt. %) [5]
because of high tendency to compound formation in the Co-S system. There is a
eutectic reaction involving Co4S3 and Co at 1148 K (875 °C) and 26.6 wt. % sulphur.
Co4S; is stable between 1058 K (785 °C) and 1203 K (930 °C). CogSg decomposes to
Co04S3 and Co;.«S upon heating to 1107 K wheras Co3S, decomposes to CoS; and Co14S
upon heating to 930 K. CoS; is stable down to room temperature.
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Figure 2.24 — Cobalt-sulphur (Co-S) binary phase diagram [120]

2.11.3 Copper-cobalt-iron (Cu-Co-Fe) system

The copper-cobalt-iron system is very important in the present investigation as it
constitutes the metallic phases (Cu,Co and Fe) from the reduction of the mineral
sulphide concentrates. The only phases in the Cu-Co-Fe system are those from the
binary systems of Cu-Fe, Cu-Co and Co-Fe and they are y-Cu, a-Co, &-Co, a-Fe, y-Fe
and &-Fe [124]. The solubility of Cu in a-(Fe-Co) and y-(Co-Fe) and, of Fe and Co in
Cu are still small [124]. The Cu-Co-Fe ternary systems at 1073 K and 1273 K are
shown in figures 2.25a and 2.25b, respectively [124]. It can be observed from figures
2.25a and 2.25b that the solubility of Cu in Co-Fe alloy phase is very low as discussed
above and hence the Co-Fe and Cu phases can be produced during carbothermic
reduction of the mineral sulphides concentrates at lower temperatures.

The liquidus temperature for the Cu-Co-Fe system has been investigated by
Banda et al. using differential thermal analysis (DTA) [125]. The liquidus temperature
increases with increase in the Fe/Cu ratio, at constant cobalt content [125]. Cobalt has
less influence on the liquidus temperature [125]. There is liquid separation between the

Co-Fe and Cu molten phases in the system [126].
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2.11.3.1 Copper-cobalt phase diagram

The Cu-Co system is shown in figure 2.26. There are two crystalline forms of Co and
they are &-Co with a hexagonal closed packed structure and a-Co a face centered cubic
structure [5, 6, 128]. The e-Co phase is stable from room temperature to 695 K (422 °C)
and the y-Co phase is stable above this temperature [128]. There are three phases in the
Cu-Co system above 695 K and they are: (i) a-cobalt (0 wt. % — 20.9 wt. % Cu), (ii)
copper (0 wt. % — 7 wt. % Co) and (ii) liquid phase [23]. The three phases are in
equilibrium at 5.1 wt. % Co, 8.4 wt. % Co and 87.4 wt. % Co [129]. The liquidus
temperature is depressed with increase in copper content, reaching minimum at 100 wt.
% Cu.

The variation of the lattice parameter in the Cu-Co system has been shown by
Nishizawa and Ishida [130]. The lattice parameter of FCC cobalt from the quenched
melt increases with increase in the Cu content and thus the 26 angle peak position shift
to the lower angle, in the XRD pattern. The Cu-Co system has the positive enthalpy of
mixing which is an indication of phase separation [23, 131]. The curie temperature

decreases within the a-Co phase, with increase in the copper content [130].
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Figure 2.26 — The copper-cobalt binary phase diagram [23]

63



2.11.3.2 Iron-copper (Cu-Fe) system

The iron-copper system is shown in figure 2.27 and is important as it consistitute the
metallic phases resulting from the reduction of the CuFeS, and CusFeS,; mineral phasess.
The Cu-Fe system has five phases and they are; three iron rich phases (a-Fe, y-Fe and
8-Fe), copper rich (FCC) and the liquid phase. The maximum solubility of Cu in Fe is
about 12 wt. % at 1683 K [23]. The a-Fe phase has the lowest solubility of copper (2.2
wt. %) at the eutectoid temperature (1123 K). The maximum solubility of copper in &-
Fe is about 8.1 wt. %, at the peritectic temperature (1758 K). There is another peritectic

at about 1369 K. The copper-iron system has positive deviation fron ideal and hence it

has a de-mixing tendency [23, 131-135].
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Figure 2.27 — Copper-iron phase diagram [136]
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2.11.3.3 Iron-cobalt (Fe-Co) system

The iron-cobalt system is shown in figure 2.28. It has a very narrow solidification
temperature range [137] of 2 K - 3 K, between 30 at. % to 100 at. % Co [23]. The
liquidus line falls from the melting points of iron 1811 K (1538 °C) and cobalt 1768 K
(1495 °C) and reaches minimum temperature of 1749 K at 66.8 at. % Co [129]. The
maximum solid solubility of a-cobalt in a-iron is about 75 wt. % but there is complete
solid solubility between a-cobalt and y-iron [23]. The ordering of equiatomic (CoFe)
alloy takes place below 730 °C [129, 138]. The iron atoms take up the corner atoms
while cobalt atoms take up the cube-centre positions in the ordered CoFe phase (o)
[138]. There is random arrangment of the atoms on the corners and center of the cubic
unit cell [138]. The curie temperature (T) increases as Co dissolves in Fe. As there is
extensive solid solubility in Co-Fe system, the Co-Fe alloy phase will be formed during

reduction of mineral sulphides.

Weight Percent Cobalt
10 20 30 40 50 60 70 80 90
I T

1700 T T T T T T T
L
[ —— —_
15001
- ~
~ 67, 1476°
1300 r 7]
<
S 121°
5 1100+ ° o
o
B ~ 45,985 ral
8 P
P e Y
= 900F =~ o 2
/ Tc o " \ AN
~50,730 N
769° \\ LY
, \
500 1 ] 1 ] | ) | )

1
Fe 10 20 30 40 50 60 70 80 90 Co
Atomic Percent Cobalt

Figure 2.28 — The iron-cobalt binary phase diagram [120]
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2.11.4 Iron-oxygen-sulphur (Fe-O-S) system

The iron-oxygen-sulphur system is important because the reduction of FeS or FeS;
mineral phases may vyield the FeO phase (equation 2.43) which may react with FeS.
There is a eutectic reaction between FeO and FeS at 1193 K [139]. There is also a Fe-
FeO-FeS tenary eutectic at about 1188 K, with a composition of about 68 wt. % Fe, 24
wt. % S and 8 wt. % O [140]. The presence of the Fe-O-S liquid phase may enhance the

reduction of the FeS,/FeS mineral phases.

FeS + Ca0 = FeO +CaS 2.43

2.11.5 Calcium-sulphur-oxygen (Ca-0O-S) system

The Ca-O-S system is important as it shows how CaO reacts with sulphur gas under low
and high partial pressure of O, gas or under oxidising and reducing atmosphere. The
Ca-O-S stability diagram is presented in figure 2.29 [28, 41] and it can be observed that
for a fixed partial pressure of O, gas, CaO may react with sulphur gas, to form CaSO,
and CaS at low and high temperatures, respectively. Similarly, CaO may react with
sulphur gas to form CaSO, and CaS at high and low partial pressure of O, gas,
respectively. Figure 2.29 shows that CaS can be converted to CaO (regeneration of
Ca0) and CaSO, by controlling the partial pressure of O, gas. The stability region of
CaO increases with decrease in the activity of CaO and partial pressure of O, gas. Based
on figure 2.29, the mineral sulphides may react with CaO to form CaS or CaSO,

depending on temperature and, partial pressures of O, and SO, gases.
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Figure 2.29 — Calcium-oxygen-sulphur system phase stability diagram [41]

2.11.6 Iron-calcium-oxygen-sulphur system

The Ca-Fe-O-S system is important as it relates to the reduction of pyrite (FeS;) mineral
phase in the presence of CaO. Previous study by Jha and Abraham [141] has showed
that there is a eutectic between FeO and C; (3CaS+4FeO) at temperature of 1153 K
(figure 2.30). The presence of the liquid phase may enhance the reduction of the FeS
phase during carbothermic reduction. The Ca-Fe-O-S phase stability system has been
computed by Kutsovskaya [53]. It was showed that Fe co-exists with CaS at low partial

pressure of O, and S, gases.
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Figure 2.30 — The FeOx-CaS binary phase diagram published by Jha and Abraham [141]
Where C;(3CaS+4Fe0) and C1;(CaS+FeO)

2.11.7 Cu-Fe-Ca-0O-S system

The Cu-Fe-Ca-O-S system is important for the reduction of Cu-Fe-S mineral sulphides
in the presence CaO. The predominance area diagram for the Cu-Fe-Ca-O-S system at
1100 K has been computed by Morris and Flynn [142] and it was showed that sulphur
can be fixed as CaS or CaSO, at low and high partial pressure of O, gas, respectively.
The computed Cu-Fe-Ca-O-S system by Morris and Flynn [142] further showed that
metallisation of copper and iron requires low partial pressure of O, and S, gases.
Therefore, metallisation of copper and iron may not take place if the thermal
decomposition of mineral sulphides is higher than the absorption of sulphur by lime.
The plot of oxygen potential against the reciprocal of temperature for the
univalent equilibria of the Cu-Fe-Ca-O-S system has been computed by Rosengvist [41]
(figure 2.31). The major observations in figure 2.31 are: (i) metal oxides (CuO,
CuFe,0,) co-exist with CaSQO, at high partial pressure of O, gas, (ii) Cu co-exists with
CaS0O, and Fez04 and (iii) Cu co-exists with Fe and CasS at very low partial pressure of

O, gas. Therefore, mineral sulphides can be roasted in O, gas, in the presence of CaO to
68



obtain metal oxides (CuO, CuFe,Q,4, Fe;03) and CaSO,. The lime roast calcine can be

treated pyrometallurgically via:
I.  Preferential metallisation of Cu, because Cu co-exists with the Fe;O, and
CaSO, phases. This is possible by adding just enough carbon for the reduction
of CuO to Cu and, Fe,O3 to Fe3O,4 (equation 2.44).

CuO + Fe,0, +CaS0O, + %C =Cu+ % Fe,O0, +CaSO, + %CO(g) 2.44

ii. Complete metallisation of Cu and Fe as these phase co-exists with CaS.

Metallisation may be achieved by adding carbon according to equation 2.45.

CuO + Fe,0, +CaSO, +8C =Cu + Fe+CaS +8CO(g) 2.45
had (8] [8)
o = P
Q o [an]
(=] o0 r~
0 _ Cu0+CaS0,(+CuFey0,) 1

Figure 2.31 — Plot of oxygen potential against the reciprocal of absolute temperature,

Cu-Ca-0O-S (continuous lines) and Cu-Fe-O (dashed lines) [41]
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2.11.8 Cu-Fe-S-O system

The Cu-Fe-O-S system is relevant during reduction of Cu-Fe-S (CuFeS; and CusFeSy)
type of minerals. The liquidus line for the Cu-Fe-S-O system is shown in figure 2.32
[111] and it can be observed that the lowest liquidus temperature is towards the FeS.
There are two eutectics in the system, between Cu,S and FeS at 1183 K and, between
FeO and FeS at 1193 K [139]. The Cu-Fe-O-S liquid phase may therefore be formed
during carbothermic reduction of Cu-Fe-S mineral particles via diffusion of the O* ions
into the mineral phase. It can also be observed in figure 2.32 that Cu,S and FeO are

highly soluble in FeS.
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Figure 2.32 — The liquidus surface for the Cu,S-FeS-FeO system, the BN line represents

the composition of matte in equilibrium with SiO, saturated SiO;, + FeO melt [111]
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2.11.9 Iron—oxygen system

The iron-oxygen system has been extensively studied by Wriedt [143] and is shown in
figure 2.33. There are three intermediate phases in the system and they are hematite
(Fe,03), magnetite (FesO4) and wustite (FeO) [144]. Woustite is the non-stoichiometric
compound and can be designated as FexO, where x is between 0.835 and 0.945 [144].
The wustite phase is unstable below 833 K (560 °C), it decomposes to Fe3O,4 and Fe. As
a result, Fe is in equilibrium with Fe,O and Fe3O4 above and below 833 K,
respectively. Any FeO phase that forms via ion exchange reaction might be retained or
transformed to Fe;O, and Fe, depending on the rate of cooling of the sample. Magnetite
(FesO4) melts congruently at about 1869 K (1596 °C). On the other hand, hematite
decomposes to magnetite and oxygen gas at 1730 K (1457 °C).

Weight Percent Oxygen

0.1 05 22 23 24 25 26 27 28 29 30
T a0 T T T T T gl | | I I

o
1597, 1583°

(-]
6 0 54-2 1424°  [rey0,)— 1457

54.6 58.02 —
F9203 B

51.26

Wustite

1000 FeO

Temperature
w0
)

800

600F 560°

51.42
4004 o+ F9301‘ —

2001 1 | | 1 1 1 1 1 ] 1 1 1
Fe 1 2 3 50 51 5253 54 b5 - 56 57 58 59 60 61

Atomic Percent Oxygen

Figure 2.33 — The iron-oxygen binary phase diagram [120]

2.11.10 Calcium-oxygen-iron (Ca-O-Fe) system

The calcium-oxygen-iron system has been discused by Raghavan [120]. The FeO-CaO
phase diagram is shown in figure 2.34 and it can be observed that there is a larger
solubility between wustite (FeO) and CaO. The only intermediate phase is CayFe;Os

and it co-exists with either CaO or FeO. Based on the phase diagram in figure 2.34,
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CayFe,0s is expected to be one of the main phase after heat treatment of the Fe-S rich
mineral sulphide concentrates in the presence of CaO, assuming that there is no
formation of oxysulphide phases. The Ca,Fe,Os phase can also be produced during
carbothermic reduction of the mineral sulphides in the presence of CaO, when the
reduction reaction is slower than the FeS — CaO exchange reaction, The liquid phase in
the FeO-CaO system appears at about 1388 K (1115 °C).

There is a limited solid solubility between CaO and Fe,O3 as shown in figure
2.35 because of high tendency to compound formation. The intermediate compounds in
the CaO-Fe,03 system are CaFe,O;, CaFe,O,4 and CayFe,0s. CaFe 07 is unstable below
1388 K (1155 °C). CaFe,O4 melts incongruently 1489 K (1216 °C) and CayFe,Os melts
congruently at 1722 K (1449 °C). A liquid phase appears at 1478 K (1205 °C) because

of the eutectic between CaFe,O4and CaFe,O-.
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Figure 2.34 - FeO-CaO phase diagram in wt. % [145]
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Figure 2.35 - Fe,03-CaO phase diagram in wt. % [146]
2.11.11 Copper-oxygen (Cu-O) system

The Cu-O systen is of importance for the carbothermic reduction of Cu-S mineral phase
because, the reduction reaction may proceed via formation of Cu,O. The copper-oxygen
system has been studied by many authors [147-150] and is shown in figure 2.36. The
maximum solubility of O in Cu is 0.03 wt. %, at the eutectic temperature, 1339 K
(1066 'C) [150]. There is a liquid miscibility gap above 1496 K (1223 °C). There are
two intermediate phases in the system and they are CuO and Cu,O [150, 151]. The
required oxygen potential for the formation (oxidation) of the two intermediate
compounds are shown in equations 2.46b - 2.46¢c. The partial presssure of oxygen
should therefore be kept low to avoid the oxidation of copper during reduction,

particularly at the low stoichiometric ratio of carbon.

4Cu+0, < 2Cu,0 2.46a
17400

Log[PO, /bar]=7.42 - — (1000 - 1339 K) 2.46b

2Cu,0+0, < 4Cu0O 2.46¢
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Figure 2.36 — The copper-oxygen (Cu-O) phase diagram [7]

2.11.12 C&O-SiOz-A'zOe,

system

The Ca0-SiO,-Al,03 system is shown in figure 2.37 and it is important for producing

FeO free slag, such as the blast furnace slag [28]. The lowest liquidus temperature, 1473

K — 1673 K (1200 °C - 1400 °C) and is found in the mixture containing 40 wt. % — 70
wt. % SiO, [28]. The activity of pure SiO, in the CaO-SiO,-Al,O3 system has been

shown by Rosengvist and it decreases rapidly when the mole ratio of CaO exceeds that

of CaSiO3[28].
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Figure 2.37 — CaO-Al,03-SiO; phase diagram [145]

2.11.13 CaO0-SiO;, system

Silica (SiOy) is the major gangue consitituent in the mineral sulphide concentrates from
the Copperbelt province in Zambia. As the current investigation focuses on reduction of
the mineral sulphide concentrates in the presence of CaO, it is important to discuss the
Ca0-SiO;, phase diagram. The CaO-SiO, system is shown in figure 2.38 [152] and it is
evident that there is very limited solid solubility between the CaO and SiO, phases
because of the high tendency for compound formation in the system. The intermediate
compounds are Ca,SiO,4, CasSi,O;, CaSiO3; and CasSiOs [153]. The lower and upper
limit of stability for the CasSiOs intermediate compound are 1523 K and 2343 K [153],
respectively. CaSiO3; and Ca,SiO4 melt congruently at 1817 K and 2403 K, respectively.
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The enthalpy and entropy changes for the formation of intermdiate products are given in
table 2.1.

Table 2.1 — Enthalpy and entropy changes for the formation of calcium silicate

compound

AH (J) AS (J)  Temperature range (K)

CaO + Si0, = CaSio, -02422 25 298 - 1813
2Ca0 + Si0, = Ca,Sio, -118769 113 298- 2403
3Ca0 + Si0, = Ca,Sio, -118769 6.7 298 - 1773
3Ca0 + 2Si0, = Ca,Si,0, -236701  -9.6 298 - 1773

Based on the thermodynamic data in table 2.1, it can be deduced that the Gibbs energy
changes are negative for the reaction between CaO and SiO,. As a result, the reaction
between CaO and SiO, may decrease the availability of lime during carbothermic
reduction. A large quantity for CaO might be necessary, for the formation of calcium
silica and for the MS-CaO ion exchange reaction, if the driving force for formation of

calcium silicate is higher than for the carbothermic reduction,
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Figure 2.38 — The CaO-SiO; phase diagram [152]
2.11.14 Fe0-SiO,-CaO system

The FeO-SiO,-CaO system constitutes the main components of copper smelting slag
[28] and is shown in figure 2.39. The lowest liquidus temperature is near the FeO-SiO;
composition. In copper smelting process, SiO; or FeO (in the form of FeS,) is added to
bring the slag composition closer to FeO-SiO,, depending on the chemical composition
of the mineral sulphide concentrates. The liquidus temperatures increase towards the
SiO; and CaO regions. Olivine refers to the silicate minerals with a general formula of
M,Si04, where M is commonly Fe and Mg [154].
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Figure 2.39 — The FeO-SiO,-CaO tenary phase diagram
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3.0 Experimental procedure

3.1 Materials

The mineral sulphide concentrates were obtained from the Nchanga, Nkana and Baluba
concentrators, on the Copperbelt region in Zambia. The mineral sulphide concentrates
were derived from froth flotation and the mineralogical data is given in tables 3.1 — 3.3.
Carrollite (CuCo,S4) is the main Co bearing mineral in all the three mineral

concentrates. The other Co bearing mineral is pyrite (FeS,) as shown in table 3.2.

Table 3.1- Mineralogical data for the Nchanga concentrates

Wt.% | % TCu | % ASCu F: L
Chalcopyrite (CuFeS,) 5.8 2.0 - 97:3
Bornite (CusFeS,) 111 7.0 0.14 100:0
Chalcocite (Cu,S) 28.3 22.6 0.3 96:4
Pyrite (FeS,) 4.9 - - 92:8
Carrollite (CuCo,Sy) 0.2 0.1 - 100:0
Native copper 0.3 0.4 - 100:0
Malachite (Cu,CO3(0OH),) 2.6 15 1.5 98:2
Cuprite (Cu,0) 1.3 1.1 0.7 97:3
Gangue (45.3 wt. %)
Quartz/feldspar 34.53
Carbonates 1.20
Micas 5.15
Talc 2.81
Carbonaceous shale 1.00
FeOy 0.40
TOTAL 100.0 34.7 2.8 -

F:L = Ratio of free to locked sulphide mineral particles, TCu = total copper and ASCu =

acid soluble copper
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Table 3.2 - Mineralogical data for the Nkana concentrate

Wt.% | % TCu % % TCo
Chalcopyrite (CuFeSy) 8.6 3.0 - -
Bornite (CusFeS,) 5.0 3.2 0.06 |-
Chalcocite (Cu,S) 0.7 0.6 001 |-
Pyrite (FeS,) 10.1 - - 0.4
Carrollite (CuCo,S,) 2.0 0.4 - 0.8
Pyrrhotite (Feixs) 0.2 - -
Malachite (Cu,CO3(0OH),))2. | 0.6 0.3 0.3 -
Gangue (72.8 wt-%)
Quartz/Feldspars ~19
Carbonates ~10
Micas ~31
Talc (MgsSi;010(0OH),) ~1
Carbonaceous Shale ~12
Iron Oxides <1
Total 100.0 7.6 0.4 1.2

Table 3.3 - Mineralogical data for the Baluba concentrate

Cobalt concentrate

MINERALS Wit %
Chalcopyrite (CuFeS,) 51.6
Bornite (CusFeS,) 0.5
Chalcocite (Cu,S) 5.8
Pyrite (FeSy) 155
Carrollite (CuCo,S,) 1.5
SiO; 9.8
Carbonates and hydrates 15.3

Total 100.0

The particles sizes of the mineral sulphide concentrates were between 5 pum and 500

um. Graphite with particles size of less than 50 um was obtained from Leeds university
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laboratory. Carbon black - X72 was supplied by Evonik Company (Germany) whereas
activated charcoal was purchased from Alfa Aesar (UK). The list of other chemicals

which were used in the investigations is presented in table 3.4.

Table 3.4 — List of chemicals used in the investigation

Chemical Supplier Purity (wt. %) | Particle size (um)

Cao Vickers laboratory limited > 95 -

CaSOq, Alfar Aesar (UK) >99 -

Fe 03 Sigma-Aldrich (UK) >09 <5

CoO Sigma-Aldrich (UK) - -

CuO Sigma-Aldrich (UK) >99 <5

SiO, Sigma-Aldrich (UK) - -

Al,0O3 Sigma-Aldrich (UK) 99.99 -

3.2 Carbothermic reduction experiments

The carbothermic reduction of the mineral sulphide concentrates were carried out in the
thermal gravimetric analysis (TGA) equipment and in the elevating hearth furnace. The
TGA equipment was used for the carbothermic reduction of smaller samples (less than 3
g) and for low temperature reduction (T < 1323 K). The elevating hearth furnace was
used for larger samples (above 3 g) and for higher temperature experiments (above 1323
K) because, the quartz reaction tube in the TGA equipment cannot withstand
temperatures, higher than 1323 K. The mixing procedure for the samples was the same,
for the experiments carried out in the TGA equipment and in the elevating hearth

furnace.

3.2.1 Sample preparation

For reduction experiments in the TGA equipment, 0.8 g of the mineral sulphide
concentrates were mixed with lime and carbon by following equation 1.5a. The required

lime and carbon were calculated according to equations 3.1a and 3.1b, respectively.
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wt% of Sinconc. 56(RMM of CaO)
X

Ca0 = x weight of conc. 3.1a
100% 32(RMM of S)

_ wt%of Sin conc. y 12 (RMM of C)

\NtC
100% 32(RMM of S)

x weight of conc. 3.1b

Where wicyo is the weight of CaO, wtc is the weight of carbon, Conc. is the

concentrates and RMM is relative molecular mass.

The mixture of mineral sulphide concentrates, lime and carbon were intimately mixed
by grinding in a mortar and pestle for about 5 minutes. The mixed and ground samples
were then transferred into the 13 mm diameter pressing steel die. The pellets were
formed by pressing the samples at a load of 8 tons and for a period of about 35 minutes.

The pressed pellets were between 6 mm and 10 mm in height.

3.2.2  Thermal gravimetric analysis (TGA) studies

Thermogravimetric analysis (TGA) is a technique where the sample weight or weight
change (loss or gain) is measured either as a function of time (isothermal reaction) or as
a function of temperature [155, 156]. In essence, the sample is either suspended from or
placed on the balance during the reaction and, the weight changes are recorded on the
computer with the help of the software. The recording of the sample may be carried out
at different intervals such as 1 s, 10 s, 20 s, 60 s and so on, depending on the rate of
reaction.

The reduction experiments were carried out isothermally, in order to examine
the rate of reaction as a function of temperature. The schematic arrangement of the TGA
equipment is shown in figure 3.1. The thermal gravimetric analysis unit consists of the
temperature controller, Sartorius micro-balance which has a sensitivity of 0.1mg, pico
data recorder which is connected to the computer, a vertical resistance furnace which is
fitted with the quartz reaction tube [157]. The quartz reaction tube has a volume of 0.5
litres. The alumina crucible containing the sample pellet was suspended from the
Sartorius micro-balance using a stainless steel wire in such a way that when the furnace

is raised to its uppermost level, the crucible occupies the equi-temperature zone.
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Figure 3.1 - Thermogravimetric analysis (TGA) equipment

1- argon/nitrogen/air gas cylinders, 2-gas purifier 3-gauge pressure, 4-flowmeter, 5-
quartz inner tube, 6-sample crucible, 7-quartz outer tube, 8-furnace, 9 and 10 — driving
mechanism, for raising the furnace up and down, 11- Sartorius micro-balance, 12-
stainless steel wire, 13-furnace controller, 14 — on/off switch, 15-balance display, 16

pico data recorder, 17-personal computer.

The furnace was switched on using the on/off button (14) and adjusted to the required
temperature by the furnace program controller (13). The furnace was allowed to heat to
the required temperature and could take between 1 and 2 hours, depending on the
reaction temperature. Upon reaching the required temperature, argon gas was purged
into the quartz reaction chamber. The inert (argon) gas was opened from the gas
cylinder (1) and then passed though the gas purifier (2) so as to remove any oxygen or
moisture. The gauge pressure was adjusted using the gauge meter (3) and the flow rate
was adjusted by the flow meter (4). The argon gas gauge pressure was set at a pressure
of 1.2 bars and flow rate of 600 mL (minute)™. The argon gas entered the reaction
vessel though the space between the inner (5) and outer (7) reaction quartz tube.

The alumina crucible was suspended from the microbalance (11) using the
stainless steel (12). The furnace (8) was raised up and down using the driving
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mechanism (10) which is attached to the wire rope (9). Once the crucible is well
suspended in the reaction quartz reaction tube, the balance was zeroed using balance
display (15) so that only sample weight can be recorded. The furnace was lowered down
and the sample crucible attached to the stainless steel wire was removed from the
furnace. The sample pellet was placed inside the alumina crucible, taken inside the
quartz reaction tube and suspended from the micro-balance. The furnace was
immediately raised up and, the sample weight was recorded on the personal computer
(17) using Sartoconnect software, at the interval of 10 seconds.

The weight percentage of CO gas given out during the reaction or percentage
reduction can be calculated by taking the ratio of the apparent reduction in weight at a
given time “t” due to the loss of CO gas, with respect to the stoichiometric weight loss
via reaction 1.5a (equations 3.2a and 3.2b). However, the mineral sulphide concentrates
contain volatile constituents in the form of moisture, hydrates and carbonates which also
contribute to the overall weight loss during the reactions. The theoretical weight loss is
therefore the sum of the weight loss from CO gas and volatile constituents. The total
weight from the volatile constitutes were found as 15 wt. %, 14 wt. % and 12 wt. % for
the Nchanga, Nkana and Baluba concentrates, respectively. As a result, the % reduction

was calculated according to equation 3.2c.

Weight loss at any time 8
Wi,

%CO gas at any time = 100 3.2a

%S in the sample 28(RMM of CO)

Wt = xWt,,0\e X 3.2b
100% " 32(RMM sulphur)
% Re duction at any time = Weight loss at any time %100
Wt +Wt, 3.2¢

where Wtco is the theoretical weight loss of CO gas from equation 1.5a and, Wty is the
weight loss of the volatile consitituents in the mineral concentrates and RMM is the

relative molecular mass.
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3.2.3  High temperature reduction

As already stated, the high temperature (> 1323 K) reduction experiments were carried
out in the elevating hearth furnace. The major drawback of the elevating hearth furnace
is that it is not completely air tight. Therefore, the experiments were carefully designed
so as to prevent air from oxidising the samples during reactions and this was achieved
by placing the alumina crucibles containing the samples, inside the big salamander
super (clay graphite) crucible as shown in figure 3.2. In addition, graphite powder and
blocks were placed between the alumina crucible containing the sample and salamander
super crucible. The furnace was further purged with argon gas at a flow rate of 2.0 litres
per minute and a gauge pressure of 1.2 bars. At the end of experiment, the samples were
taken out of the furnace and cooled down to room temperature under the graphite
crucible. The cooled samples were weighed and the final weights were subtracted from
the initial weights, to determine the experimental weight loss. The experimental weight
loss of the samples was compared with the stoichiometric weight loss.

Extraction hood

salamander
crucible -------- - graphite lid
graphite == alumina
blocks + powder crucible
sample

supporter

argon

Figure 3.2 — Schematic arrangement for the experiments carried out in the elevating

furnace, in G56 laboratory
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3.3 Treatment of Cu-Co slag for the recovery of metallic values

As stated in chapter one, copper smelting slags are a major source of copper and cobalt,
such that the recovery of copper and cobalt from slag was investigated. The Cu—Cu slag
was synthesized by mixing metal oxides ((Cu,Cu,Fe)-O), CaO, Al,O3 and SiO;
according to the composition in table 3.5. The composition in table 3.5 is typical of
Nkana copper smelting slag dump except that CuO and CoO were added in higher
quantities for easy analysis and understanding of the metal oxide during recovery. The
mixed powders were transferred into the alumina crucible and melted for 2 hours at
1523 K, in air. The furnace was switched off and the sample was taken out the furnace
at 1323 K. The cooled sample was crushed and ground to less than 300 pum.

Table 3.5 — Composition of synthetic slag in wt. %

Constituent Sio, CaO Fe,O; AlLO; CoO CuO
Weight (%) 40 10 30 6 7 7

Carbothermic reduction of slag — 1.4 g of slag was thoroughly mixed with 0.44 g of
carbon (carbon black - X72 and active charcoal), which is equivalent to the molar ratio
of MO:C = 1:3, where MO is the metal oxide. The mixed samples were reduced
isothermally under the flow of argon gas at 660 litres (minute)., in the
thermogravimetric analysis equipment so as to measure the weight loss (% reduction) as
a function of time. The samples were removed from the furnace when there was no
significant weight loss.

Sulphidisation of slag — 0.7 g of slag was mixed with CaSO, and C (activated charcoal
or graphite) by following equation 2.41b. The experiments were carried out in the

thermogravimetric analysis equipment and in the elevating furnace.

3.4  Magnetic separation of the reduced samples

The metallic phases in the reaction products were separated from CaS and gangue
minerals using the hard drive magnet. The reacted samples were weighed and placed in
a beaker and mixed with water. The beaker containing the sample and water was placed

on top of the hard drive magnet. The sample in the beaker was stirred for nearly 30
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seconds, for the purpose of taking magnetic constituents to the bottom of the beaker
while taking the non-magnetic samples into the suspension. While holding the beaker
against the hard drive magnetic, the water and non-magnetic fraction were poured out
into another beaker. The procedure was repeated for 2 - 3 times to remove as much non-
magnetic constituents as possible. The magnetic fraction became highly magnetic as
more non-magnetic constituents were removed and, a brownish colour was observed
due to the presence of metallic copper. At the end of separation process, the non-
magnetic fractions were filtered off to removal water. The magnetic and non-magnetic

fractions were dried at 323 K. The dried samples were then weighed and characterised.

3.5 Characterization of reacted samples

The as-received and reacted samples were characterized by the X-ray diffraction (XRD)
analysis, X-ray fluorescence (XRF), scanning electron microscopy (SEM) and optical
microscopy techniques.

3.5.1 X-ray diffraction (XRD) analysis

X-ray diffraction occurs when X-rays interact with the electrons of the atoms [158]. The
crystalline phases diffract X-rays according to the Bragg’s law (equation 3.3) [159,
160] .

A=2dsing 3.3

Where d is the interplanar spacing or d-spacing, A is the wavelength of the incident
beam and @ is the angle of incidence or the angle between the surface of the crystal and

the incident rays.

The simple arrangement of the widely used X-ray diffraction machine is shown in
figure 3.3. In some instruments, the sample is fixed and the diffraction angle (20) is
obtained by rotating the X-ray source and the detector at angle 0, in the opposite
directions (figure 3.3). In some machines, the X-ray source is fixed and the sample is
rotated by 0 whereas the detector is rotated by 260. The angle of diffraction (20) or the
position of the detector is recorded against the X-ray intensity or counts per second. The
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plot of X-ray intensity or counts per second is known as the diffraction pattern. The
following can be determined from the X-ray diffraction patterns:
I.  The crystalline phases in the sample because each phase has a unique diffraction
pattern
ii.  Presence of amorphous phase

Ii.  Phase quantification

Figure 3.3 — Schematic illustration for the X-ray diffraction analysis

3.5.1.1 Technical details

A representative portion of the sample or material was ground into fine powder in a
mortar and pestle and, packed into the sample holder. X-ray diffraction analysis was
carried out using the Philips X’pert machine with Cu K, (0.15417 nm) radiation, at an
acceleration voltage of 40 kV, current of 30 mA, step size of 20 = 0.0334225 ° and time
per step = 200.7 s. The samples were analysed for 20 between 5° and 70° or 5° and 85°.
The phases present in the powder diffraction patterns were identified by using the
X’pert high score plus software which is supported by the JCPDS PDF-4+ database
(RDB 2012).

3.5.2 Microscopy studies

Microscopic studies were carried out using the optical and scanning electron
microscopy. Optical microscopy is used to study the microstructure of the sample [159].
However, with the ready availability [161] of the scanning electron microscopes, the use
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of optical microscope has been decreasing [161]. In scanning electron microscopy

(SEM), the sample is bombarded with a beam of electrons and the resultant interactions

or signals are shown in figure 3.4.

Incident beam
S Of electrons

Thin specimen

Absorbed

Q.
current %
m\/_{ @/ &ﬁ
Do %%,
0 3 0. &
[} %) [og
S 3 ¢
=
]
o

Figure 3.4 — Schematic illustration for the interraction of the beam of electrons with the
sample, reproduced from Voutou and Stefanaki [162] and Rahaman [98], only

backscattered and secondary electrons (in blue) are considered for SEM analysis

Even though several signals are produced from the interaction between the beam of
electrons and the sample, the secondary electrons and the backscattered electrons are
used in scanning electron microscopy imaging. The backscattered electrons (BSE) are
the high energy, reflected beam of electrons and they vary directly [162, 163] with the
atomic number and hence elements with the high atomic number appear brighter than
those with low atomic number [162]. Therefore, backscattered electron imaging is good
for showing phase contrast in a sample with different compositions or multiphase
sample. Secondary electrons occur when the beam of energy knocks out or eject
electrons from the outer shell of the atom [98, 163]. The ejected electrons that are closer
to the surface of the sample may have sufficient energy to escape from the sample and
thus become secondary electrons [98]. The secondary electrons are used to examine the
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surface topography of the sample because the change in the surface topography,
changes the yield of the secondary electrons [162]. X-rays occur when the electron from
the inner, low energy shell is ejected by the incident beam of electrons leaving a hole or
vacancy, which is filled by the electron from the outer, high energy shell [163]. The
electron from the outer, high energy shell loses part of its energy as it moves to the
inner, low energy shell in form of X-ray. The produced X-rays are characteristic of the
difference in energy between the high and low energy shells and, the element atomic
structure and elemental composition can be carried out. The full details of scanning

electron microscopy are found in literature [163].

3.5.2.1 Technical details

A portion of the sample was mounted in a mixture of 3 parts epoxy resin and 1 part
epoxy hardener and cured for about 8 hours. The mounted samples were gently ground
on different grades of silicon carbide papers; P240, P400, P600, P800, P1200, P2500
and P4000. The grounded surfaces were further polished down to 1 um and thoroughly
cleaned with water. The polished samples were initially viewed under the Olympus
BX51 optical microscopy. The optical images were taken at the magnifications of 50X,
100X, 200X and 500X by using the AxioVision SE64 REL.4.8 software.

For scanning electron microscopy (SEM), the polished sample surfaces were
coated with a 5 nm layer of platinum to prevent charging during analysis. The scanning
electron microscopy (SEM) was carried out using the Carl Zeiss Evo MA 15 (Germany)
at the accelerating voltage of 20 kV, working distance of 8 mm and magnifications
between 50 X and 6000 X. The SEM equipment is equipped with the energy dispersive
X-ray (EDX) detector for the semi-quantitative elemental analysis and elemental
mapping for the selected areas. The SEM-EDX analysis was very useful for analysing
phases that were present in small concentrations (less than 3 wt. %) because they cannot
be analysed by XRD analysis.

3.5.3 X-ray florescence (XRF)

The X-ray florescence (XRF) principle is similar to that of SEM-EDX technique. The

main differences are that a larger sample (up to 10 g) and phases in smaller

concentrations (parts per million) can be analysed in the X-ray florescence (XRF)

technique. Therefore, XRF analysis was carried out for determining the overall
90



composition of the samples. The samples were analysed by the semi-quantitative
pressed pellet method, which is a widely used method for determining sulphur in the
samples. The samples were ground to very fine powders (< 100 um) and mixed with
EPM resin at a weight ratio of 2 parts sample and 1 part resin. The mixtures were then
transferred into 3 cm diameter alumina caps and pressed into pellets at a pressure of 5
tons. The composition of the elements in the samples was executed in oxide form i.e.
CuFeS; would be expressed as CuO, Fe,O3 and SO3, CaS as CaO and SO3, Cu as CuO.
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4.0  Analysis of the as-received mineral sulphide concentrates

The Nchanga and Nkana mineral sulphide concentrates were weakly magnetic while the
Baluba sulphide concentrates were non-magnetic. The Baluba sulphide concentrates
were non-magnetic considering the fact that most of the Cu, Co, and Fe mineral
sulphides (CuFeS;, CusFeS,;, CuCo,S4, FeS, and Cu,S) are non-magnetic at room
temperature, apart from pyrrhotite (Fei.x) [164]. However, the content of pyrrhotite (Fe;-
xS) IS below 1 wt. % in all the mineral sulphide concentrates. It appears that the
Nchanga and Nkana mineral sulphide concentrates were weakly magnetic due to the

presence of the gangue minerals.
4.1 X-ray diffraction analysis

The X-ray diffraction patterns for the as-received mineral sulphide concentrates are
shown in figure 4.1. It can be noted from the XRD patterns that there were many forms
of copper sulphide in the Nchanga mineral sulphide concentrates namely Cu,S
(chalcocite) [165, 166], Cu;gS or CugSs (digenite) [166] and Cuy S or CugSs (geerite)
[166, 167]. Digenite (CugSs) and geerite (CugSs) can also be written as 4Cu,S-CuS and
3Cu,S-2CuS [167], respectively. Digenite (4Cu,S-CuS) and geerite (3Cu,S-2CuS) are
considered stable when some of the Cu?* ions are replaced by the Fe?* ions in the Cu-
Fe-S system [165, 167]. The XRD pattern in figure 4.1 shows that geerite (CugSs) is
also present in the Nkana and Baluba mineral concentrates and, this is due to the
stability of this mineral in the presence of Fe-S or in the Cu-Fe-S system [165]. On the
other hand, the main mineral sulphide phases in the Baluba XRD pattern are CuFeS,
(chalcopyrite) and pyrite (FeS;) and this is in good agreement with the composition in
table 3.3. Silica (SiOy) is the main crystalline gangue mineral phase in the Nchanga and
Nkana mineral concentrates and this agrees with the analyses in tables 3.1 and 3.2.
Silica is in the form of alpha quartz (a-SiOy), which is the most stable form of silica,
below 846 K [168]. The XRD pattern for Nkana shows that CaO and MgO are in the
form of dolomite mineral (CaMg(CO3),).
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Figure 4.1 — XRD patterns for the as-received mineral sulphide concentrates

4.2

XRF semi-quantitative analysis

The XRF semi-quantitative composition of the mineral sulphide concentrates are
presented in table 4.1. The XRF analysis agrees with the suppliers analyses (see tables
3.1 — 3.3). It can be observed from table 4.1 that the Nkana concentrates have the
highest cobalt content (1.3 wt. %) followed by the Baluba concentrates (1.1 wt. %).

Table 4.1 — XRF semi-quantitative analysis (in wt. %) of the mineral sulphide

concentrates
Cu Fe Co S Si0; CaO0 AlILO; MgO TiO, KO
Nchanga 354 69 03 99 347 05 5.4 4.1 03 24
Nkana 83 124 13 102 394 76 8.2 7.5 04 43
Baluba 255 277 11 208 133 28 2.3 5.7 01 06

Error = £2 wt. %
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4.3  Microscopic examination

The optical micrographs for the as-received mineral sulphide concentrates are presented
in figure 4.2. It is evident from figure 4.2 that copper sulphide (Cu,S, CugSs) is the main
mineral sulphide phase in the Nchanga concentrates because there are many bluish [169]
particles under the reflected light microscope. The optical images in figure 4.2 clearly
shows that CuFeS, (chalcopyrite) is the main mineral sulphide phase in the Baluba

concentrates, as there are many brass yellow particles.

Nchanga :

‘..

Figure 4.2 - Optical micrographs of the as-received mineral sulphides concentrates,
under reflected light

The elemental maps for the as received Nchanga mineral sulphide concentrates are
presented in figure 4.3. The elemental maps for the as received Nchanga sample agrees
with the XRD (figure 4.2) results, as the main phases are Cu-S and SiO,. The SEM-
EDX point analysis of the Nchanga sulphide concentrates showed that Fe was dissolved

in some Cu-S mineral particles. The presence of Fe in the Cu-S mineral particles is
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because the Fe®* ions can substitute the Cu®* ions in CusSs (4Cu,S-CuS) and CugSs
(3CuyS-2CuS) [165, 167], as mentioned above. The Nkana mineral sulphide
concentrates has the highest gangue content and it is for this reason that the
concentrations of Al, K, Si, Mg, Ca are high, from the elemental maps in figure 4.4a.
The analysed area in figure 4.4a contains TiO, and ZrO, because these compounds are
present in the mineral sulphide concentrates, although in very low concentrations. As
noted in tables 3.2 and 4.1, the Nkana mineral sulphide concentrates has the highest Co
content and hence an area containing cobalt was analyzed and the elemental maps are
presented in figure 4.4b. The elemental maps in figure 4.4b clearly shows the presence
of Cu-Co-S and Co-Fe-S phases, and they were analyzed as carrollite (CuCo,S,) and
cobaltian pyrite (Fe,Co)S, minerals, respectively, by SEM-EDX analysis. It is worth
noting that both carrollite (CuCo,S,) and cobaltian pyrite (Fe,Co)S; are stable minerals
at room temperature. The Baluba sulphide concentrates have the lowest gangue content
and hence the analysed area in figure 4.5 contains less gangue minerals. It can be
observed from the elemental maps in figures 4.3 — 4.5 that the mineral sulphide particles
have various shapes and sizes and this is due to the fact that non-uniform shapes and

sizes are produced during the grinding stage.

Figure 4.3 — Elemental mapping for the as received Nchanga mineral concentrates, (a) is

the analysed area under backscattered electron imaging
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SiKa1

Figure 4.4a - Elemental mapping for the as received Nkana mineral concentrate, (a) is
the analysed area under backscattered electron imaging

Figure 4.4b - Elemental mapping for the as received Nkana mineral concentrates, (a) is

the analysed area under backscattered electron imaging
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Figure 4.5 — Elemental mapping for the as received Baluba mineral concentrates; (A) is

the analysed area under backscattered electron imaging

4.1.4 Determination of moisture content

It was important to determine the moisture content in the mineral sulphide concentrates,
as moisture may alter the reactions during the carbothermic reduction in the presence of
Ca0. The moisture content was estimated by heating the mineral sulphide concentrates
at 413 K, under argon atmosphere. The plots of % weight loss against time are
presented in figure 4.6 and it can be observed that the weight losses occurred, within 30
minutes, suggesting that it was mainly due to the loss of water. It can be noted from
figure 4.6 that the Nchanga mineral sulphide concentrates had the highest moisture
content whereas the Nkana mineral sulphide concentrates had the lowest moisture

content.

4.1.5 Determination of volatile constituents

The weights of the volatile constituents in the mineral sulphide concentrates were

estimated by heating the mineral sulphide concentrates at 973 K, under argon
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atmosphere and the plots of the % weight loss against time curves are presented in
figure 4.6. The precise determination of the volatile constituents require heating of the
mineral sulphide concentrates above 1173 K [170] but the challenge is that there is loss
of sulphur at this temperature, resulting from the thermal decomposition of pyrite (FeS,)
and chalcopyrite (CuFeS;) minerals when heated above 773 K [78]. The weight loss
occurred in about 240 seconds (4 minutes) in the Nchanga sample. The sharp weight
loss in the Nchanga sample was mostly due to the thermal decomposition of the gangue
minerals because; (i) the concentrates are rich in the Cu,S and CusFeS, minerals, which
are stable at 973 K and (ii) the thermal decomposition of the CuFeS, and FeS; minerals
is very slow at 973 K.

There was a sharp weight loss in the first 480 seconds (8 minutes), followed by a
gradual weight loss in the Nkana and Baluba samples at 973 K (figure 4.6). The sharp
weight loss is mainly due to the thermal decomposition of the gangue minerals whereas
the gradual weight loss might be due to the thermal decomposition of the sulphide and
gangue minerals. The phases obtained after heating the mineral sulphide concentrates at
973 K, were similar to the ones in the as-received mineral sulphide concentrates,
implying that the thermal decomposition of the mineral sulphides was very low. In
summary, the weight loss of the samples at 973 K is mainly contributed by the thermal
decomposition of the gangue minerals.

1691  Nchanga at 973K r

14 4 r Baluba at 973K -

S
<101 -
3
= Nkana at 973K
=
2 ]
2 % Nchanga at 413K B
X 4 L
Baluba at 413K
2 Nkana at 413K i
0 T T T T T T T
0 1000 2000 3000 4000

Time (seconds)
Figure 4.6 — Plot of the % weight loss versus time for the mineral sulphide concentrates,

heated under argon atmosphere at 413 K and 973 K in the TGA equipment. Argon flow

rate = 0.6 litre min™*
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5.0 Heat treatment of the mineral sulphide concentrates

This chapter has two main sections: (i) thermal decomposition of the mineral sulphide
concentrates under argon atmosphere at 1273 K (in the absence of CaO and C) and (ii)
heat treatment of the mineral sulphide concentrates in the presence of CaO at a
temperature range of 1073 K — 1323 K. The aim(s) are discussed in each section.

5.1 Thermal decomposition of the mineral sulphide concentrates

The main purpose of heating the mineral sulphide concentrates under inert (argon)
atmosphere at 1273 K was to analyse the thermal decomposition of the mineral sulphide
concentrates and the high temperature phases. Analysis of thermal decomposition of the
mineral sulphide concentrates was very necessary as it may influence the reaction
mechanism during carbothermic reduction in the presence of CaO. The phase formation
occurring via internal oxidation was analysed after heating the mineral sulphide
concentrates in the absence of CaO and C.

As stated above, the mineral sulphide concentrates were heated under argon
atmosphere at 1273 K and the plot of the % weight loss versus time curves are
presented in figure 5.1a. The results in figure 5.1a show that the % weight loss was
highest and lowest for the Nchanga and Nkana samples, respectively. The major
observation from the results in figure 5.1a is that a significant weight loss occured in the
first 300 seconds (5 minutes) and this is due to the rapid evolution of S, gas from FeS,
and CuFeS; minerals and, H,O and CO, gas from moisture and the gangue minerals.

The X-ray diffraction patterns for the mineral sulphide concentrates heated under
argon atmosphere at 1273 K are presented in figure 5.1b. There are no XRD peaks for
the CuFeS;, phase in the Nchanga diffraction pattern and this can be because of the
thermal decomposition of this mineral phase to the CusFeS, and FeS phases at high
temperatures [32, 89, 90] (see section 2.7). However, the FeS phase was absent in the
heated Nchanga sample so that it can be suggested that there was:

i.  Dissolution of FeS in Cu,S because the two phases have extensive solid
solubility [15, 78].

ii.  Formation of another phase according to equations 5.1 and 5.2.

4FeS+10Cu,S+S,(g) =4Cu.FeS,, AG,,,, =-80.5 ki 5.1
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CuFeS, +2Cu,S=Cu,FeS,, AG,,.=-12.2kJ 5.2

From the phase analysis in the XRD patterns in figure 5.1b, it appears that the absence
of the FeS phase in the heated Nchanga sample is as result of formation of the CusFeS,
phase as shown in equations 5.1 and 5.2. This is due to the decrease and increase in the
XRD peak intensities for the Cu,S and CusFeS, phases, respectively. Note that the
major mineral sulphide phase in the as-received Nchanga concentrates was Cu,S but
this is not the case, after heating the sample.
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Figure 5.1 — (a) Plot of % weight loss versus time curves at 1273 K, under argon

atmosphere in the TGA equipment and (b) XRD patterns for the samples in (a)

The main phases in the Cu,S rich area of the Cu,S-FeS pseudo binary phase diagram are
CusFeS, or CusFeS, + Cu,S [15] (see figure 2.20) and this agrees with the XRD results
for Nchanga. The Nchanga mineral sulphide concentrates are rich in the Cu,S/Cu; S
minerals (see table 3.1) and hence the main sulphide phases in the heated sample are
CusFeS, + Cu,S. As the Nchanga concentrates are rich in Cu, the Cu rich Cu-Fe-O-S
predominance area diagram (PAD) was computed at 1273 K and is shown in figure 5.2a.
It can be observed from the thermodynamic prediction in figure 5.2a that the CusFeS,

phase co-exists with the Cu,S phase at 0.2 < logiP(Sz)(atm) < 5 and -8 <
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log1oP(O2)(atm) < -10. From the computed value of Gibbs energy change at 1273 K for
the formation of CusFeS, from FeS and Cu,S in equation 5.1, the equilibrium partial
pressure of S, gas is 2004 atm [(log10P(S2)(atm)) = 3.3]. The value of (log1oP(Sz)(atm))
= 3.3 is within the Cu,S + CusFeS, phase field (0.2 < log1oP(S2)(atm) < 5). The above
analysis clearly shows that there is good agreement between the experimental results
and the thermodynamic predictions.
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Figure 5.2a — Cu rich Fe-Cu-O-S predominance area diagram at 1273 K, computed
using FactSage software 6.1 [24]
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Figure 5.2b — Fe rich Fe-Cu-O-S predominance area diagram at 1273 K, computed
using FactSage software 6.1 [24]

Nevertheless, the major copper bearing mineral phase in the heated Nkana concentrates
was CuFeS,. The presence of CuFeS; in the heated Nkana sample suggests that the
thermal decomposition of CuFeS; to CusFeS, and FeS did not occur. Even though many
studies have showed that CuFeS, decomposes to CusFeS, and FeS at 1273 K [15, 76,
88], the Cu,S-FeS pseudo binary phase diagram (see figure 2.20) [15, 78] shows that
CuFeS; is stable towards the FeS rich area. As the Nkana concentrates are rich in the
FeS, mineral, CuFeS; is expected to be present in the heated sample.

Calcium sulphide (CaS) was identified in the heated Nkana sample and its
presence was due to the ion exchange reaction between CaO and the mineral sulphide
(MS). The exchange reaction occurred between CaO and mineral sulphide in the Nkana
sample, as the concentrates have nearly 6 wt. % CaO in the form of CaCO; and
CaMg(COs), minerals. The ion exchange reaction between mineral sulphides and CaO
yields CaS and metal oxide(s) (see equation 1.5b) and hence Fe;O, is present in the X-
ray diffraction in the Nkana heated sample. CaMgSi,Og was also identified in the Nkana
heated sample suggesting that part of MgO and CaO reacted with SiO, at 1273 K.

The major phases in the heated Baluba sample were FeS, CusFeS, and
CugFegSis. The presence of FeS is due to the thermal decomposition of FeS, and
CuFeS; (see equations 2.19b and 2.22). CusFeS, was formed by the thermal

decomposition of the CuFeS, mineral since CusFeS, was absent in the as-received
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Baluba concentrates (see figure 4.1). It can be suggested that the thermal decomposition
of CuFeS; via reaction 2.19b, was incomplete because of the presence of the CugFegSss,
in the heated sample. CugFegS;6 was formed due to loss of sulphur from the CuFeS; (see
equation 2.19a). The Baluba sample has about 3 wt. % CaO and it is for this reason that
both the CaS and Fe3O,4 phases were obtained in the heated sample, as for the case of
Nkana.

Similar metal bearing phases (CuFeS,, CugFegS16, FeS and Fe;O,4) were obtained
in the Nkana and Baluba heated samples. Note that the Fe content is slightly higher than
the Cu content in the Nkana and Baluba samples and hence the Fe rich Cu-Fe-O-S
system was computed at 1273 K (figure 5.2b). It is evident from the thermodynamic
prediction in figure 5.2b that the FeS + CuFeS, phase field is in equilibrium with the
Fe;0,4 + CusFeS, phase field and hence these phases were obtained in the heated Nkana
and Baluba samples (see figure 5.1b). From the XRD results in figure 5.1b and the Cu-
Fe-O-S system in figure 5.2b, it can be concluded that there is a very broad agreement
between the experimental results for the heated mineral concentrates and the

thermodynamic prediction.

5.1.1 SEM analysis

The elemental mapping for the mineral sulphide concentrates heated at 1273 K, under
argon atmosphere are shown in figures 5.3 — 5.5. It can be deduced from the elemental
maps in figure 5.3 that the main metal sulphide phase in the heated Nchanga sample is
bornite (CusFeS,) and this agrees with the XRD results in figure 5.2b. A thin ring of
iron oxide surrounds the bornite phase in some particles and this might have been
caused by the internal oxidation of the sample. The iron oxide phase was identified as
FesO4 in the XRD pattern (see figure 5.1). It is evident from the SEM images that the
heated Baluba sample was completely molten and this is due to the fact that the mineral
sulphide concentrates are dominated by the CuFeS, mineral which melts at 1223 K
[171]. On the other hand, the Nkana sample was partially molten because of the
presence of the gangue mineral phases e.g. SiO, and Al,O3 are solid at 1273 K. The
SEM results in figure 5.3 show that the volume of the liquid phase is very small in the
Nchanga sample and this is because the mineral sulphide concentrates are dominated by
the Cu,S mineral which melts at 1403 K.
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Figure 5.3 — Elemental mapping for the Nchanga sample after heating the mineral
concentrates at 1273 K, (a) is the analysed area under backscattered electron imaging.

Argon flow rate = 0.6 litre min™
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Figure 5.4 — Elemental mapping for the Nkana sample after heating the mineral
concentrates at 1273 K, (a) is the analysed area under backscattered electron imaging.

Argon flow rate = 0.6 litre min™
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Figure 5.5 — Elemental mapping for the Baluba sample after heating the mineral
concentrates at 1273 K, (b) is the analysed area under backscattered electron imaging.

Argon flow rate = 0.6 litre min™

5.2  Heat treatment of mineral sulphide concentrates in the presence of CaO

The carbothermic reduction of the mineral sulphide concentrates cannot occur in the
absence of CaO. However, metallisation can take place in the absence of carbon via
metal sulphide (MS) — metal oxide (MO) and MO - CaS reactions as reported by Jha
[35, 172] and Machingawuta et al. [38]. Moreover, the MS - CaO ion exchange reaction
may Yield liquid phase(s) which can influence the rate of metallisation during reduction
of the mineral sulphides. Therefore, the heat treatment of the mineral sulphide
concentrates in the presence of CaO was studied, for understanding the phase formation
in the absence of carbon.

To understand the reactions between mineral sulphide and CaO, the mineral
sulphide concentrates were mixed with CaO at the molar ratio of MS:CaO = 1:2 and,

heated isothermally, in the thermogravimetric analysis equipment in the temperature

105



range of 1073 K — 1323 K. The plots of the % weight loss versus time curves are shown

in figure 5.6.
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Figure 5.6 — Plots of the % weight loss against time for heat treatment of the mineral
sulphide concentrates in the presence of CaO, molar ratio of MS:CaO = 1:2. Argon flow

= 0.6 litre min™

It is evident from figure 5.6 that the % weight loss increases with increase in the
reaction temperature. The weight loss of the samples during heat treatment of the
mineral sulphide concentrates in the presence of CaO can be caused by: (i) evolution of
SO, gas (equations 5.3 — 5.5) [172] and (ii) thermal decomposition of the volatile
species, such as H,O or CO, gas that were present in the mineral sulphide concentrates.

1.5S, (g) +2Ca0 =2CaS + SO, (), AG, 575 =-96 kJ 53
2Cu,0+Cu,S =6Cu +S0O,(9), AG,,;5=-21kJ 54
3Cu,0+CaS=6Cu+Ca0+S0,(9), AG,,,5=-127 kJ 55

The XRD patterns for the mineral sulphide concentrates heated in the presence of CaO

at 1073 K and 1273 K are presented in figure 5.7a and 5.7b, respectively.
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Figure 5.7 — XRD patterns for the mineral sulphide concentrates heat treated in the
presence of CaO, molar ratio of MS:CaO = 1:2; (a) 1073 K and (b) 1273 K. Argon flow

= 0.6 litre min™

The main phases in the samples at 1073 K and 1123 K were CaS, Fe304, CazFe;0s,
CaS0q, excess Ca0, Cu-S. The formation of CaS and Ca,Fe,Os are due to the MS —
CaO exchange and Fe-O - CaO reactions, respectively. CaSO4 might have been formed
via equation 5.6. Since the CaSOs; is stable at 1173 K, in the presence of SO, gas,
reaction 5.6 might have occurred via equations 5.7 and 5.8. The CaO — FeS system as a
function of partial pressures of O, and SO, gas, has been constructed by Rosenqvist [41]
and it was shown that the stable phases in the CaO rich region are CaS, Fe3QOy,
Ca,Fe,0s, CaSO,4 and CaO and, this agrees with the results in figure 5.7a at 1073 K.

4Ca0 +4S0,(g) = CaS+3CaS0,,  AG,yq=- 261kJ 5.6
Ca0+S0,(g) =CaSO,  AG,q5c=-34K] 5.7
4CaSO, =CaS+3CaS0,  AG,=-126kJ 5.8
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Copper sulphide (CuyS and Cuy gS) is present in the samples at 1073 K as shown in the
XRD patterns in figure 5.7a. The copper sulphides in figure 5.7a co-exist with CaO
indicating that the Cu-S — CaO reaction was extremely slow at 1073 K.

There was no CaSQ, in the samples at higher reaction temperatures (T > 1223
K) as shown in figure 5.7b. The absence of the CaSO, phase at T > 1223 K appears to
be due to reaction 5.9 [84, 85]. Reaction 5.9 has been studied by Jha [84] under the flow
of argon atmosphere and the reaction reached about 30 % conversion, in 2 hours at 1223
K. The presence of SiO; can further force reaction 5.9 in the forward direction because
of the formation of calcium silicate as shown in equation 5.10. The possibility of
reactions 5.9 and 5.10 can be confirmed by the fact that CaSO, was only present in the
samples which were reacted for less than 15 minutes at T > 1223 K.

CaS+3CaS0, =4Ca0 +4S0,(q),  AG, 5 =+1215 Kk 5.9

CaS +3CaSO, +4Si0, = 4CaSiO , +4S0,(g) , AG, ;5= — 241.5k] 5.10

It is important to note that CuFeS, was absent and present in the Nkana sample at T <
1173 Kand T > 1173 K, respectively (see figures 5.7a and 5.7b). In addition, there was
no excess CaO in the Nkana sample at T > 1173 K and Ca,SiO, was observed.
Therefore, the presence of CuFeS, and the absence of CaO in the Nkana sample at T >
1173 K, can be due to two reasons: (i) consumpution of part of CaO by the gangue
minerals (SiO, and Al,Os3) and (ii) re-sulphidisation of the metal oxides via CaS - metal
oxide (MO) reaction from the liquid phase.

The presence of metal sulphides (CuFeS;) in the Nkana sample was analysed by
stopping the reactions at various times at 1273 K. The phases obtained after 3 and 5
minutes are presented in the XRD patterns in figure 5.8. There were no metal sulphide
phases at time < 3 minutes and the main phases were Fe;0,4, CayFe,Os, Ca,SiO4 and
CaO. Since the metal sulphides are absent at t < 3 minutes (figure 5.8), it can be
concluded that all the mineral sulphides reacted with CaO via the MS - CaO exchange
reaction. In short, the MS - CaO exchange reaction was complete in the Nkana sample
at t < 3 minutes. However, excess CaO was absent and CuFeS, was present in the
samples that were reacted for t > 5 minutes. The XRD peak intensities for CuFeS, were

increasing with increase in reaction time. As a result, the formation of metal sulphides
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or re-sulphidisation of the metal oxides are due to the reaction involving CaS, SiO,,

metal oxides and, can be represented by equations 5.11 and 5.12.

3Ca,Fe,0, +7CaS +13Si0, = 6FeS +13CaSiO , + SO0, (g) 5.11

4CaS + Cu,0 + Ca,Fe,O, +6SiO, = 2CuFeS, +6CaSiO , 5.12
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Figure 5.8 — XRD patterns after heat treatment of the Nkana sample for 3 minutes and 5
minutes at 1273 K, molar ratio of MS:CaO = 1:2. Argon flow = 0.6 litre min

The XRD peak intensities for CaS are highest in the Baluba sample because nearly all
mineral sulphides reacted with CaO. Apart from CaS, the other major phase in the heat
treated Baluba sample at 1273 K, was Ca,CuFeOsS. The Ca,CuFeOs3S liquid phase was
also present in the Nchanga sample at 1273 K (figure 5.7b).

5.2.1 Formation of the Ca,CuFeQO3S liquid phase

The Ca,CuFeO3S liquid phase has never been reported in the heat treatment or

reduction of the mineral sulphides in the presence of CaO. It was therefore necessary to
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understand the mechanism leading to the formation of this phase and this was achieved
by stopping the reactions/experiments at various times (between 1 to 15 minutes). The
XRD patterns obtained after heat treatment of the Baluba mineral sulphide concentrates
in the presence of CaO, for various times at 1273 K, are given in figure 5.9. The main
phases that were formed after reacting the samples for 1 minute were CaS, CaSQO, and
FesO4 (figure 5.9). However, Fe;O, was absent and CayFe,Os was observed after
increasing the reaction time to 2 minutes. The formation of Fe;O4 and Ca,Fe,Os can be
represented by equations 5.13a and 5.13b, respectively. The XRD peak intensities for
CayFe,0Os5 increased after 4 minutes and, Ca,CuFeO3S was observed after the sample
was reacted for 7 minutes. The XRD peak intensities for Ca,CuFeO3S were increasing

with increase in the reaction time.

4.5FeS, +8Ca0 =1.5Fe,0, +8CaS+S0,(9), AG,,4 =-418KkJ 5.13a

8Fe,0, +24Ca0 + 250, (g) =12Ca,Fe,0, +S,(g), AG,, =507 kJ 5.13b
CaS +3Ca0O + Cu,S + Fe, O, = 2Ca,CuFeO,S 5.13c
2CaS +2Ca0 + Cu,0 + Fe,0, = 2Ca,CuFe0,S 5.13d
CaS + Cu,S + CaO + Ca,Fe,O, = 2Ca,CuFeO,S 5.13e
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Figure 5.9 — XRD patterns for Baluba mineral sulphide concentrates after heating in the
presence of CaO for MS:CaO = 1:2, for various times at 1273 K. Argon flow = 0.6

litres min™

The Ca-Fe-Cu-O-S predominance area diagram at 1273 K is shown in figure 5.10 and it
can be observed that the stable phases at high partial pressure of O, and SO, gases are
Cu,S, Fe30, and CaSO,. Note that the partial pressures of O, and SO, gases are
expected to be higher at the start of the reaction (experiment) owing to the thermal
decomposition of the gangue minerals and mineral sulphides (CuFeS; and FeSy),
respectively, and hence Cu,S, Fe3O, and CaSO, were obtained in the first minute.
CayFe,0Os was obtained in the second minute at 1273 K and the thermodynamic
prediction in figure 5.10 shows that this is only possible when the partial pressure of
SO, decreases. The partial pressure of SO, gas decreases with increase in reaction time,
due to decrease in the thermal decomposition of the mineral sulphides. As observed in
figure 5.9, Ca,CuFeOsS co-exist with CaSO, CuyS, CaS, CaO and CayFe;0s,
suggesting that it is formed at the equilibrium point of the (log:o(P(O2))(atm) = -10.4
and logio(P(SOy))(atm) = -1.1) of the CaSO, + Ca,Fe,Os + Cu,S, CaS + CaFe,Os5 +
Cu,S and CaO + CayFe,Os + Cu,S phase fields (figure 5.10). In summary, the phases
obtained at various times (figure 5.9) correspond with the phase fields in figure 5.10 and
this shows that there is good agreement between the experimental results and the

thermodynamic prediction.
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Metallic copper has been reported by Jha [35, 172] and Payne [47] after heat
treatment of the CuFeS, mineral in the presence of CaO. However, metallic copper was
not observed in the present study and this shows that the partial pressure of O, gas was
lower compared to the work by Jha and Payne, based on the thermodynamic prediction
in figure 5.10. The difference in the partial pressure of O, gas can arise because of the
difference in the argon flow rate and the presence of gaps in the TGA equipment.

It is worth noting that the Ca,CuFeOs;S phase can be represented as
0.5(CaS-Cu,S-3Ca0O-Fe,03) or 0.5(2CaS-Cu,0-2CaO-Fe,03) as shown in equations
5.13c and 5.13d, respectively. Based on the XRD results in figure 5.9, it is more
reasonable to represent the Ca,CuFeO3S phase as 0.5(CaS-Cu,S-3CaO-Fe,03) since this
phase is similar to 0.5(CaS-Cu,S-Ca0O-CayFe;0s). Therefore, the formation of the
Ca,CuFeO3S phase can be represented by equation 5.13e. As shown from the XRD
pattern in figure 5.2, the Ca,CuFeOs3S phase was not observed in the Nkana sample and
this is due to the absence of Ca,Fe,0Os, since part of CaO was consumed by the gangue

minerals by forming complex calcium silicate phases.

Ca-Fe-Cu-0-S, 1273 K
Fel/{(Ca+Fe+Cu) = 0.3, Cu/(Ca+Fe+Cu) =0.3

CuFeS, + Fe,0,+ CaSO,

Cu,S + Fe;0,+ CaSO
CucFeS, + 4 il 4

Ca,Fe, 0.+ CaSO,

3

) :5, Cu+Fe;0,
5 G +Caso,
S 4l Cu,S + Ca,Fe,0.+ CaSO,
% L CugFeS, + FeS+Ca$S
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Ca,Fe, O,
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125 1.5 0.5 9.5 8.5
log,,(P(0O,)) (atm)

Figure 5.10 - Ca-Fe-Cu-O-S predominance area diagram at 1273 K, computed using
FactSage software 6.1 [24]
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5.2.2 SEM analysis

The scanning electron microscopy (SEM) images for the heat treated Nchanga sample
are given in figures 5.11a and 5.11b. There was no evidence of the Cu,O phase as the
Gibbs energy is positive for the Cu,S — CaO exchange reaction (see figure 2). However,
precipiates of CaS and copper oxysulphide (Cu-O-S) were observed in the partially
reacted Cu-S particles and these might have been formed during cooling of the Cu,S -
CaO eutectic melt. The CaS phase in area C (figure 5.12b) contains up to 18 wt. % Cu
(table 5.1) and this might be as a result of ionic substitution between Ca?* (0.99 A) and
Cu'* (0.96 A) ions. The SEM images for the Baluba sample are shown in figure 5.12
and it can be observed that the Ca,CuFeO3S phase is mostly surrounded by CaS. By
comparions, the larger Cu-S particles did not fully react with CaO as they have smaller

reacting surface area compared to the smaller particles.

N e
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Figure 5.11 — Backscattered SEM images for the Nchanga sample, the mineral sulphide
concentrates were heat treated in the presence of CaO at 1273 K, molar ratio of
MS:CaO = 1:2, the composition of areas A, B and C are given in table 5.1. Argon flow

= 0.6 litre min™

Table 5.1 — SEM-EDX semi-quantitative composition in wt. % from figure 5.11b

Area Cu Ca 0] S
A 76.3 - - 23.7
B 63.7 - 15.7 20.6
C 17.9 40.9 - 41.2
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Figure 5.12 — Backscattered SEM images for the Baluba sample, the mineral sulphide
concentrates were heat treated in the presence of CaO at 1273 K, molar ratio of
MS:CaO = 1:2. Argon flow = 0.6 litre min™

The SEM-EDX elemental maps for the Nkana sample are shown in figure 5.12 and
there is no evidence of the unreacted mineral sulphide phases. The mineral sulphide
phase are found either at the periphery or interface of the calcium silicate phases
suggesting that it was formed from the reactions involving CaS, SiO, and metal oxides
(see equations 5.9 - 5.11). The unreacted SiO; is surrounded by a rim of Ca-Si-O phase
and thus the reaction between SiO, and CaO follows a shrinking core model. Based on
the SEM images in figure 5.12, it can be concluded that metal oxides can react with CaS
in the presence of SiO, and Al,O3to form metal sulphides (CuFeS;) and calcium silicate

compounds as for the case of Nkana sample.
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Figure 5.13 — Elememental mapping for the Nkana sample, the mineral sulphide
concentrates were heat treated in the presence of CaO at 1273 K, molar ratio of
MS:CaO = 1:2, (a) is the analysed area under backscattered electron imaging. Argon

flow = 0.6 litre min™
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6.0 Carbothermic reduction of mineral sulphide concentrates in the

presence of CaO

This chapter focuses on carbothermic reduction of the mineral sulphide concentrates in
the presence of CaO, under argon atmosphere. The reduction experiments were carried
out in a temperature range of 1073 K — 1573 K. The low temperature (1073 K - 1323 K)
reduction experiments were carried out in the thermogravimetric analysis (TGA)
equipment for measuring the extent of reduction as a function of time. The reduction of
larger samples (> 3g) and high temperature reduction experiments were carried out in
the elevating hearth furnace. The separation of metallic phases from the reduced
samples is discussed in this chapter. The energy balance for the carbothermic reduction
of mineral sulphides was analysed and compared with the conventional copper smelting
process.

6.1 Low temperature reduction (1073 K - 1323 K)

The thermogravimetric analysis was carried out for measuring the extent of reduction or
metallisation with respect to time. All reacted samples were characterized by the X-ray
diffraction technique. The XRD analysis confirmed that the metallisation was achieved
for the samples reacted for more than 1.5 hours at T > 1273 K. No XRD peaks for the
starting mineral sulphides were identified in the fully reacted samples, which was
characterized by defining the cessation of weight loss due to reaction 1.5a. The relative
proportions of lime-to-sulphide and, sulphide-to-carbon mole ratios, types of carbon and
finally the reduction temperature were the main parameters found to affect the overall

metallisation process.

6.1.1 Effect of reduction temperature

The effect of temperature during carbothermic reduction of mineral sulphide
concentrates in the presence of CaO, was studied by keeping MS:CaO:C mole ratio
constant. By fixing reaction parameters, the percentage reduction (%R) was recorded
continuously against time (t, seconds) at each temperature and the results are presented

in figures 6.1a and 6.1b. It is evident from figures 6.1a and 6.1b that the carbothermic
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reduction of mineral sulphide concentrates in the presence of CaO is strongly
temperature dependent. The percentage reduction (%R) of mineral sulphide
concentrates at 1073 K is lower than that at 1273 K or 1323 K as metallisation is
incomplete even after holding the samples for 2.5 hours at 1073 K. From the %R versus
time plot in figures 6.1a and 6.1b, the reduction reaction above 1223 K appears to
progress nearly continuously, meaning that there is no apparent barrier to the overall
reaction. By comparison, at and below 1223 K the slope in the %R versus time curve
changes after about 15 % reduction and 50 % reduction. From the comparison of plots
between 1073 K and 1223 K in figures 6.1a and 6.1b, it can be concluded that the

overall rate of reduction increases with increasing temperature.

10 —1323K|| &, —1323K| |
— 1273 K —1273K
(a) — 1223 K (b) — 1223 K
— 1173 K 20+ — 1173 K|
20 4 L
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Figure 6.1 — Effect of reduction temperature during reduction of mineral sulphide
concentrates in the presence of CaO and carbon black at molar ratio of MS:CaO:C =
1:2:2. Argon flow rate = 0.6 litre min™

The reduction reactions were stopped after 1.5 hours at 1273 K and 2.5 hours at 1073 K,
and the reaction products were analyzed using the X-ray powder diffraction (figures
6.2a and 6.2b) and microscopic techniques. There were no mineral sulphides found after
holding the samples for 1.5 hours at 1273 K as shown in figure 6.2b. By comparison,
the presence of copper sulphide (Cu-S) was verified from the XRD patterns in figure
6.2a, after 2.5 hours at 1073 K. In view of the relative abundance of Cu,S in the
Nchanga concentrate, which is at 28.3 wt. %, it is unsurprising that the copper sulphide
is still abundant in the powder diffraction pattern. In figure 6.2a, it can also be observed
that the relative intensities of powder diffraction peaks for CaS are the strongest which
may suggest that if the accompanying exchange and reduction reactions, defined in

equations 1.5b and 1.5c, respectively, have progressed then there should be sufficiently
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high percentage of metallic phase present. However, on comparing the relative
intensities of XRD peaks for metallic phases, copper was found to be weak, suggesting
that there is little metallisation occurring at 1073 K. The lack of metallisation at 1073 K
is evident from the much reduced weight loss, manifested by %R data in figure 6.1, also

characterized by the rate of evolution of CO gas in accordance with reaction 1.5a.
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Figure 6.2 — XRD patterns for the samples after carbothermic reduction in the presence
of CaO and carbon black at 1273 K, molar ratio of MS:CaO:C = 1:2:2; (a) 2.5 hours at
1073 K and (b) 1.5 hours. Argon flow rate = 0.6 litre min™

The abundance of CaS and presence of iron oxide (FeO and Fe3O4) in the powder
diffraction patterns for the samples at 1073 K, confirms that the exchange reactions take
place by forming wustite and magnetite first, which at 1073 K, do not reduce to metallic
iron. The main barrier for the progression of metallisation of iron appears to be the
ensuing reduction reactions (see equations 1.5¢c — 1.5e). From the literature [15], the
solid-state reduction of iron oxide (magnetite/wustite) phase is reported to be very slow
below 1173 K [15]. By increasing the temperature above 1173 K, the overall fraction of
metallic phases present in the powder diffraction pattern increases due to increasing rate

of reduction of the Fe-O phase.
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6.1.2 Effect of mole ratio of lime (CaO)

The effect of mole ratio of CaO during carbothermic reduction of mineral sulphide
concentrates was studied by maintaining the mole ratio of mineral sulphide:carbon at
MS:C = 1:4. A range of mole ratios of CaO:MS, varying between 1.5 and 4, were
investigated between 1073 K and 1323 K. It was established that at lower mole ratio of
CaO such as MS:CaO = 1:1.5, the reduction reaction did not yield much metallic phase
and this is due to smaller area of contact for sustaining the exchange reaction (see
equation 1.5b), which is why a significant proportions of mineral sulphides remained
unreacted. With the increasing lime-to-sulphide molar ratio, a majority of mineral
sulphides were converted into metallic phases even at lower temperatures, e.g. at 1173
K.

The TGA results showing the % reduction versus time plots, obtained at
different mole ratios of CaO are shown in figure 6.3. It is evident from figure 6.3 that
the extent of metallisation increases with increase in the mole ratio of CaO. It can
further be observed in figure 6.3 that the profile of the % reduction versus time curves is
similar in the first 4 minutes, corresponding to about 60 % reduction for Nkana and
Baluba, at 1273 K. The profile of the % reduction versus time curves, is the same in the
first 4 minutes at 1273 K because of the thermal decomposition of the mineral sulphides
(CuFeS; and FeS;), so that the exchange reaction proceeds mainly via CaO(s) - S2(Q)
reaction. However, the exchange reaction essentially proceeds via CaO(s) - MS(s,l)
reaction, after thermal decomposition of the mineral sulphides and hence good contact
between MS(s,l) and CaO(s) is required for sustaining the exchange reaction. It is for
this reason that the extent of metallisation against time greatly increases with increase in
the mole ratio of CaO, after 4 minutes at 1273 K.

Nonetheless, the profiles of the % reduction versus time curves were only
similar in the first 2.5 minutes corresponding to about 18 % reduction at 1073 K. This is
because thermal decomposition of mineral sulphide is low at 1073 K compared to 1273
K.
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Figure 6.3 — Plot of % reduction against time curves at 1273 K, different mole ratio of

CaO. Argon flow rate = 0.6 litre min™
6.1.3 Effect of mole ratio of carbon black

For studying the effect of carbon black, the MS:CaO mole ratio was kept at 1:2
(MS:CaO = 1:2) and the reduction reactions were analysed between 1073 K and 1323
K. The plots of % reduction against time at different mole ratios of carbon black are
shown in figure 6.4. It is evident from figure 6.4 that the extent of metallisation
decreases as the mole ratio of carbon black increases between MS:CaO:C = 1:2:2 and
1:2:4 (MS:C = 1:2 and 1.4). The decrease in the extent of metallisation with increase in
the mole ratio of carbon is due to the decrease in the contact area for the MS - CaO
exchange reaction. It is very clear in figure 6.4 that the reduction reaction for Baluba
sample stopped after reaching 90 % reduction in 5 minutes at molar ratio of MS:CaO:C
= 1:2:1 and this could be due to sintering of the sample because the sample was
excessively sintered after the experiment. By comparison, the Nkana or Nchanga
samples were less sintered as result of high gangue mineral content. From the %
reduction vs time plots in figure 6.4, it can be concluded that the extent of metallisation
decreases with increase in the stoichiometric ratio of carbon black. Nonetheless, the
mole ratio of carbon should be more than 1 for reaching 100 % reduction in the Baluba

sample.
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Figure 6.4 — Plot of % reduction against time curves at 1273 K, different mole ratio of

carbon black. Argon flow rate = 0.6 litre min™

The XRD patterns for the mineral sulphide concentrates at molar ratio of MS:Ca0O:C
=1:2:1 and 1:2:2 are compared in figures 6.5a and 6.5b, respectively. The metallic
phases (Cu, Fe), CaS and excess CaO can be observed in the reacted samples at molar
ratio of MS:Ca0O:C = 1:2:2 (figure 6.5b). Nonetheless, excess CaO from the reduction
reaction was completely consumed by SiO, and Al,O3; at molar ratio of MS:CaO:C =
1:2:1, by forming calcium silicates, identified in the X-ray diffraction patterns in figure
6.5a as Ca,Si0, and Ca,Al,SiO; phases. The Baluba sample has the lowest SiO, content
but there was no excess CaO at molar ratio of MS:CaO:C = 1:2:1 due to the formation
of CayFe,Os phase as shown in figure 6.5a. The presence of the CaFe,Os phase

explains as to why the % reduction only reached about 90 % reduction at MS:Ca0O:C
=1:2:1 (see figure 6.4b).
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Figure 6.5 - Effect of changing the mole ratio of carbon at 1273 K; (a) MS:CaO:C =
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The predominance area diagrams for Ca-Cu-Fe-O-S-Si systems at different activities of
SiO, are shown in figure 6.6a and 6.6b. The Cu + Fe + CaS phase field is in equilibrium
with the Cu + Fe + CaO phase field at low partial pressures of O, and SO, gases (figure
6.6a) and this is why the Cu + Fe + CaS + CaO phases were obtained at molar ratio of
MS:CaO:C = 1:2:2, at 1273 K (see figure 6.5a). Based on the experimental results and
the thermodynamic prediction in figure 6.6a, it can be estimated that log1o(P(O2))(atm)
was less than -15.3 at molar ratio of MS:CaO:C = 1:2:2. On the other hand, the Cu + Fe
+ CaS phase field is in equilibrium with the Cu + CaS + CayFe,Os phase field at
10010(P(O2))(atm) =~ -15.3 and it is for this reason that Ca,Fe,Os was obtained in the
Baluba sample at molar ratio of MS:CaO:C = 1:2:1. It can be concluded that the partial
pressure of the O, gas increases as the molar ratio of MS:CaO:C = 1:2:2 changes to
MS:CaO:C = 1:2:1. The SiO, content is high in the Nchanga and Nkana samples so that
the Ca-Cu-Fe-O-S-Si system is shown in figure 6.6b at log(aSiO,) = -5. The Cu + Fe +
CaS phase field is in equilibrium with the Cu,S+ Fe + Ca,SiO4 phase field in figure 6.6b
and hence the metallic phases (Cu, Fe) co-exist with Cu,S, CaS and calcium silicate
phases in the Nchanga sample at molar ratio of MS:CaO:C = 1:2:1. The above analysis
clearly shows that there is broad agreement between the experimental results at
MS:CaO:C =1:2:2 or 1:2:2 and the thermodynamic prediction.
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Figure 6.6a — The Ca-Cu-Fe-O-S predominance area diagram at 1273 K, computed
using FactSage software 6.1 at log(aSiO,) = -10 [24]
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6.1.4 Effect of mole ratio of graphite

The effect of increasing the mole ratio of graphite was analysed at molar ratio of
MS:CaO = 1:2 and the plot of % reduction versus time curves are shown in figure 6.7.
As shown in figure 6.7, the extent of metallisation increases with increase in graphite-
to-sulphur mole ratio and this was caused by the increase in the reduction reaction. It is
evident from figure 6.7 that metallisation was completed within 15 minutes at molar
ratio of MS:CaO:C = 1:2:2 or 1:2:4 which was not the case when carbon black was used
(see figure 6.4) and this shows that the overall time for complete metallisation is shorter
with graphite than with carbon black. It appears that metallisation of Cu and Fe
proceeds via reduction of the Ca,CuFeOsS liquid phase at all mole ratios of graphite
and hence the extent of metallisation increases with increase in the mole ratio of
graphite. In short, the rate of reduction of the Ca,CuFeQO3S liquid phase increases with
increasing mole ratio of graphite.

The XRD and SEM-EDX analyses showed that excess CaO was consumed by
SiO, at molar ratio of MS:Ca0O:C = 1:2:2 or 1:2:4 by forming Ca,SiO4 and Ca,Al,SiO;
at 1273 K and above in the Nchanga and Nkana samples. The Ca,Fe,Os phase was
observed in the Baluba samples and this is because of the equilibrium between Cu + Fe
+ CaS and Cu + CayFe,Os5 phase fields (see figure 6.6a). The presence of calcium
silicates in the Nchanga and Nkana samples and, CayFe,Os in the Baluba sample,
confirms that the partial pressures of O, and SO, gases are slightly higher for the

reduction with graphite than with the carbon black.
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Figure 6.7 — The plot of % reduction versus time curves for the carbothermic reduction
of mineral sulphide concentrates in the presence of CaO with graphite at 1273 K. Argon

flow rate = 0.6 litre min™
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6.1.5 Effect of particle sizes of the mineral sulphide concentrates

The effect of changing the particle sizes of the mineral sulphide concentrates was
studied by further grinding the mineral sulphide concentrates to the particle sizes of -63
um and -38 um. The effect of changing the particle sizes of the mineral sulphide
concentrates is compared in figures 6.8a and 6.8b at 1073 K, because the extent of
metallisation is slowest at this temperature. It is evident from the XRD patterns in
figures 6.8a and 6.8b that metallisation of copper increased as the mineral sulphide
concentrates particle sizes decreased from -63 um to -38 um. As discussed above, the
metallisation of copper was limited by the exchange reaction but the barrier decreases
with decrease in particle sizes of the mineral sulphide concentrates.

The XRD patterns in figures 6.8a and 6.8b also show that metallisation of Fe is
not affected by the particle size of the mineral sulphide concentrates as Fe is still in the
oxide form at -38 um. The fact that metallisation of Fe does not occur even at -38 pm
confirms that the main barrier is the reduction reaction at 1073 K. The overall time
taken for the complete reduction of the mineral sulphide concentrates particles
decreased with the decrease in particle size of the mineral sulphide particles at higher
temperatures (T > 1223 K). For example, metallisation was completed in about 45
minutes and 60 minutes at concentrate particles sizes of -38 um and -63 pm,
respectively, at 1273 K. Even though the total time for complete metallisation decreases
with decrease in the particle size of the mineral concentrates, it is unnecessary to grind

to -38 um because of the energy cost for grinding is relatively high.
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6.1.6 Phase analysis

The phases in the samples were characterised by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) techniques.

6.1.6.1 A summary of the analysis of phases using XRD

The comparison of phases present as a result of exchange reaction at 1073 K in figure
6.2a for different concentrates shows the strong presence of Fe-O (FeO and Fe3Qy),
which suggests that the mineral sulphides have undergone exchange reaction. Fe-O co-
exists with CaS in the reduction with carbon black. At higher reduction temperatures,
for example at 1273 K, Fe3O, is less evident, as can be seen in figure 6.2b. Excess SiO;
present in the gangue is evident at both 1073 K and 1273 K for MS:CaO:C = 1:2:2. As
expected from the %R versus time plots in figure 6.1, the volume fractions of metallic
phases increase in the reacted materials with increase in temperature and is confirmed

by the presence of Cu/Fe in the XRD patterns in figure 6.2b.
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Furthermore, it is noticeable from figures 6.2a and 6.2b that the excess CaO at
MS:CaO:C = 1:2:2 did not react with the SiO, present in the minerals at 1073 K. From
figure 6.5a the presence of calcium silicate confirms the reaction between CaO and
Si0O,, by forming the Ca,SiO, and Ca,Al,SiO; at 1273 K. The formation of complex
silicates consumes the available CaO for facilitating the exchange reaction at a given
temperature. As a result, the mineral sulphides do not reduce completely, by leaving a
trail of evidence for incomplete reaction in the form of unreacted sulphides of copper

and iron.

6.1.6.2 Summary of the phase analysis using SEM

In order to further analyse the mechanism of overall reduction reaction, shown in
equation 1.5a, systematic analysis using SEM and EDX techniques were undertaken. In
figure 6.9, the area analysed for the reaction product after 2.5 hours of reaction at 1073
K is compared with the elemental distribution map, obtained via the EDX spectroscopic
technique. The elemental maps of Fe and O show a ring of iron oxide around the
copper-sulphide rich phase, which explains that the ions of iron and copper diffuse
towards the surface and centre, respectively, and this mechanism also takes place during
oxidation/roasting of Cu-Fe sulphide minerals (CuFeS, and CusFeSy) [14, 28, 85]. It is
caused by the higher stability of FeO than Cu,O [14] so that FeS is preferentially
oxidised. The brightest phase in image B of figure 6.9 is metallic copper. Part of copper
was formed at the interface between the Cu,S and Fe3O,4 phases and this is because of
the equilibrium between the Cu,S + Fe3O, and Cu + Fe3O, phase fields at
log:10P(O2)(atm) < - 17.9, at 1073 (figure 6.10). It can be observed from image B in
figure 6.9 that all the smaller Cu,S particles (< 5 pum) were reduced to metallic copper
due to the fact that the smaller particles have larger reacting surface area. The area
analysed in figure 6.9 is devoid of cobalt, since the Nchanga concentrates contain the
least amount of cobalt (0.4 wt. % of Co).
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Figure 6.9 — Elemental mapping for Nchanga sample after reduction at 1073 K, molar
ratio of MS:Ca0:C = 1:1.5:1.5, (A) low magnification image, the analysed area is
highlighted by the red box and (B) is the analysed area under BSE imaging
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Figure 6.10 — The Fe-Cu-O-S predominance area diagram at 1073 K in relation to the
phases obtained in figure 6.9, computed using the Factsage software 6.1 [24]
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The SEM images for the Baluba sample after carbothermic reduction at 1073 K are
presented in figures 6.11a and 6.11b. The FeS; particles in figure 6.11a were completely
converted to Fe-O which was identified as FeO and Fe;O, in the X-ray diffraction
patterns in figure 6.2a. On the other hand, metallisation of cobalt occurred at 1073 K as
shown in figure 6.11b. As noted in figure 6.11b, Co co-exists with Cu,S and Fe;O, and
this agrees very well with the thermodynamic prediction in figure 6.12. The cobalt
peaks did not appear in the X-ray diffraction patterns because cobalt is present in small
concentration (< 2 wt. %), which is below the limit for XRD detection. SEM analysis
for the Nkana sample at 1073 K also showed that the Co-S particles were reduced to Co
at 1073 K. From the SEM analysis, it can be concluded that preferential metallisation of
cobalt occurred at 1073 K but the metallisation of copper and iron were limited by the
exchange and reduction reactions, respectively. Therefore, there is very good agreement
between the experimental results and the thermodynamic prediction in figure 2.3a
where, the Gibbs energy change is more negative for metallisation of cobalt than for
iron and copper.

Figure 6.11 — Backscattered SEM images of the Baluba sample, after reduction at 1073
K and molar ratio of MS:CaO:C = 1:2:2. Argon flow rate = 0.6 litre min™
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Figure 6.12 — The Fe-Cu-O-S predominance area diagram at 1073 K in relation to the
phases obtained in figure 6.11, computed using the Factsage software 6.1 [24]

The elemental maps for the Nchanga and Nkana samples which were reacted for 2.5
hours at 1273 K for molar ratio of MS:CaO:C = 1:1.5:1.5, are shown in figures 6.13 and
6.14, respectively. Since the Nchanga sulphide concentrates have the highest copper
content, the analysed area in image A of figure 6.13 contains a lot of copper particles
which were reduced from the Cu,S mineral particles. The reduced copper particles have
various sizes and shapes which are similar to the mineral sulphide, in the as-received
mineral concentrates. On the other hand, the Nkana concentrates are rich in iron such
that the analysed area in figure 6.14 contains a lot of iron particles. Furthermore, the
analysed area in figure 6.14 also contains significant amount of cobalt which is
associated with iron as a result of high solid solubility between iron and cobalt. The
shape of the reduced Fe or Fe-Co particles appear different from their respective
mineral sulphides due to dominance of the liquid phase during reduction of (Co)FeS,

mineral particles.
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Figure 6.13 — Elemental mapping for Nchanga sample after carbothermic reduction at
1273 K for molar ratio of MS:CaO:C = 1:2:2, (A) is the sample area analysed from

image A, under backscattered electron imaging. Argon flow rate = 0.6 litre min™
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Figure 6.14 — Elemental mapping for Nkana sample after reduction at 1273 K, molar
ratio of MS:CaO:C = 1:1.5:1.5, the analysed area is highlighted by the yellow box in (A)

and (B) is the analysed area under BSE imaging. Argon flow rate = 0.6 litre min™

SEM-EDX semi-quantitative analysis was carried out in order to determine the
compositions locally, a summary of the composition from figure 6.15 is presented in
table 6.1. It can be observed in table 6.1 that a number of metallic phases had about 97
wt. % Cu in the Nchanga sample meaning that they were reduced from the Cu,S
mineral. It is worth noting that the purity of the copper phase is similar to that of blister
copper [8, 10, 15], produced after conventional smelting and converting processes at
temperatures above 1473 K. Most metallic phases in the Nkana and Baluba reduced

samples had about 96 wt. % Fe meaning that they were reduced from the FeS, mineral
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particles. The purity of iron produced by this process is much higher than that of the pig
iron which contain about 93 wt. % Fe, produced by smelting of iron oxide above 1773
K [105]. It can be observed in table 6.1 that a metallic phase with 92 wt. % Co was
produced in the Nkana sample at 1173 K. The semi-quantitative SEM-EDX analysis in
table 6.1 further shows that the Co-Fe alloys were produced during reduction of the

mineral sulphide concentrates, as observed from the elemental maping in figure 6.14.

Figure 6.15 — Backscattered SEM images for the reduced samples, the compositions are

given in table 6.1. Argon flow rate = 0.6 litre min™

Table 6.1 — SEM-EDX semi-quantitative results (wt. %) obtained from figure 6.1

Cu Co Fe 0]
(@) - Nchanga at 1273 K — spectrum 1 | 97 - 1 2
(b) - Nchanga at 1273 K — spectrum 2 | 97 - 2 1

(c) - Nkana at 1273 K — spectrum 2 3 - 97
(d) - Nkana at 1273 K — spectrum 1 7 11 82
(e) - Nchanga at 1273 K —spectrum 2 | 4 11 85
3
4

(F) - Nkana at 1173 K — spectrum 1 92 3 2
Baluba at 1273 K (image not shown) - 96
Baluba at 1273 K (image not shown) | 22 72 2 3

6.1.7 Reaction mechanism

In order to understand, the reaction mechanisms taking place during the carbothermic

reduction of the mineral sulphide concentrates in the presence of CaO and C, some
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experiments were stopped at various times, between 1 and 30 minutes at 1273 K, molar
ratio of MS:Ca0O:C = 1:2:2. The partially reacted samples were characterised by XRD
and SEM analyses. The XRD patterns for the samples which were reacted for 1 minute
and 2 minutes at 1273 K, are shown in figures 6.16a and 6.16b, respectively. As shown
from the XRD patterns in figure 6.16a, the major phases obtained after 1 minute were
FesO4, Cu,S, CusFeS,, CaS, CaSO, CaO (residual) and CuFeS, (residual). The
presence of the CaSO, phase shows that the partial pressures of O, and SO, gases were
high, corresponding to logPO2(g)(atm) > -10.5 and logPSO(g)(atm) > -2.5, from the
thermodynamic prediction in figure 6.17. The high partial pressure of SO, gas can be
caused by the reaction between S, gas (from the thermal decomposition of FeS, and
CuFeS; minerals) and CaO as shown in equation 6.1a. The absence of FeS; or FeS and
high intensity peaks for Fe3O, in the XRD patterns, after 1 minute at 1273 K show that
reaction 6.1a and 6.1b occurred. The CaSO, phase might have been formed from the
reaction between SO, and CaO (equation 6.1c). The minimum logPSO,(g)(atm) for
equation 6.1c is -1.25, assuming that the activities of CaO, CaS and CaSO, are equal to

1. The summation of equation 6.1a and 6.1c [173] gives equation 6.1d.

§Cao +25,(9) = §Ca8 + %So 2(9), AGyy;y =-128KkJ 6.1a
4.5FeS, +8Ca0 =1.5Fe,0, +8CaS+S0,(0), AG,,,5« =—438kJ 6.1b
gCaO + %SO2 (9 = %Cas +CaSO,, AG,,,% =—-40.5kJ 6.1c
2S,(g) +4Ca0 =3CaS+CaSO,, AG,,,5 =-168.5kJ 6.1d

The presence of CaSOy in the first minute at 1273 K, which is caused by the high partial
pressures of O, and SO, gases, shows that the reactivity of carbon is very low in the
initial stages of the reaction. In fact, similar phases were obtained after 1 minute at 1273
K, at molar ratios of MS:CaO:C = 1:2:2, 1:2:4 and in the absence of carbon
(MS:CaO:C = 1:2:0) (see figure 6.4).
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Figure 6.16 — XRD patterns for the partially reacted samples at 1273 K, molar ratio of
MS:CaO:C = 1:2:2; (a) 1 minute and (b) 2 minutes. Argon flow rate = 0.6 litre min™

The phases obtained in the first minute at 1273 K can be represented by area A in the
Cu-Ca-Fe-Co-0O-S predominance area diagram in figure 6.17. In moving from area A in
figure 6.17, three important things may happen as the partial pressures of O, and SO,

gases changes:

i.  Cobalt ferrite (CoFe,0,4) can be produced when the partial pressure of SO, gas is

decreased at constant partial pressure of O, gas.

ii. CaSO4 can be calcined to CaS and, CusFeS, can be formed as the partial

pressure of O, gas decreases faster than that of SO, gas.

iii.  CaSOq can be calcined to CaS and the CaS would co-exist with Fe304, Cu,S and
CoySg when the partial pressures of O, and SO, gases decreases nearly at the
same rate.

However, cobalt ferrite (CoFe,O,4) and CusFeS, were not observed in the later stages of
the reactions implying that the partial pressures of SO, and O, gases decreases nearly at
the same rate at 1273 K. The partial pressures of SO, and O, gases decrease at the same
rate because, the reactivity of carbon increases and the thermal decomposition of the
mineral sulphides decreases with increase in reaction time. The partial pressures of SO,
and O, gases continues decreasing with increase in reaction time such that the Co-O and

Fe-O phases are reduced to metallic state at logio(P(O2))(atm) < -12.4 (area C in figure
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6.17) and -14.9 (area E in figure 6.17), respectively. Fe and Co co-exist with Cu,S and
CaS, as analysed by SEM and XRD techniques and this can be represented by area E. It
appears that the partial pressure of O, gas does not decrease further upon reaching
region E. However, the partial pressure of SO, gas continues decreasing due to
absorption of sulphur by CaO such that region F is reached and hence metallisation of
Cu occurs. Based on the XRD and SEM results, it can be concluded that the overall
reaction follows the following path; A —- B -C — D — E — F, from the Cu-Ca-Fe-
Co-0-S system in figure 6.17.

The thermodynamic prediction in figure 6.17 shows that preferential
metallisation of Cu can take place, only under very low partial pressure of SO, gas and
high initial partial pressure of O, gas (logPO2(g)(atm) > -11.8). However, this may not
happen at 1273 K, owing to the initial high partial pressures of O, and SO, gases,
resulting from the thermal decomposition of S, gas from the mineral sulphides (CuFeS,
and FeSy).

Fe-Cu-Co0-0-S§, 1273 K = —-==-=--- Ca-0-S system
Cu/(Fe+Cu+Co) = 0.4, Co/(Fe+Cu+Co)=0.2
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Figure 6.17 — The Cu-Co-Ca-Fe-O-S predominace area diagram at 1273 K, computed
by superimposing the Fe-Cu-Co-O-S and Ca-O-S predominace area diagrams, using the
FactSage software 6.1 [24]
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The summary of SEM images for the samples reacted for various times at 1273 K are
presented in figure 6.18. A rim of iron oxide (Fe-O) surrounds the un-reacted core of
Cu-S in the first 2 minutes at 1273 K, for the reduction of the CuFeS, and CusFeS,
mineral particles. The rim of Fe-O on the periphery of the partially reacted samples
confirms that there is preferential oxidation of Fe-S to Fe-O (FeO or Fe30,) in the early
stages of the reaction. The preferential formation of Fe-O on the periphery and Cu,S
phase at the core is driven by the higher stability of iron oxide than iron sulphide and
the higher stability of copper sulphide than copper oxide [174]. As a result, the Fe®" ions
diffuse to the periphery where the oxygen potential is high and the Cu®* ions diffuse to
the centre where the oxygen potential is low, to form Cu,S. The S* ions that are nearer
to the surface of the mineral particle also diffuse to the lime particle as shown in figure
6.19. The Fe** ions react with O* ions at the periphery to form FesO4 as shown in figure
6.19. The preferential oxidation of iron to iron oxide at the periphery and, the formation
of CuygS at the core is similar to Kernel roasting [28, 85]. Thermodynamically, the
oxidation of Cu-S can only take place when Fe is in the oxide form because the

equilibrium for reaction 6.2 is always in the forward direction.

Cu,O + FeS =Cu,S + FeO 6.2
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Figure 6.18 — Backscattered SEM images for the samples reacted for various times at
1273 K, molar ratio of MS:CaO:C = 1:2:2. Argon flow rate = 0.6 litre min
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It is very clear from figure 6.18 that the partially reacted Cu-Fe-S (CuFeS; and CusFeSy)
and Cu-Co-S (CuCo,S,) type of mineral particles consist of Fe or Co in the Cu-S matrix
and this broadly agrees with the Cu-Co-Fe-Ca-O-S predominance area diagram in figure
6.17. The Co and Fe are in the spherical and ovate shapes which is a characteristic of
partial or complete melting [175]. It can be suggested that the reduction of Fe-O at the
peripheral, result in the formation of low oxygen and metal rich Cu-Fe-O-S liquid phase.
However, the reduction of the Cu-S from Cu-Fe(Co)-S was slower, taking up to 1.5
hours at 1273 K, probably due to depletion of the nearby CaO, from the ion exchange
reaction between Fe-S/Co-S and CaO.

SEM-EDX analysis confirmed that the purity of the embedded Co and Fe phases
was over 98 wt.%, implying that it is possible to obtain very high grade Co and Fe
particles by carrying out magnetic separation of the partially reacted samples.
Nevertheless, the Co and Fe particles are not large enough (< 30 um) to be liberated by
crushing and grinding. Succesful magnetic separation would require complete liberation

of the magnetic particles of Co and Fe.

\
2CuFeS;+2e= Cu,S+2Fe?+38% CuFeS, = Cu?*+Fe**+28%

C +0*=CO+2e
CaO+S'~:'= CaS+0*

3Fe*t + 40%=Fe,0, +2¢
I

2Cu?*+8% +2e = Cu,S

Figure 6.19 - Schematic illustration showing mechanism taking place during the initial
stages of the reaction between CuFeS, and CaO, Fe30, is formed at the periphery and

Cu,S at the core
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The reduction of Cu-S (Cu,S and Cuy6S) mineral particles was found to take place via

two mechanisms:

Diffusion of the S* ions away from the Cu,S mineral particle when there is less
contact between the Cu,S and CaO particles or, when the rate of reduction
reaction is faster than the rate of ion exchange reaction. For instance, the
partially reacted Cu,S particles were surrounded by a dense layer of metallic
copper at molar ratio of MS:CaO:C = 1:2:4 as shown in figure 6.20a. The
contact between Cu-S and CaO is decreased at molar ratio of MS:Ca0O:C = 1:2:4

and hence metallisation of Cu occur via diffusion of the S* ions.

Formation of the Cu,S — CaO eutectic melt as precipitates of CaS were observed
in the partially reacted Cu,S particles at molar ratios of MS:CaO:C(carbon black)
= 1:2:1 and MS:CaO:C(graphite) = 1:2:2. The sample sinters at molar ratios of
MS:CaO:C(carbon black) = 1:2:1 and MS:CaO:C(graphite) = 1:2:2 since the
reduction reaction is slower and hence the Cu,S — CaO eutectic melt is formed.
The overall reactions can be represented by equations 6.3a and 6.3b. The
possibility of equations 6.3a and 6.3b can be appreciated by the fact that, Cu was
formed in the rich CaS phase, at molar ratios of MS:CaO:C(carbon black) =
1:2:1 and MS:CaO:C(graphite) = 1:2:2

Cu,S(S) + CaO (s) = Cu,0O e Cas(l) 6.3a

Cu,0 e Cas(l) + C(s) = 2Cu(s) + CaS(s) + CO(qg) 6.3b

60um 20pum

Figure 6.20 — Backscattered SEM images for the partially reacted samples at 1273 K; (a)

molar ratio of MS:CaO:C (carbon black) = 1:2:4 and (b) molar ratio of
MS:CaO:C(graphite) = 1:2:2. Argon flow rate = 0.6 litre min™
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Based on the XRD and SEM results, the reduction of CuCo0,Ss and CusFeS, mineral

particles can be summarised as follows:

i.  Preferential oxidation of Fe-S and Co-S to form Fe-O and Co-O as shown in

equation 6.4a and 6.4b, respectively.

ii.  Reduction of Fe-O and Co-O to form Fe and Co as shown in equations 6.4c and

6.4d, respectively.

iii.  Carbothermic reduction of Cu-S via a combination of ion exchange and

reduction reactions (equation 6.4e).

6Cu.FeS, +9Ca0 +C =15Cu,S + 2Fe,0, +9CaS + CO 6.4a
2CuCo,S, +7Ca0 +3C = Cu,S +4C00 + 7CaS +3CO 6.4b
2Cu,FeS, +3Ca0 +3C =5Cu,S +2Fe +3CaS +3CO 6.4c
2CuCo,S, +7Ca0+7C =Cu,S +4Co+7CaS +7CO 6.4d
Cu,S(s) + CaO(s) + C(s) = 2Cu(s) + CaS(s) + CO(g) 6.4e

6.1.7.1 Further investigations of reaction mechanism

There is less contact between the mineral sulphide (MS) and lime (CaO) particles at
high mole ratio of carbon than CaO such as at MS:CaO:C = 1:2:4. Similarly, there is
less contact between the mineral sulphide and carbon particles, at high mole ratio of
CaO than C e.g. at MS:CaO:C = 1:4:2. In order to understand the reaction mechanism
that can occur, when there is little or no contact between MS and C or CaO particles,
three types of experiments were carried out under argon atmosphere at 1273 K: (i) the
mineral sulphide concentrates were pressed into cylindrical pellets and covered by the
mixture of the CaO + C powders at molar ratio of CaO:C = 1:1 (figure 6.21a) and
heated under argon atmosphere at 1273 K, (ii) the mixture of mineral sulphide
concentrates + C at molar ratio of MS:C = 1:2 were pressed into cylindrical pellets and
covered with the CaO powder (figure 6.21b) and (iii) repeating experiment (i) but using
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either a piece of natural CuFeS; or CusFeSs, instead of the mineral sulphide

concentrates.

Ca0O +C Ca0 — =

|
]— concentrates
|

concentrates + C

argon argon

Figure 6.21 - Schematic arrangement of the experiments at 1273 K; (a) mineral sulphide
concentrates pellet covered by the mixture of CaO + C during reduction and (b) mixture

of mineral concentrate + C pellet, covered by CaO during experiment

The weight losses were recorded during the experiment and, the reacted samples were
analysed by XRD and SEM techniques. Metallic copper was observed but metallic iron
was absent for the experiments where, either pellets of the mineral sulphide
concentrates or pieces of natural minerals (CuFeS, and CusFeSy4) were covered by the
mixture of the CaO + C powder (see figure 6.21a). The XRD analysis for the CaO + C
powders, covering the pellets of the mineral sulphide concentrates or pieces of natural
minerals, during the experiments showed clear evidence of CaS. However, there was no
CaS in the mineral sulphide concentrates pellets or pieces of CuFeS; and CusFeS,,
thereby suggesting that S* ions are the migrating species when there is less contact
between mineral sulphide concentrates and CaO + C. The S ions diffuse from the
mineral sulphide to the lime particles and yield CaS which is a stable phase under
reducing atmosphere. Since copper was the only metallic phase in experiment 6.21a, the
reactions taking place in the mineral sulphide particle can be represented by equations
6.5a and 6.5b. The S, gas and S* ions from equations 6.5a and 6.5b, respectively,

diffuse to the lime particles leading to reactions 6.4c - 7.4f at the lime - carbon interface.
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The electrons from equation 6.5f [172] react with the Cu™ ions to yield metallic copper
via reaction 6.5g.
In the mineral sulphide concentrates;

4CuFeS, = 4FeS +10Cu,S + S, (9) 6.5a

Cu,S=2Cu* +S” 6.5b

At the CaO and C interface

2Ca0 +S,(g) + 2C = 2CaS + 2CO(g) 6.5¢
CaO =Ca* +0* 6.5d
Ca* +S* =CaS 6.5€
C+0?% =CO(g) + 2e 6.5f

Nucleation of copper

2Cu™ +2e=2Cu 6.59

The SEM images obtained after pieces of natural CuFeS; and CusFeS, were covered by
the mixture of CaO + C powders, during the reaction are shown in figure 6.22. The only
phases from the CusFeS, experiment are CusFeS, and Cu (figure 6.22a) and, these are
the stable phases in the Cu rich region of the Cu-Fe-S tenary system (see figure 3.18).
On the other hand, three phases were observed from the CuFeS, experiment and they
are CusFeS,, FeS and Cu (figure 6.22b). The presence of CusFeS, and FeS from the
CuFeS; experiment is as a result of thermal decomposition (equation 6.6). Copper (Cu)

was formed from the CusFeS, phase (see equations 6.5a — 6.50).

5CuFeS, =Cu FeS, +4FeS +S,(Q) 6.6
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It can be observed from the SEM image in figure 6.22b that Cu is in the form of fibres
and mostly at the interface between the CusFeS, and FeS phases, as a result of diffusion
of the Cu'* ions from the CusFeS, phase (see equations 6.5a - 6.5¢). The copper
particles grow by producing fibres due to high stress [176] at the CusFeS4/ FeS interface.

Both XRD and SEM (figure 6.22) analyses revealed that metallisation of copper
was incomplete even though the experiments were stopped when there was no further
weight loss from the samples. The weight loss stopped or the reaction ceased after about
1.5 hours at 1273 K. As the reactions ceased before reaching completion, another
experiment was carried out whereby the mineral sulphide concentrates were pressed
into pellets and covered by the mixture of the CaO + C powder during reduction. The
experiment was stopped after there was no further weight loss from the sample. The
crucible containing the sample was cooled down to room temperature and the CaO + C
powder were stirred using a wire in order to expose the sample pellet to the un-reacted
CaO + C powders. The samples were then put back into the furnace and the weight
losses were observed for another 1.5 hours, meaning that the reaction continued because
the sample was exposed to the un-reacted CaO + C powders after stirring. It can be
suggested that the reaction ceases when the CaS layer is formed on the surface of the
mineral sulphide concetrates pellet. Both the pellets and the mixture of CaO + C
powders were analysed by X-ray diffraction. It was observed that the XRD peak
intensities of Cu and CaS were higher in the pellets and CaO + C powders respectively,
than the experiments carried out without stirring the CaO + C powder.

On the other hand, the XRD peak intensities for CaS in the CaO powder were
extremely low for the experiments, where the pellets consisting of mineral sulphide
concentrates + C were covered by the CaO powder. In addition, metallic copper was
absent from the mineral sulphide concentrates pellets. The absence of Cu and very low
concentration of the CaS phase for experiment in 6.21b explains that the diffusion of $*
ions is very low when the lime and carbon particles are far from each other. This is
because, the O® ions do not easily react with carbon to form a stable CO gas. In other

words, CaO remains stable when the CaO and C particles are far from each other.
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Figure 6.22 - Backscattered SEM images for the natural minerals heated in a mixture of
CaO and C powders at 1273 K; (a) CuFeS; and (b) CusFeS,, the phases were analysed
by SEM-EDX analysis. Argon flow rate = 0.6 litre min™

6.1.8 Liquid phase formation during reduction process

The formation of the liquid phase is very important since it enhances the reaction
kinetics, because of the faster diffusion of cations and anions in the liquid than in the
solid phase. The formation of liquid phase was investigated by using different mole
ratios of lime and carbon and, different types of carbon (carbon black or graphite). From
the experimental work carried out, the formation of the liquid phase appears to be as a
result of; (i) melting of the mineral sulphide particles e.g. CuFeS; melts at 1223 K
[171], so that a molten mineral sulphide phase reacts with CaO and C/CO gas and (ii)
reaction between mineral sulphide particles and CaO, causing liquid matte phase (MO
+ MS) or eutectic melts as reported by Jha [32, 35, 172, 177, 178].

Chalcocite (CuyS) is a very stable mineral sulphide with a melting temperature
of 1403 K but a liquid phase was observed during its reduction. In the earlier work by
Jha, during the carbothermic reduction of Cu,S in the presence CaO, a liquid phase
belonging to the Cu-O-S system was suggested to be due to the binary eutectic at 1113
K, involving Cu,S and Cu,O [35, 172]. However, the Cu-O-S liquid phase may not
exist if the rate of reduction reaction is faster than the ion exchange reaction, because
the Cu,O phase would be immediately reduced to Cu. In the present study, the Cu-Ca-
O-S liquid phase was only observed at molar ratios of MS:CaO:C(carbon black) = 1:2:1
and MS:CaO:C(graphite) = 1:2:2 because, the rate of reduction reaction is slower than
that of the exchange reaction. In addition to equation 6.3a, metallisation can also occur

via reaction 6.7 [35, 172]. In summary, there is a liquid phase in the reduction of Cu,S
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mineral particles but the presence of this liquid phase is greatly influenced by the mole

ratio of carbon and / or its reactivity.

3Cu,0 +CaS =6Cu + CaO + SO, (g) 6.7

Cenospheres were observed in the partially reacted samples at 1273 K as shown in
figure 6.23. The formation of cenospheres was due to evolution of the S, or SO, gases
from the molten mineral sulphide particles. The mechanism of cenosphere formation
has been explained very well by Li and Wu [179]. Elemental mapping confirmed that
cenospheres were formed from the larger CuFeS; mineral particles (> 30 um) because,
more gas is evolved from the larger molten particles than the smaller particles [179].
By comparison, the cenospeheres were more common in the Baluba sample as this
sample is dominated by the CuFeS, which melts at 1223 K [171].

100pm Electron Image 1 200um E

Jeckron Image 1

Figure 6.23 — Backscattered SEM images showing cenospheres in the partially reacted
CuFeS; particles, after reduction for 10 minutes at 1273 K, MS:CaO:C = 1:2:2 (a)
Nchanga and (b) Nkana. Argon flow rate = 0.6 litre min™

Both the SEM and XRD analyses confirmed that the reduction of the FeS, mineral
particles was the fastest compared to other mineral particles (CuFeS,, CusFeS,, Cu,S),
above 1173 K. The rapid reduction of the FeS, mineral particles above 1173 K is due to
the presence of the liquid phase. As stated in chapter 2, liquid phases belonging to the
Ca-Fe-O-S system have been observed by Jha, during carbothermic reduction of FeS
[172]. The Ca-Fe-O-S liquid phases had compositions of 3Fe0.3CaS and FeO.CaS
[177]. However, the liquid phases belonging to the Ca-Fe-O-S system were not found in

the partially reacted samples in the present study. The Ca-Fe-O-S liquid phase was not
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observed because, CaO was added at more than its stoichiometric mole ratio (MS:CaO
= 1:2), in order to compensate for the reactions between CaO and gangue minerals.
According to Rosenqvist [41], the FeO.CaS or 4Fe0.3CaS phases can only be formed at
higher mole ratio of FeS than CaO [41]. Furthermore, the absence of the FeO.CaS or
4Fe0.3Cas liquid phases in the present study might be as a result of formation of the
Ca,CuFeOsS liquid phase which was observed at the higher mole ratio of CaO than C or
in the absence of carbon (see section 6). On the other hand, a liquid phase belonging to
the Fe-O-S system was found in the partially reacted FeS, mineral particles. SEM-EDX
analysis showed that the Fe-O-S liquid phase had a composition of 56 wt. % Fe, 29 wt.
% S and 9 wt. % O and this is slightly comparable with the eutectic composition of 68
wt. % Fe, 24 wt. % S and 8 wt. % O at about 1193 K [85].

A liquid phase belonging to the Cu-Fe-S-O system was determined during
reduction of Cu-Fe-S type of mineral particles at equal mole ratios of CaO and C
(MS:Ca0:C = 1:2:2). The Cu-Fe-S-O liquid phases appear to form as a result of the
reaction between the Fe-O phase at the periphery and the Cu-S phase at the centre. Two
main observations were made during reduction of the Cu-Fe-O-S liquid phase:

i.  The low oxygen, Cu-Fe-S-O liquid phase was found with the metallic iron
spheres at higher reduction temperature (above 1173 K) as shown in figure
6.24(a).

ii.  The oxygen rich Cu-Fe-S-O liquid phase was found with the metallic copper at
lower reduction temperature (below 1173 K) as shown in figure 6.24(b).

Based on observations i and ii, it can be concluded that preferential metallisation of iron
and copper from the Cu-Fe-O-S liquid phase, occurs at higher and lower reduction
temperatures, respectively. From the thermodynamic prediction in figure 6.17, Fe co-
exists with Cu,S at lower partial pressure of O, gas whereas Cu co-exists with Fe-O and
in equilibrium with Cu,S, at higher partial pressure of O, gas. Therefore, the reactivity
of carbon is high at higher temperatures e.g. 1273 K, such that the partial pressure of O,
gas decreases, leading to the preferential metallisation of Fe from the Cu-Fe-O-S system
Nonetheless, the reactivity of carbon is low at lower reduction temperature, and hence
the partial pressure of O, gas remains high, and this is why metallic copper was found
with the oxygen rich matte.
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Figure 6.24 — Backscattered SEM images for the partially reduced samples at molar
ratio of MS:Ca0:C = 1:2:2; (a) 20 minutes at 1273 K and (b) 2 hours at 1073 K. Argon

flow rate = 0.6 litre min™

6.1.9 Effect of CaO/C mole ratio on microstructure of reduced samples

The study of the microstructure of the reduced sample is very important for developing
the right process of separating the metallic phases from impurities (CaS, excess CaO
and gangue minerals). The overall microstructures of the carbothermically reduced
samples were greatly affected by the CaO/C mole ratio.

The SEM images for the Nchanga and Nkana samples after carbothermic
reduction at 1273 K, molar ratio of MS:CaO:C =1:2:2 and 1:2:1 are compared in figure
6.25. It is evident in figure 6.25 that the metallic phases were embedded in the CaS rich
phase at molar ratio of MS:CaO:C = 1:2:1 whereas the metallic phases are not
surrounded by the CaS phase at molar ratio of MS:CaO:C = 1:2:2. The is due to the
presence and absence of the intermediate Ca,CuFeO3S liquid phase at molar ratio of
MS:CaO:C = 1:2:1 and MS:CaO:C = 1:2:2, respectively. To confirm the existence of
the Ca,CuFeO3S liquid phase at different molar ratio of C/CaO, the samples were
reacted for various times at 1273 K, molar ratio of MS:CaO:C = 1:2:1, 1:2:2 and 1:2:4.
The Ca,CuFeOsS liquid phase was only observed at molar ratio of MS:CaO:C = 1:2:1
(figure 6.26a). However, the Ca,CuFeO3S phase was absent in the partially reacted
sample at molar ratios of MS:Ca0O:C = 1:2:2 and 1:2:4 (figure 6.26b). The XRD peak
intensities for Cu and Fe are higher in figure 6.26a than in figure 6.26b, after 5 minutes
because of the presence of Ca,CuFeO3S liquid phase at molar ratio of MS:CaO:C =
1:2:1.

The microstructure obtained at molar ratio of MS:CaO:C = 1:2:1 and 1273 K,

was found to be similar to the ones obtained by heat treating the mineral sulphide
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concentrates in the presence of CaO (MS:CaO = 1:2) followed by the carbothermic
reduction of the samples at MS:C = 1:2 (see appendix A.6.1). The Ca,CuFeOsS liquid
phase is formed during heat treatment of the mineral sulphide concentrates in the
presence of CaO and hence metallisation occours via reduction of the liquid phase. The
addition of carbon whether at MS:C = 1:2 or 1:4 does not change the microstructure of
the samples as the metallic phases were surrounded by the CaS phase. It can be
concluded that the metallic phases can be free from CaS if the formation of

Ca,CuFeOsS liquid phase is prevented during reduction.
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Figure 6.25 — Backscattered SEM images for the samples reduced at 1273 K; (a)
Nchanga at MS:CaO:C = 1:2:2.5 and (b) Nchanga at MS:CaO:C = 1:2:1, (c) Nkana at
MS:Ca0:C =1:2:2.5 and (d) Nkana at MS:Ca0O:C = 1:2:1. Argon flow rate = 0.6 litre

min™*
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Figure 6.26 — XRD patterns for the partially reacted Baluba samples at 1273 K, mole
ratio of; (a) MS:CaO:C = 1:2:1 and (b) MS:CaO:C = 1:2:2. Argon flow rate = 0.6 litre
min™
Even though the X-ray diffraction analysis results in figure 6.26 indicate that
metallisation was faster at the higher molar ratio of CaO than C, the microstructure in
figure 6.25 clearly shows that the metallic phases were embedded in the Cas rich phase.
The magnetic separation of the metallic phases which are surrounded by the CaS rich
phase might be very difficult. As a result, it is very important that if the carbothermic
reduction process is to be followed by the magnetic separation process, the C/CaO ratio

should be equal to, or above 1.

6.1.10 Reaction Kinetics

The experimental isothermal data were fitted [180] into several kinetic equations (see
equations 2.10a - 2.11b) in order to obtain the suitable reaction model(s). The Gistling
and Brounshtein (G.B) and interface models are compared in figures 6.27a and 6.27b,
respectively, by using the Baluba data for molar ratio of MS:CaO:C = 1:2:2. It is
apparent from figures 6.27a and 6.27b that the Baluba data fits well into the Gistling

and Brounshtein (G.B) and interface models.
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Figure 6.27a — Plots of Gistling and Brounshtein model against time for the Baluba
isothermal data at various temperatures, at molar ratio of MS:CaO:C = 1:2:2
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Figure 6.27b — Plots of interface model against time (hours) for the Baluba isothermal

data at various temperatures, molar ratio of MS:CaO:C = 1:2:2

The summary of derived values of slope for each isotherm from the fitted models [181],

for Nchanga, Nkana and Baluba at molar ratio of MS:CaO:C = 1:2:2 are presented in
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table 6.2. As the experimental data fit into the diffusion and interface models (table 6.2),

it can be concluded that the reduction of mineral sulphides follows the mixed reaction

model. The mixed kinetic model is possible due to the fact that there are several reaction

steps leading to the metallisation of Cu, Co and Fe, which may include; (i) diffusion of

the Ca’* and O” ions from the lime particles to the mineral sulphide particles, (ii)

diffusion of the metallic and S ions from the mineral sulphide particles and (iii)

gasification of carbon.

Table 6.2 — Linear regression analysis of rate constants at different temperatures using

equations 2.10a and 2.10c, molar ratio of MS:CaO:C = 1:2:2

Nchanga
Temp. (K) G.B model Interface model G.B + interface model
K(hr?) R K(hr) R K(hr) R
1323 3.6544 0.9915 8.9350 0.9977 12.6342 0.9986
1273 2.1759 0.9949 5.4088 0.9845 7.6516 0.9924
1223 0.3031 0.9914 0.6455 0.9864 0.9891 0.9902
1173 0.0735 0.9857 0.1009 0.9599 0.1658 0.9489
1123 0.0386 0.9971 0.0839 0.9954 0.1240 0.9946
1073 0.0130 0.9826 0.0290 0.9854 0.0414 0.9864
Nkana
1323 5.7028 0.9909 14,1295 0.9994 19.7870 0.9989
1273 2.4563 0.9950 5.9222 0.9849 8.5180 0.9951
1223 1.2022 0.9969 2.7792 0.9655 3.5830 0.9923
1173 0.2018 0.9973 0.4465 0.9919 0.6470 0.9953
1123 0.0431 0.9992 0.0974 0.9980 0.1410 0.9978
1073 0.0075 0.9515 0.0172 0.9817 0.0220 0.9828
Baluba
1323 3.7261 0.9843 9.6316 0.9766 13.5347 0.9977
1273 1.4393 0.9972 3.9367 0.9966 5.7500 0.9921
1223 0.6965 0.9885 1.9373 0.9745 2.2640 0.9906
1173 0.2323 0.9980 0.4980 0.9942 0.7000 0.9929
1123 0.0554 0.9999 0.1240 0.9986 0.1800 0.9990
1073 0.0131 0.9820 0.0382 0.97780 0.0520 0.9753

Where G.B. is the Ginstling and Brounstein model
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The SEM results in figures 6.20a and 6.28a show the presence of metallic copper
surrounding the unreacted core of Cu-S confirming that metallisation of copper occurs
via outward diffusion of the S* ions from the mineral to the lime particles. Therefore,
metallisation of copper might be limited by the diffusion of the S* ions through the
dense outer layer of Cu. The metallisation of copper via diffusion of the S* ions from
the mineral sulphide, was also confirmed when the pellets of mineral sulphide
concentrates or pieces of natural CuFeS; and CusFeS, were covered in a mixture of
CaO + C powder and heated at 1273 K (see figure 6.22). Similarly, the formation of
CaS takes place via counter diffusion of the S and O% ions and/or, SO/S; gas, through
the CasS rich layer because of the presence of CaS layer around the un-reacted core of
CaO (figure 6.28b). However, the metallisation of Fe is controlled by the reduction
reaction or chemical reaction between Fe-O and carbon because of the presence of the
porous Fe-O phase in the partially reacted samples (see figures 6.9, 6.11 and 6.11). It is
for this reason that the metallisation of Fe was highly sensitive to the reduction
(reaction) temperature because, interface controlled reactions are very sensitive to the
reaction temperature [155]. It has been shown in figure 6.9 that a layer of Fe-O
surrounds the un-reacted core of Cu-S in the partially reacted CuFeS, and CusFeS,
mineral particles and hence metallisation of Cu might be limited by the diffusion of the

reacting species through the outer layer of Fe-O.

30pm 10pm
Figure 6.28 — Backscattered SEM images at molar ratio of MS:CaO:C = 1:2:2; (a)
Nchanga at 1073 K and (b) Baluba at 1273 K. Argon flow rate = 0.6 litre min™

Because the experimental data fits into the diffusion and interface Kkinetic models,
several mixed Kkinetic reaction models were tried but the experimental data deviated at

certain mole ratios of CaO and C. Nonetheless, the experimental data fitted very well
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into the sum of the diffusion (G.B) and interface (interface reaction) models (table 6.2),
at all mole ratios of CaO and C. The sum of the diffusion (G.B) and interface (interface
reaction) models was therefore used in analysing the reaction kinetics.

The plots of the InK against 1/T line are shown in figure 6.29 and it is evident
that a straight line cannot be fitted into the experimental data from 1073 K to 1323 K as
the slope of the line changes at 1273 K for Nchanga and at 1223 K for Nkana and
Baluba. The change in the slope of the line might be due to the presence of the liquid
phase at high temperatures. It is interesting to note that the Nkana and Baluba samples
which are rich in CuFeS; and FeS, minerals (see tables 3.2 and 3.3 and figure 4.1), the
slope of the InK versus 1/T line changes at the melting point of CuFeS; (1223 K).
Furthermore, the reduction of FeS, mineral particles yields the liquid phase belonging to
the Fe-O-S system, above 1173 K [182] so that it can be suggested that the liquid phase
dominates above 1223 K in the Nkana and Baluba samples. On the other hand, the slope
of the InK versus 1/T line changes at higher temperature (1273 K) for Nchanga because
this sample is dominated by the Cu,S mineral, which melts at 1402 K.

InK

= Nchanga
e Nkana
-2+ Baluba

T T T T T T T T T T T
0.00075 0.00078 0.00081  0.00084 0.00087  0.00090
1/Temperature (/K)

Figure 6.29 — Plots of the InK versus 1/T, for the derivation of the activation energy (Q),

the rate constants were

The plots of InK versus 1/T were used to estimate the activation energy for the
carbothermic reduction of the mineral sulphide concentrates in the presence of CaO.
The activation energy was calculated by multiplying the gradient of the InK versus 1/T
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line, by the universal gas constant (R = 8.314 Jmol'’K™) as the gradient is equal to the
quotient of activation energy and university gas constant. The activation energies were
determined at different mole ratios of CaO and C and, the average values are given in
table 6.3. The average activation energies in the high temperature regime (T > 1223 K)
for Nkana (220 + 17 kJ) and Baluba (209 + 40 kJ) are comparable to the activation
energies of 200 kJ — 233 kJ, for reduction of various mineral sulphides in the presence
of CaO (table 6.4) [55, 183]. The average activation energies in the high temperature
regime (T > 1223 K) for Nkana (220 + 17 kJ) and Baluba (209 £ 40 kJ) are also
comparable to the enthalpy change for reaction 6.8a. Since CaS and CaSO, were
observed in the first 6 minutes at 1273 K, it can be suggested that the formation of CaS
occurs partly via equation 6.8a. The Nkana and Baluba mineral sulphide concentrates
are rich in CuFeS; and FeS, minerals and these mineral decompose rapidly by releasing
S, gas in the high temperature regime and hence reaction 6.8a may take place. On the
other hand, the content of FeS, and CuFeS, minerals are very low in the Nchanga
sample such that equation 6.8a may not be the limiting factor. The average activation
energy was 126 + 17 kJ, in the high temperature regime for Nchanga and, this is
comparable to the enthalpy change of 125 kJ for equation 6.8b. Note that the Nchanga
mineral sulphide concentrates have about 28.3 wt. % Cu,S (see table 3.1).

S, (g) +CaS0, =CaS+2S0,(g), AG=219-0.2T kJ, T >1223K 6.8a

Cu,S+Ca0 +C=2Cu+CaS+CO(g), AG=125-0.13T kJ, 1273K -1323K 6.8b

The average activation energies of 278 kJ — 364 kJ in the low temperature regime agrees
with the activation of 251 kJ — 360 kJ for the CO, — C reaction [184, 185]. As noted
earlier, there was less metallisation but the exchange reaction occurred to a greater
extent by vyielding high fractions of metal oxides (Fe3O, and FeO) in the low
temperature regime. This confirms that the overall reaction was controlled by the CO, —
C(carbon black) reaction. However, the average activation energies in the low
temperature regime for Nchanga and Baluba are slightly lower than for Nkana, probably
due to: (i) the catalytic effect [183] of copper on the Boudouard reaction [183], as
copper is highest in these samples, (ii) catalytic effect of the alkaline carbonates such as

potassium carbonate [186, 187] and (iii) the presence of H,O from the gangue minerals
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and moisture as the Nchanga and Baluba concentrates have high H,O (see figure 4.6).

Note that the activation energy for the H,O — C reaction is 250 kJ - 334 kJ [188].

Table 6.3 - Summary of the average activation energies for the different samples

High temperature regime

Low temperature regime

Average (kJ) Std dev (kJ) Average (kJ) Std dev (kJ)
Nchanga 126 17 289 6
Nkana 220 17 364 3
Baluba 209 40 278 3

Where the higher temperature regime is T > 1273 K for Nchanga and T > 1223K for
Nkana and Baluba and, Std dev is the standard deviation

Table 6.4 — Activation energy for the reduction of mineral sulphides reported in the

literature
Reaction Temperature (K) | Activation energy (kJ) | Reference

Sh,S3+Ca0O+C 973 -1123 233 [184]
Cu,S+Ca0+CO(g) 1123 - 1273 164 [50]
MoS,+Ca0+C 1173 -1473 219 [55]
ZnS+Ca0O+C 1323 - 1473 200 [183]
FeS+CaO + C(activated 1223 - 1323 299 £ 27 [53]
FeS+CaO+C(coal) 1073 - 1273 270+ 14 [34]
FeS+CaO+C(graphite) 1073 - 1273 308 £ 45 [34]

6.1.10.1 Effect of mole ratio of carbon

The summary of the activation energies at different molar ratios of carbon are presented
in table 6.5 from which the following observations were made:

i.  The activation energies are lowest in the high temperature regime but highest in
the low temperature regime at molar ratio of MS:CaO:C = 1:2:1. This could be
because of the presence of Ca,CuFeOs3S in the high temperature regime at molar
ratio of MS:CaO:C = 1:2:1. However, the lower temperature regime is
controlled by the CO, — C reaction and hence the activation energy is highest at

the lower molar ratio of carbon (MS:CaO:C = 1:2:1).
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ii.  The activation energy was generally lower in the low temperature regime at
higher molar ratio of carbon (MS:CaO:C = 1:2:4) because of the increased
reduction reaction or gasification of carbon at higher mole ratio of carbon.

iii.  The activation energies were nearly the same in the high and low temperature
regimes for Baluba at molar ratio of MS:CaO:C = 1:2:4. This suggests that the
exchange reaction is slower in the upper region at high mole ratio of carbon as a
result of limited contact between mineral sulphide and lime particles.

Table 6.5 — Calculated activation energies from the InK vs. 1/T plots at various mole
ratio of C for molar ratio of MS:CaO = 1:2

Nchanga High temperature regime | Low temperature regime
Q (k) R’ Q) |R?

MS:CaO:C =1:2:1 | 110 - 298 0.9534
MS:CaO:C =1:2:2 | 140 - 281 0.8802
MS:CaO:C =1:2:3 | 135 - 294 0.9984
MS:CaO:C=1:2:4 | 136 - 287 0.9606
Nkana

MS:Ca0O:C =1:2:1 | 220 0.9704 418 0.9859
MS:CaO:C =1:2:2 | 220 0.9894 365 0.9937
MS:CaO:C =1:2:3 | 230 0.8482 338 0.9942
MS:CaO:C =1:2:4 | 212 0.9752 388 0.9972
Baluba

MS:Ca0O:C =1:2:1 | 168 0.9510 332 0.9916
MS:Ca0:C =1:2:2 | 232 0.9877 292 0.9764
MS:CaO:C =1:2:3 | 180 276 0.9976
MS:CaO:C =1:2:4 | 244 0.9984 260 0.9523

Where the higher temperature regime is T > 1273 K for Nchanga and T > 1223 K for

Nkana and Baluba and, Q is the activation enrgy

6.10.1.2 Effect of CaO mole ratio

The summary for activation energies at different mole ratio of CaO are presented in
table 6.6 and the following observations were made:
i.  The activation energy was generally high at the lowest molar ratio of CaO

(MS:Ca0:C = 1:1.5:4) in the high temperature regime. The higher activation
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energy at low mole ratio of CaO can be suggested as follows; (a) smaller volume
of the liquid phase in the sample, caused by the rapid rate of the reduction of the
metal oxides and (b) decreased contact between CaO and MS (exchange
reaction).

The activation energy was increasing with increase in the mole ratio of CaO for
Baluba in the low temperature regime due to the formation of solid layer of Fe-
O around the un-reacted core of Cu-S, at the high mole ratio of CaO. However,
the solid layer of Fe-O decreases as the mole ratio of CaO decreases.

The activation energy was nearly the same in the low temperature regime (T <
1273 K) for Nchanga.

The activation energy is the same for molar ratios of MS:CaO:C = 1:1.5:4, 1:2:4
and 1:3:4 but lowest at molar ratio of MS:CaO:C = 1:4:4 in the high temperature
regime for Baluba, probably due to the larger volume of the liquid phase at the
molar ratio of MS:CaO:C = 1:4:4,

Table 6.6 — Calculated activation energies from InK versus 1/T plots at various mole

ratio of CaO for molar ratio of MS:C = 1:4

High temperature regime | Low temperature regime

Nchanga Q (kJ) R? Q (kJ) R?
MS:CaO:C =1:1.5:4 | 143 - 286 0.9894
MS:CaO:C =1:2:4 136 - 287 0.9606
MS:Ca0:C =1:3:4 95 - 294 0.9918
MS:CaO:C =1:4:4 119 - 286 0.9955
Nkana

MS:CaO:C =1:15:4 | 251 0.9939 323 0.9888
MS:CaO:C =1:2:4 210 0.9752 388 0.9972
MS:Ca0:C =1:3:4 219 0.9617 346 0.9930
MS:Ca0:C =1:4:4 208 0.9977 371 0.9931
Baluba

MS:CaO:C =1:1.5:4 | 244 0.9843 226 0.9141
MS:CaO:C =1:2:4 244 0.9984 259 0.9523
MS:CaO:C = 1:3:4 250 0.9918 271 0.9517
MS:CaO:C =1:4:4 146 0.9999 291 0.9648

Where the higher temperature regime is T > 1273 K for Nchanga and T > 1223 K for

Nkana and Baluba, and, Q is the activation energy
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6.2 Higher temperature carbothermic reduction at 1573 K

The high temperature carbothermic reduction experiments were carried out in the
elevating hearth furnace at 1573 K. The X-ray diffraction patterns for the samples which
were held for 1 hour at 1573 K are given in figure 6.30. There are no peaks for SiO, and
excess CaO in the XRD patterns for Nchanga and Nkana samples at twice the
stoichiometric molar ratio of CaO (MS:CaO = 1:2). The absence of SiO; and CaO in the
Nchanga and Nkana diffraction patterns is due to the formation of calcium silicate
(CaSiO3 and CayAl,SiO7). Based on the XRD patterns in figure 6.30, it can be
concluded that excess CaO was consumed by the gangue minerals in the Nchanga and
Nkana samples at 1573 K. However, the excess CaO is present in the Baluba sample
because this sample has the lowest gangue mineral content. In other words, not all of the

excess CaO was consumed by the gangue minerals in the Baluba sample.
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Figure 6.30 — XRD patterns after reduction of the mineral sulphide concentrates at
molar ratio of MS:CaO:C = 1:2:2.2, the sample was heated from 1273 K to 1573 K and
held for 1 hour at 1573 K. Argon flow rate = 2000 litres min™
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6.2.1 Microstructure examination

Microscopic examination of the reacted samples revealed that most of the metallic
particles were spherical even though the original mineral sulphides had various shapes,
which is an indication of partial or complete melting [175]. The metallic particles can be
partially or completely molten by considering the fact that the mineral sulphides, Cu
and Cu-rich alloys are molten at 1573 K. Some metallic iron and cobalt spheres were
embedded in the copper matrix and these types of phases might have resulted from the
reduction of the CuFeS,, CusFeS,; and CuCo,S, mineral particles. The presence of Fe
and Co spheres in the copper matrix is due to the de-mixing tendency between Cu and
Fe or Co [126, 189, 190] and the non-wettable Cu-Fe interface [190]. The copper rich
phase is on the outer surface or surrounds the Fe and Co spheres because it has low
surface energy [189]. The embedded spheres were of varying sizes, as a result of
coagulating of the smaller particles in order to decrease the interface energy [189] with
the Cu-rich phase. It can be observed from the elemental mapping in figure 6.31 that
coagulation of the particles was incomplete confirming that the time was not enough
and, this was also observed by Curiotto [189]. The outer copper rich phase had about
94 wt. % Cu whereas the embedded spheres had nearly 94 wt. % Fe or 75 wt. % Fe + 22
wt. % Co as a result of low solubility between Cu and Fe/Co. On the other hand, Cu and
Fe spheres were also observed in the reacted samples due to the reduction of Cu,S and
FeS, mineral particles, respectively. By comparison, the Cu spheres were more common
in the Nchanga sample because the Nchanga concentrates are rich in the Cu,S mineral.
Metallisation process was unaffected by the MS/C ratio as the reactions were
complete even at molar ratio of MS:CaO:C = 1:2:4, which was not possible below 1323
K. This is because the mineral sulphides (CuFeS,, CusFeS, and CuS) are completely
molten at 1573 K. As earlier observed, the reduction of the Cu,S mineral particles was
the slowest at T < 1323 K due to the presence of thick layer of metallic copper around

the un-reacted sulphide core at the higher mole ratio of C than CaO (see figure 6.20a).
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Figure 6.31 - Elemental mapping for Baluba at molar ratio of MS:Ca0O:C = 1:2:4, the
sample was heated in the elevating hearth furnace from 1273 K to 1573 K and held for 1

hour at 1573 K (A) is the sample area analysed. Argon flow rate = 2 litres min™

6.2.2 Isothermal reduction

Isothermal experiments were carried out at 1573 K particularly, for understanding the
reactions between CaO and mineral sulphides or gangue minerals. This is because there
was no excess CaO in the Nchanga and Nkana samples which were reduced by
continuous heating from 1323 K to 1573 K. It is possible that metallisation/reduction
occurs as the samples are heated from 1323 K to 1573 K, so that the calcium silicates
are formed after metallisation/reduction. As a result, the high temperature isothermal
studies were important. It is worth noting that there is a competition for CaO, between
the MS - CaO exchange reaction and formation of calcium silicate compounds, in the
presence of carbon. Metallisation would be incomplete if the driving force for the
formation of calcium silicate is higher than for the MS - CaO exchange reaction, in the
presence of carbon. However, the Gibbs energy changes for the MS - CaO exchange
reaction, in the presence of carbon and the formation of CaSiO3 and CaAl,SiOg are very

comparable at 1573 K as shown in equations 6.12a — 6.12d, per mole of CaO.

Cu,S(l) + Ca0 + C = 2Cu(l) + CaS + CO(Q), AG,q;5=-87.7K] 6.12a

FeS(l) + CaO + C = Fe+CaS + CO(Q), AG ;5 =-99.8kJ 6.12b
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SiO, +Ca0 = CaSiO ,, AG, 4, =- 90.8kJ 6.12c

SiO, +Ca0 + AL, =CaAlSiO,, AG,,,,, =-96.2k] 6.12d

In order to understand the reaction mechanism taking place at high reduction
temperature, the isothermal reduction experiments were carried out at 1573 K for 1 and
2 hours. It was found that metallisation was complete in either case. Since metallisation
was complete under isothermal reduction at 1573 K, it can be suggested that the
formation of calcium silicates occurs after the reduction of the mineral sulphides.

Even though the Gibbs energy changes for the carbothermic reduction of
mineral sulphides in the presence of CaO and for the formation of calcium silicates, are
very comparable in equations 6.11a — 6.11d, carbothermic reduction of mineral
sulphides may take place before formation of calcium silicates as a result of high
thermal decomposition of S, gas from the mineral sulphides at high temperature (1573
K). The decomposed S, gas from the mineral sulphide leads to the CaO(s) — Sz(Q)
reaction and, this reaction is more favourable than the CaO(s) — SiO,(s) reaction.
Furthermore, the formation of solid calcium silicate compounds may retard the kinetics
of the CaO - SiO, reaction. Based on the experimental results, it can be concluded that

the formation of calcium silicate is slower than the reduction of mineral sulphides.

6.3 Carbothermic reduction of mineral concentrates enriched with CoO

As shown in tables 3.1 - 3.3, the content of cobalt is very low (< 2 wt. %) in the mineral
sulphide concentrates and hence the peaks for Co were not observed from the XRD
diffraction patterns. Therefore, some experiments were designed, whereby the mineral
sulphide concentrates were enriched with 10 wt. % CoO and mixed with CaO and C
before reduction. The XRD patterns for the mineral sulphide concentrates which were
enriched with 10 wt. % CoO and carbothermically reduced in the presence of CaO at
1273 K and 1573 K are presented in figure 6.32 and the following observations were
made.
0] The XRD peak intensities for Co are highest and lowest in the Nchanga and
Baluba samples, respectively, at 1273 K. This is because Baluba sample has the
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highest content of Fe and hence more Co was consumed by formation of Co-Fe
alloys.

(i)  There were no XRD peaks for the excess CaO in the Nchanga and Nkana
samples as a result of formation of complex silicate compounds at 1573 K.

(iiiy  The Co peaks have shifted to the lower angles at 1573 K and this has been
observed by Curiotto [189].

(iv) The Fe peaks have shifted to the higher angle at 1573 K.

The XRD analysis showed that the cobalt at 1273 K and 1573 K had compositions of

Co, g,F€; 15 @Nd CO, ,Fe, 16 respectively, and it is for this reason that the peaks for Co

have shifted to the lower angles at 1573 K, since the lattice parameter for Co expands

with increase in the content of Fe [129]. Fe formed mainly Fe;sCo: FesCo and FeCo
alloys at 1573 K and the XRD peaks have shifted to the high angle because the addition
of Co decreases the lattice parameter of Fe [191, 192].

44000
48000
> I 33000
£736000 2330
(0] L
g 5
£ 24000 g 22000
12000 11000
35600 24800
2 L > .
2 26700 |- F 186001 30|~ ~ 4
o} c Q5 @ ( o
IS I 2 23 < N
17800 Si12400F £=ZF [ 4
<< > O
L I &'S O = 0
@] < S
8900 6200 80 ]
1 1 1 1
27600 - 226800 |-
> I 2 I
o Q SR A
g 20700 - E20100F 0g g
= - - D9 5
= <292
13800 | 13400 | T % O
L | &' g'O i
2 20l )
6900 [ 6700 [
1 1

)
o
w
)
oy
S
a
o
o
S
~
o
©
<)

Figure 6.32 - XRD patterns for the samples enriched with 10 wt. % CoO and reduced at
molar ratio of MS:Ca0:C = 1:2:3 in the elevating hearth furnace; (a) 2 hours at 1273 K
and (b) held for 1 hour at 1573 K. Argon flow rate = 2 litres min™
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6.4 Sulphur analysis of the reduced samples at 1273 K and 1573 K

The analysis of sulphur was carried out in order to determine the amount of sulphur that
can be lost during the carbothermic reduction of the mineral sulphide concentrates in the
presence of CaO. The mineral sulphide concentrates were isothermally reduced in the
elevating hearth furnace for 2.5 hours at 1273 K and for 1 hour 1573 K and the XRF
results are presented in table 6.6. The mass balance for sulphur in table 6.7 shows that
there was no loss of sulphur during the carbothermic reduction of the mineral sulphide
concentrates in the presence of CaO at 1273 K. However, the sulphur content is slightly
lower at 1573 K than at 1273 K in the Nchanga sample, which may be due to: (i)
thermal decomposition of the mineral sulphides such that part of the S, gas is lost out at
the start of the experiments and (ii) evolution of SO, gas as a result of reaction between
the metal sulphides and, H,O and CO; in the first few minutes of the experiment at 1573
K. Since the sulphur contents are nearly the same at 1273 K and 1573 K in the Baluba
concentrates which are rich in the CuFeS; and FeS; minerals, it can be concluded that
the slight loss of sulphur in the Nchanga sample at 1573 K, is not because of the thermal
decomposition of the mineral sulphides but due to decomposition of the volatile
components (H,O and CO,). This is because the Nchanga concentrates has the highest
volatile species (see figure 4.6). Based on the XRF results in table 6.7, it can be
concluded that carbothermic reduction of mineral sulphides in the presence of CaO is a

clean process as there very less or no emission of the sulphurous gas.

Table 6.7 — XRF semi-quantitative analysis (wt. %) for the samples, after isothermal
reduction of mineral sulphide concentrates in the presence of CaO, in the elevating

hearth furnace. Argon flow rate = 2 litres min™

Cu | Fe | Co S Ca Si Na | Al | Mg K

Nchanga-1573K | 27.2 | 71 | 0.3 | 111 (344|111 | 14 | 27 | 1.3 | 11

Nchanga-1273K | 26.5 | 6.0 | 06 | 135|344 | 116 | 13 | 23 | 20 | 16

Nkana-1573K | 9.7 | 136 | 1.0 | 129 (373|149 | 12 | 39 | 25 | 27

Nkana-1273K | 84 | 132 | 08 | 136 (364|147 | 12 | 44 | 3.7 | 3.2

Baluba-1573K | 122 [ 151 | 04 | 242|422 | 29 | 11 | 05 | 1.0 | 04

Baluba-1273K | 11.6 | 15.7 | 05 | 247 |415| 25 | 1.3 | 06 | 1.2 | 0.3

Error = +2 wt. %
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6.5 Separation of metallic phase from the reduced products

As discussed in chapter 2, CaS and CaO are soluble in acetic or hydrochloric acid.
Therefore, the carbothermically reduced samples were leached in 5 % acetic acid at
room temperature and selective dissolution of CaS and excess CaO was achieved.
However, alumina, silica, complex alumina silicates did not dissolve in acid, remained
with the metallic phases. It was therefore concluded that selective dissolution of the
unwanted phases in either 5 % acetic acid or 5 % hydrochloric acid is ineffective
method for obtaining the metallic phases from the reaction products because of the acid

insoluble non-metallic phases.

6.5.1 Magnetic separation

The X-ray diffraction results for the mineral sulphide concentrates carbothermically
reduced in the presence of CaO at 1273 K and subjected to magnetic separation are
shown in figures 6.33a and 6.33b. The magnetic fractions contain high XRD peak
intensities for the metallic phases (Cu and Fe). CaS is the main impurity in the magnetic
fractions (figure 6.33a) although present in smaller quantity. There are no XRD peaks
for the metallic phases (Cu, Fe, Co) in the non-magnetic fractions (figure 6.33b) for
Nkana and Baluba. However, Cu is the only metallic phase in the non-magnetic fraction
for Nchanga and this is because, Cu is a non-magnetic phase, unless it dissolves a small
amount of Fe and Co [8]. By comparison, the Cu from the Nkana and Baluba samples
was magnetically separated due to the fact that it originated from the CuFeS,, CusFeS,
and CuCo,S, mineral particles. As showed in the SEM microstructures in figures 6.18,
6.25 and 6.31 the cobalt and iron originating from Cu-Fe-S or Cu-Co-S type of mineral
particles, were embedded in the copper matrix such that all the metallic phases were
magnetic in the Nkana and Baluba samples. On the other hand, Cu,S is the main copper
sulphide mineral in the Nchanga concentrate and the reduced Cu from the Cu,S mineral
particles did not react with Co or Fe at 1273 K. Consequently, the copper originating
from the Cu,S mineral particles was non-magnetic. It is more likely that the copper that
is in the Nchanga magnetic fraction originated from the CuFeS,, CusFeS,; and CuCo0,S,
minerals because these minerals are present in the as-received mineral concentrates (see
table 3.1).
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Figure 6.33 — XRD patterns after magnetic seperation of the reduced mineral sulphide
concentrates at 1273 K, molar ratio of MS:CaO:C = 1:2:3, with carbon black; (a)

magnetic fraction and (b) non-magnetic fraction

Mass balances for the samples which were reduced at 1273 K and magnetically
separated are presented in table 6.8. The weights of the magnetic and non-magnetic
fractions do not add up to the initial weight of the reduced sample before magnetic
separation process. This is due to the dissolution of water soluble compounds during the
wet magnetic separation. The weight of the magnetic fraction was much smaller than
the weight of the metallic phases (Cu, Co and Fe) in the Nchanga concentrates (before
reduction) as part of copper was collected in the non-magnetic fraction (figure 6.33b).
The XRF analysis results of the magnetic and non-magnetic fractions
obtained after magnetic separation of the reduced samples are given in table 6.9. It can
be deduced from the XRF results in table 6.9 that the magnetic fractions had about 90
wt. % metallic phases. The major phase impurities in the magnetic fractions were Ca
and S and where identified as CaS, in the XRD patterns (figure 6.33a). The non-
magnetic fractions for Nkana and Baluba had only about 8 % metallic phases which
shows that magnetic separation was more effective than in the Nchanga sample. SEM
analysis of the non-magnetic fractions showed that metallic phases in the non-magnetic
fractions for Nkana and Baluba were mainly in the sulphide form, as a result of the

incomplete reduction. This shows that more metallic phases can be recovered in the
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magnetic fraction by ensuring complete reduction of the samples, prior to magnetic

separation.

Table 6.8 - Mass balance showing the weights (g) of the reduced samples before and
after magnetic separation, the samples were reduced for 2.2 hours at 1273 K, molar ratio
of MS:CaO:C =1:2:3

Weights of Weight of reduced

Non-
Weight of CutFe+Co sample before Magnetic )
_ _ _ _ magnetic
concentrate  in concentrate separation (with Fraction )
fraction
CaO and C)
Nchanga 10.0 4.2 12.4 1.8 9.0
Nkana 10.0 2.0 13.0 2.2 9.2
Baluba 10.0 4.4 15.5 4.3 10.0

Table 6.9 — XRF semi-quantitative analysis (wt. %) of the magnetic (mag) and non-
magnetic (non-mag) fractions, the samples were reduced at 1273 K, molar ratio of
MS:CaO:C(carbon black) = 1:2:3

Cu Fe Co S Ca | Si | Al| Mg | Ti
Nchanga Mag 652 | 214 | 0.7 | 43 | 47 | 19 |11| 03 |04
Nkana Mag 295 | 581 | 39 | 32 | 28 | 10 |12]| 02 |01
Baluba Mag 339 | 555 | 21 | 37| 31|08 03| 04 |02
Nchanga non-mag | 21.5 3.7 0.1 | 141|408 123 |47 | 21 |06
Nkana non-mag 3.9 4.2 01 | 173|472 173 |46 | 48 |05
Baluba non-mag 3.8 39 | 01 | 294 |574| 26 |[0.7] 19 |05

Error = £2 wt. %

6.5.2 Gravity separation of copper

As observed in the XRD pattern in figure 6.33a and XRF results in table 6.9, the
Nchanga non-magnetic fraction had the highest amount of copper and hence a second
process is required for separating out the remaining copper from the non-magnetic

fraction. Therefore, an experiment was carried out, where magnetic separation was
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followed by the gravity separation [79] of copper from the non-magnetic fraction. The
non-magnetic samples were placed in the beaker and water was added. The contents
were gently shaken for about 1 minute and the lighter phases such as CaS and gangue
minerals were taken into suspension or floated in what is known as sink-float process
[79, 193]. The sink-float process appears to be assisted by the presence of residual
carbon and the finer gangue minerals [79]. The beaker was tilted and, the floated sample
was quickly poured out into another beaker. The sediments or the particles that sunk to
the bottom of the first beaker had both reddish and large white (SiO;) particles. On the
other hand, the large white SiO, particles were nearly removed after repeating the
gravity separation process for 2 - 3 times. The major disadvantage is that, some finer
copper particles were lost out, by repeating the gravity separation process. This is
because the smaller copper particles were floated with the larger SiO; particles. The
XRD analysis of copper separated by the gravity method after 3 cycles is shown in

figure 7.34 and it is evident that copper was the main phase.
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Figure 6.34 — XRD patterns for the copper fraction obtained from the gravity (sink-float)
separation of the non-magnetic residue from Nchanga, the sample was reduced at 1273
K at molar ratio of MS:CaO:C = 1:2:3, with carbon black

However, it is possible that the remaining copper can be completely separated out, using
the sink-float process by changing the density of the liquid medium. The liquid medium
should have density between that of copper and SiO, so that even the finer copper

particles can be separated from the larger SiO; particles without any problem.
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6.5.3 Effect of reduction temperature

The metallic phases, metal sulphides (Cu,S, CusFeS;) and magnetite (FesO,4) were all
present in the magnetic fraction because of incomplete metallisation of the samples
which were reduced at lower temperature, such as 1173 K as shown in figure 6.35a.
Magnetite (Fe3O4) which is a highly magnetic iron oxide phase was found at the surface
of the particles, surrounding the core of Cu,S, for the partially reacted CuFeS, and
CusFeS, mineral particles. The mechanism leading to the formation of Fe;O, at the
periphery of the mineral particles has been discussed in detail, in section 6.3.

The effect of reduction temperature on magnetic separation of the metallic
phases was further investigated by reducing the mineral sulphide concentrates at 1373 K
and 1573 K. The XRD pattern for the Nchanga sample which was reduced at 1373 K
and subjected to the magnetic separation is shown in figure 6.35b and it can be observed
that Cu and Fe are the major phases in the magnetic fraction. By comparison, complete
magnetic separation was easier for the samples which were reduced at 1573 K or 1373
K than those at 1273 K. The reason is that larger particles (metallic, CaS and gangue
minerals) were obtained when the mineral sulphide concentrates were reduced at
temperatures above 1273 K. Figure 6.36a is the SEM image of the sample after
carbothermic reduction at 1573 K and it is evident that the metallic phases were
growing by coalescence. Magnetic separation of the coarse particles was easier than for
fine particles because, very fine non-magnetic particles tend to get trapped or stick to

the magnetic powders.
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Figure 6.35 - XRD patterns of the magnetic fractions; (a) Baluba reduced at 1173 K,
MS:CaO:C = 1:2:3 and (b) Nchanga reduced at 1373 K, MS:CaO:C = 1:2:4, reduced
with carbon black
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On the other hand, magnetic separation was more effective at higher mole ratio of C
than CaO such as MS:CaO:C = 1:2:4, for the samples reduced above 1273 K. This is
due to sintering between CaS and the metallic phases at slightly higher molar ratio of C
than CaO as shown in figure 6.36b. The sintering between CaS and the metallic phases,
increases the fraction of the CaS phase in the magnetic fraction [53].

Figure 6.36 — Backscattered SEM images for the Baluba sample reduced for 1 hour at
1573 K, molar ratio of MS:CaO:C = 1:2:2.2 (a) coalescence of metallic phases and (b)
sintering between CaS and metallic phases

6.5.4 Effect of using graphite as a reductant

Magnetic separation was not possible for the samples which were reduced with
graphite, due to excessive sintering of the samples, regardless of the CaO/C mole ratio.
Excessive sintering occurred during reduction with graphite, because metallisation

occurred via reduction of the Ca,CuFeQO3S intermediate liquid phase.

6.5.5 Magnetic separation of the samples enriched with 10 wt. % CoO

The reduced samples which were enriched with 10 wt. % CoO before reduction were
highly magnetic due to the presence of cobalt metal/alloy phases. Moreover, the
proportion of the magnetic phase increases as CoO is added into the samples before
reduction and hence the sample becomes more magnetic. The XRD patterns for the
magnetic and non-magnetic fractions are given in figure 6.37a and 6.37b. It is evident
from figure 6.37a, that the main phases in the magnetic fraction were Cu, Co and Fe. As
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observed earlier in figure 6.33b, there are no XRD peak intensities for metallic phases

(Cu, Co and Fe) in the non-magnetic fractions for Nkana and Baluba.

T T T T T T T T T T T
22200 | Fe Baluba | 48000
2 >
2 14800 4 '@ 32000
& |18
£ Cu Fel|l £
7400 Cu 4 = 16000
Fe
I o o 1
O 1 1 1 O
I Nkana ]
17700 Fe 4 24300
> t(a) 12
‘3 11800 - 4 '@ 16200
2 I Cu Fe] 2
£ o0l o 4 = 8100
%) CuCO Fe Cu
- © CO 4
0 9 o Lw—vJu # ,JL 0
1 1 1 1 ; i 1
Cu Nchanga
15900 - 1 29400
z chr 12
& 10600 |- 1 2 19600
] F Cu 1 Q
= 5300 o Do Fed £
L o Fed
. g j o _ 9800
o . Lo {
0 X | 1 R L | 1 X 1 0

20 30 40 50 60 70 80

Figure 6.37 — XRD patterns for; (a) magnetic fraction and (b) non-magnetic fraction.
The mineral sulphide concentrates were enriched with 10 wt. % CoO and reduced at
1273 K, MS:CaO:C = 1:2:3, with carbon black. Argon flow rate = 2 litres mint

6.5.5.1 Melting of the magnetic fraction samples

The magnetic fractions were melted for 2 hours, under argon atmosphere at 1823 K. The
melted alloys were silvery due to the presence of cobalt and iron and, a very thin black
layer was observed on the inner surface of the crucibles suggesting that molten slag was
expelled from the melt. The presence of slag is evident because the magnetic fraction
contains small concentrations of Al,O3, MgO and SiO, (see table 6.9). However, the
volume of the expelled slag was too small to be collected for analysis and hence it was
not characterised. The EDX semi-quantitative analyses for the melted alloys are given
in table 6.10 and it can be observed that sulphur and silicon are the main impurity in the
melted alloys. The presence of sulphur in the melted alloys is because the magnetic
fractions had residual CaS (see figure 6.37a). Nonetheless, the purity of the melted
alloys are much higher than the copper-cobalt-iron alloy produced in the slag cleaning

electric furnace at Nchanga smelter, in Zambia.
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The elemental distribution for the Baluba alloy is shown in figure 6.39 and it can
be observed that there are three phases in the melted magnetic alloys and they are the
Cu rich, Cu-S rich and Co-Fe rich phases. The magnetic fractions did not contain any
Cu-S phase and CaS was the only source of sulphur in the melted alloys. However,
detailed analysis of the melted alloys showed no evidence of CaS phase or any calcium
compound (calcium oxide, calcium sulphide, calcium oxy-sulphide) suggesting that the
residual CaS reacted with Cu. The reaction between CaS and Cu can occur via
formation of the stable compound such as Ca silicate as shown in the overall reaction
6.13. Based on equation 6.13, it is understood as to why the Co-Fe rich alloy had about
3 wt. % Si.

3Si0, +CaS + 2Cu + 6Fe +3C = CaSiO ; + 2Fe,Si + Cu,S + 3CO(g),
6.13
AG g5 =-T78kJ

Figure 6.38 — Backscattered SEM image for Nkana at low magnification showing the
area analysed, the semi-quantitative EDX analysis in table 6.10
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Table 6.10 — SEM-EDX semi-quantitative analysis (wt. %) of the alloys after melting
the magnetic fractions at 1823 K, the mineral sulphide concentrates were enriched with
10 wt. % before reduction at 1273 K

Cu Co Fe Ca S 0] Si
Nchanga | 19.2 |28.0 |45.8 2.2 2.8 2.0
Nkana 260 [36.0 |33.0 |- 2.3 2.0 24
Baluba 320 |[120 |495 |- 4.7 3.0 1.8

SiKa1 CoKa1 Fe Ka1
Figure 6.39 — Elemental mapping for the Baluba magnetic fraction, melted at 1823 K, A
is the sample area analysed under backscattered electron imaging

6.5.5.2 Regeneration of lime from CaS

The non-magnetic fractions containing CaS were heated in the presence of calcium
sulphate for the regeneration of CaO [84, 85]. Calcium sulphate was added to the non-
magnetic fraction according to equation 6.14 and heated under argon atmosphere at
1373 K. The X-ray diffraction results are given in figure 6.40 and it is evident that
CaS0O, reacted with CaS by yielding CaO according to equation 6.14. The results in
figure 6.40 suggest that there was insufficient CaSO, in the Nchanga and Baluba

samples due to the presence of CaS. However, the presence of CaS can be as a result of
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calcination of part of CaSO,4 to CaS since the non-magnetic fractions had residual

carbon.

3CaSO, +CaS =4Ca0 +4S0,(Q9) 6.14

Part of the regenerated CaO, reacted with SiO; in the Nchanga and Nkana samples to
give di-calcium silicate (2Ca0+SiO;). The formation of calcium silicates decreases the
amount of lime regenerated. Metallic copper from the Nchanga non-magnetic fractions
was converted to copper sulphide, identified as Cu;gS from the X-ray diffraction

pattern. The formation of copper sulphide can be represented by equation 6.15.

2Cu +SO, +C =Cu,S+2CO(g) 6.15

It can be observed from equation 6.14 that the off-gas will be nearly pure SO, gas and
can thus be converted to sulphuric acid or elemental sulphur without polluting the
environment with the sulphurous gas. The CaO can be re-used for the carbothermic
reduction. The regeneration of CaO from CaS in the presence of CaSO, lowers the
amount of waste generation during metal production unlike in conventional copper

smelting where iron, gangue minerals and flux are discarded.
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Figure 6.40 — XRD patterns for the non-magnetic fractions after heated in the presence
of CaSO, at 1373 K for the regeneration of CaO

6.6 Estimation of energy requirement

Energy is required in the metallurgical processes for: (i) heating up the material to the
required or processing temperature [10, 28], which can be given as MC,AT, where M is
mass, C, is specific heat capacity and AT is the temperature change, (ii) supplying latent
heat for melting and evaporating [10, 28] and, (iii) for endothermic reactions [10, 28].
Even though the carbothermic reduction of copper, cobalt and iron sulphides in the
presence of CaO are endothermic reactions, the process offers advantages for treating of
copper-cobalt-iron sulphide concentrates, compared with the conventional smelting of
mineral sulphide concentrates. This is because cobalt and iron, as elements are lost into
the slag during conventional smelting, thereby requiring further treatment of the slag via
smelting at 1923 K, for recovering metallic constituents. This is an energy intensive
process when compared with carbothermic reduction at lower temperatures. Moreover,

the white alloy produced by smelting of slag, is further processed by pressure leaching
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in autoclave at high temperatures for taking copper and cobalt into solution before

eletro-winning [22]. The consumption of furnace refractory lining is undoubtedly much

lower for the proposed carbothermic reduction method, compared to the conventional

smelting of concentrates above 1473 K, as a first step of pyrometallurgical beneficiation

of complex sulphide concentrates.

The theoretical energy requirement for the process was calculated using the HSC

5.1 software [39]. The following assumptions were made for calculating the energy

requirement for the carbothermic reduction of mineral sulphide concentrates in the

presence of CaO:

Vi.

Vii.

The reduction reaction 1.5a completes to 100 % by forming metallic (Cu,
Co and Fe), CaS and CO gas phases.

There is no reaction between CaO and the gangue minerals

The reactants (mineral sulphide concentrates + CaO + C) and the
reaction products (metallic phases, CaS, gangue minerals and CO gas)
enter and leave the reaction chamber at 298 K and 1273 K, respectively.
The moisture (H,O) and CO, from the carbonates in the mineral
concentrates react with carbon to form H; and CO gases, according to
equations 6.16a and 6.16b.

H,O(g) +C(s) = H,(g) +CO(g) 6.16a

CaMg(CO,), +2C = CaO « MO +4CO(g) 6.16b

The off-gas only contains CO and H, gases.

All Co is contained in the carrollite mineral (CuCo,S4) due to lack of
thermodynamic data in the HSC software for the cobaltian pyrite mineral
((Fe,Co)S) [9].

The carrollite mineral (CuCo,S;) exist as Cu and CoS; mineral via
equation 6.17, due to lack of thermodynamic data for the CuCo,S,.

CuCo,S, = Cu +2CoS, 6.17

The analysis of the theoretical energy requirement for the carbothermic reduction of the

mineral sulphide concentrates are presented in table 6.11. The analysis in table 6.11
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includes the total energy requirement for the carbothermic reduction, the weights of the
metallic phases (Cu, Co and Fe) produced from the carbothermic reduction and the heat
requirement (kwh) per Kg of the metallic phases (Cu + Co + Fe). The theoretical
energy requirement for Nkana and Baluba are about double that of Nchanga, probably
due to the reduction calcination of the dolomite mineral (CaMg(COs3),) (see equation
6.16b). By comparison, the theoretical energy requirement for smelting of Cu-Co-Fe
slag at 1923 K is about 2.8 kWh per kg of the metallic phases (Cu + Co + Fe) [194]
whereas it is 0.4 kWh — 0.6 kwWh per kg of Cu, for conventional copper smelting (table
6.12) [12]. The above analysis clearly shows that the theoretical energy requirement for
the carbothermic reduction of minerals sulphides in the presence of CaO, is lower than
that required for the combination of copper smelting and slag smelting processes.

Table 6.11 — Analysis of heat requirement for carbothermic reduction of mineral
sulphides concentrates in the presence of CaO, computed using HSC software 5.1 [39],
the details for mass balance are given in table A.6.2 - A.6.4

Heat requirement
(kwh) for Weight of Cu + Co + Heat requirement (kWh)
carbothermic Fe (Kg) produced from | per kg of metallic phases
reduction of carbothermic reduction (Cu+Co+Fe)
concentrates
Nchanga 45.6 39.9 1.10
Nkana 60.3 21.1 2.90
Baluba 92.4 47.8 1.90

Table 6.12 — Theoretical energy requirement (kWh/per kg of metal) for extraction of

metals [12]
metal Theoretical energy Extraction mode
Cu 04-0.6 smelting
Fe 18-24 blast furnace smelting

Moreover, the CO gas from equation 1.5a can be used to meet part of the energy
requirement for the carbothermic reduction of the mineral sulphides in the presence of

Ca0. The CO gas can be burnt in O, gas to give CO, gas (see equation 2.15). The total
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heat produced from burning of CO gas in O, gas is given in table 6.13. It can be
observed in table 6.13 that the heat produced from burning of CO gas in O, gas is
actually higher than for the carbothermic reduction of the Baluba mineral sulphide
concentrates. The net heat requirement for the carbothermic reduction of mineral
sulphide concentrates in the presence of CaO and for burning of CO gas in O, was
calculated from tables 6.12 and 6.13 and, is given in table 6.14. It can be observed from
table 6.14 that: (i) no heat is required for Baluba and (ii) less than 0.3 kWh of heat per
kg of Cu + Co + Fe, is required for Nchanga and Nkana.

Since carbothermic reduction of the mineral sulphides in the presence of CaO
does not require O, gas, the CO gas can be burnt externally as shown in figure 6.41. The
CO, gas produced from the oxidation of CO gas can be used for the carbonation of CaS,

after magnetic separation (see figure 2.6)

Table 6.13 — Energy analysis for burning of CO gas in O, gas, the CO gas is produced
from the reduction of mineral concentrates, estimated using HSC software 5.1 [39]

Weight of Cu + Co + Fe (Kg) Heat (kWh) produced

produced from carbothermic in burning CO gas in
reduction O, gas
Nchanga 39.9 -39.5
Nkana 21.1 -54.3
Baluba 47.8 -121.1
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Figure 6.41 — Schematic arrangement for utilization of heat from burning of CO gas in

0O, gas

Table 6.14 — Overall heat (kwWh) required for the carbothernic reduction of mineral
sulphide concentrates in the presence of CaO and burning of CO gas with O, gas,
estimated using HSC software 5.1 [39]

Net heat required based | Net heat requirement per kg of
on tables 6.11 and 6.13 metallic phases (Cu+Co+Fe)

Nchanga 6.1 0.1
Nkana 6.0 0.3
Baluba -28.7 -0.6
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7.0 Lime roast - reduction of mineral sulphide concentrates

As discussed in chapter 6, carbothermic reduction of the mineral sulphides occurs via
reduction of the intermediate metal oxide (MO) phases. However, the low temperature
carbothermic reduction of the Cu-S mineral phase was limited by the ion exchange
reaction i.e., formation of Cu-O, at T < 1173 K. Nevertheless, mineral sulphides are
easily oxidised in the presence of O, gas, meaning that it is possible to attain low
temperature carbothermic reduction of the mineral sulphide concentrates via lime roast -
reduction process. Lime roasting of mineral sulphides has been carried out by many
authors [28, 41, 195-198] and the major reaction is shown in equation 7.1. In essence,
metal oxides/sulphates/oxysulphates may be produced depending on the partial pressure
of O gas and roasting temperature. Even though lime roasting of the mineral sulphide
concentrates has been carried out by a number of authors, the lime roast calcine has
been treated through the hydrometallurgical route (leaching). The lime roast calcines
were leached in acid with the purpose of selectively dissolving the metal oxides but the
challenge is that, excess CaO and basic gangue minerals (e.g. MgO, K0) are soluble in
acid and hence they increase the consumption of acid. In short, acid leaching of the lime
roast calcine is undesirable because of the acid soluble components (CaO and MgO,
K-0).

MS+ 20, +Ca0 = MO+ CaSO, 71

The aim of this chapter is to investigate the low temperature reduction (< 1173 K) of the
mineral sulphide concentrates via lime roast - reduction process. The reaction chemistry
and kinetics for the lime roast process have been discussed. Unless stated, the weight of
the sample in each lime roast experiment is 3 g. The carbothermic reduction of the lime
roast calcine is discussed in two parts: (i) reduction with carbon black for the selective
metallisation of Cu and (ii) reduction with activated charcoal for metallisation of Cu, Co
and Fe.

7.1 Lime roasting of the mineral sulphide concentrates

The % oxidation at time‘t” was calculated according to equation 7.2.
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actual or exp erimental weight gain
Theoretical weight gain

% oxidaton = x100% 7.2

Where the theoretical weight gain is the weight of O, gas required for formation of

CaS0O, and most stable metal oxides (CuO, CoO and Fe,03) via equation 7.1

The plots of % oxidation versus time curves for the lime roast of the mineral sulphide
concentrates in air at different temperatures are presented in figure 7.1. Two main
observations can be made from figure 7.1: (i) the extent of oxidation and the reaction
time was lower and shorter, respectively, for Nchanga and (ii) the reaction time was
longer for Baluba. The decreased or low % oxidation for Nchanga can be due to
formation of the Cu,O and CuSO, phases from part of Cu,S via equations 7.3a and
7.3b. It can be observed from equations 7.3a and 7.3b that 2 moles of O, gas are
required for oxidation of 1 mole of Cu,S to either Cu,O or CuSO,4. However, 2.5 moles
of O, gas are required for the oxidation of 1 mole of Cu,S to CuO and CaSOy in the
presence of CaO (equation 7.3c).

Cu,5+20, +Ca0=Cu,0+CaS0O, 7.3a
Cu,S+20, =CuSO, 7.3b
Cu,S+2.50, + CaO =2CuO +CaSO,, 7.3c

The low % oxidation in the Nchanga can also be due to internal oxidation, because the
sample had the highest amount of H,O, in the form of moisture and hydrated
compounds. The reaction between H,0O and Cu,S is shown in equation 7.4 and it can be
observed that 2 moles of O, gas are required for complete oxidation of Cu,S to CuO,
compared to 2.5 moles in the absence of H,O (see equation 7.3c). The Gibbs energy
change for reaction 7.4 is highly negative at all roasting temperatures.

Cu,S+H,0(g) +CaO +20,(g) =2Cu0 + CaSO, +H, (g) 7.4
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The Nkana and Baluba reacted samples were both sintered but sintering was more
severe in the later sample and this could be the reason for the longer roasting time
(figure 7.1). It is worth noting that both Nkana and Baluba samples have similar types
of mineral sulphides (FeS,, CuFeS, and CusFeS,), the only difference is that Nkana has
the highest gangue content (about 70 wt. %). The presence of gangue minerals appears
to have decreased sintering in the Nkana sample. On the other hand, there was no
sintering in the Nchanga sample which is dominated by the Cu,S and this could be one
of the reasons for the shorter reaction time.
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Figure 7.1 - Plots of % conversion against time curves for Nchanga and Baluba, lime
roasted in air (21% O,) at molar ratio of MS:CaO =1:1.5

XRD analysis of the lime roast samples showed that the main phases were metal oxides
(CuO, Fe,03) and CaSO,4. The XRD peak intensities for CuO were highest in the
Nchanga sample because the Nchanga mineral concentrates have high copper content
(34 wt. % Cu), mainly in the form of Cu,S/CugSs (Cuy6S) minerals. On the other hand,
the XRD peak intensities for Fe,O3; were highest in the Nkana and Baluba samples as

these samples contain more Fe than Cu.

7.1.1 Effect of reaction temperature and mole ratio of MS:CaO

The effect of reaction temperature and molar ratio of MS:CaO was studied at MS:CaO
=1:1, 1:1.5 and 1:2 and, the major findings are discussed below:
MS:CaO = 1:1 — Residual CaO was present in the samples which were roasted at T <

923 K but absent in the samples which were roasted at 973 K (figure 7.2a). Residual
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CaO was found with CuSQ,4 at T < 923 K, owing to the stability of the later phase
below 923 K [15]. Since CuSO4 was absent at 973 K, it can be concluded that SO, gas
from the oxidation of Cu,S reacted with CaO to form CaSO, so that the general
reactions can be represented by equations 7.5a and 7.5b.

MS +1.50,(g) = MO + S0, (9) 7.5a

CaO +S0,(g)+0,(g) =CaSO,(g) 7.5b

The CugSs phase is present in the XRD patterns in figure 7.2. The presence of CugSscan
be due to incomplete oxidation at the bottom of the sample because the bottom sample
had a greyish colour whereas the rest of the sample was dark for Nchanga and, brownish
for Nkana and Baluba. It appears that the oxidation reactions ceased before the bottom

sample was fully oxidised. The effects of sample size and height are discussed later in

section 7.1.2.
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MS:CaO = 1:1.5 — The CuSO, phase was absent in the Nchanga sample even at
temperature as low as 823 K (figure 7.2b) which suggests that the SO, gas from the
oxidation reaction, reacted with CaO in the presence of O, gas to form CaSO,. It is for
this reason that the XRD peak intensities for CaSO, are higher at the molar ratio of
MS:CaO =1:1.5, at 823 K (figure 7.2b). The concentration of CaO increases with
increase in its mole ratio and hence the CuSO, phase is not expected to be present, as a
result of equation 7.6. Based on the XRD results in figures 7.2a and 7.2b and the
thermodynamic prediction in equation 7.6, it is necessary to add CaO above its
stoichiometric mole ratio, for yielding metal oxide (CuO, Fe,O3) and CaSQ, in the

Nchanga lime roast calcine.

CuSO, +Ca0=CaS0, +CuO;  AGyy,, =-189324-0.968T(joules) ¢

On the other hand, CuSO4 was present in the Nkana and Baluba samples but the XRD
peak intensities for CuSO4 were high in the later sample. The presence of the CuSQO,
phase in the Nkana and Baluba samples can be due to: (i) sintering because these
samples were sintered as discussed above and (ii) mineralogical composition since these
samples have more Fe than Cu and have CuFeS; as the major copper bearing mineral
phase (see tables 3.1 — 3.3 and figure 4.1).

MS:CaO = 1:2 — The CuSO, phase was absent in all the samples at 773 K — 923 K
(figure 7.4b). It can be concluded that all SO, gas from oxidation of metal sulphides
reacted with CaO. However, the % oxidation was low at 823 K (between 35 % and 45
% conversion) than at 773 K or 873 K (figure 7.3). The decreased % oxidation at 823 K
shows that the extent of oxidation was lower. The X-ray diffraction results for the
samples roasted at 823 K are given in figure 7.4b. It is evident from the XRD patterns in
figure 7.4b that CaS, CuFeS; and CugSs are present in the samples roasted at 823 K and
this is why the % oxidation was lower (figure 7.3). CaS was only observed in the Nkana

and Baluba samples and, these samples are richer in the CuFeS, and FeS, minerals.
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Figure 7.4 — The XRD patterns for the samples lime roasted in air (21% O,) at 823 K, at
molar ratio of; (a) MS:CaO = 1:1.5 and (b) MS:CaO =1.2

CaSO, and CaS were also observed by Terry et al. [196] during lime roasting of copper-
iron sulphide minerals. However, Terry et al. [196] found that the CaS phase was absent
and present in the lime roasted copper sulphides (CuS and Cu;gS) and FeS, minerals,
respectively. Terry et al. [196] proposed that the existence of CaS and CaSO, , was due
to reaction 7.7a [196]. It was suggested that CaS might be partially oxidised to CaSQ,,

according to equation 7.7b [196]. Although reaction 7.7a is thermodynamically feasible,
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it may not be the only mechanism leading to the formation of CaS. This is because, the
proportion of CaS is expected to be one third or less, to that of CaSO, (equation 7.7a)
but this is not the case from the XRD patterns in figure 7.4b, because of the high XRD
peaks intensities for both CaSO, and CasS.

CaO + SO, =0.75CaSO , +0.25CaS, AG® =233340-16T J mol * 77a

0.5CaS + O, =0.5CaSO, , AG® =-455300+158T J mol * 7.7b

The formation of CaS may occur under two conditions: (i) via ion exchange reaction
between mineral sulphide and CaO (equation 7.8a) and (ii) under low and high partial

pressure of O, gas and S, gas, respectively.

FeS+CaO=FeO+CaS  AG,,,=-12.5k] 7.8a

Cu,S+Ca0=Cu,0+CaS  AGy,, =+87.8kJ 7.8b

The Gibbs energy change for reaction 7.8a is negative and hence the ion exchange
reaction between FeS and CaO can take place. However, the Gibbs energy change for
equation 7.8b is positive and this is consistent with the computed Ca-Cu-O-S system by
Rosengvist [41] where it was shown that it is only Cu and Cu,S that can co-exist with
CaS. Based on the thermodynamic prediction in equation 7.8b, it is impossible to
produce CaS during lime roasting of Cu,S without metallisation of copper and this is
the reason why Terry et al. [196] did not observed CaS after lime roasting of the Cu-S
mineral.

Thermodynamically, CaS is stable under high partial pressure of S, gas and a
low partial pressure of O, gas [28, 41]. The partial pressure of S, gas can be high during
lime roasting, owing to the thermal decomposition of the S, gas from the FeS, and
CuFeS; minerals when heated above 773 K [78]. The partial pressure of O, gas can be
lowered by the rapid oxidation of FeS, since iron oxide is more stable than iron
sulphide [14]. With a view of analysing the phases that form in the absence of O, gas,
the mineral sulphide concentrates were mixed with CaO at molar ratio of MS:CaO = 1:2
and heated under argon atmosphere at 823 K (figure 7.5). It is evident from the XRD
results in figure 7.5 that Fe3O,4, CaS and CaSO, phases were formed during heating of
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the mineral sulphide concentrates in the presence of CaO, under inert (argon)
atmosphere. The XRD peak intensities for the FesO, and CaS phases were high in the
Nkana and Baluba samples because these samples have the highest Fe content in the
form of CuFeS; and FeS, minerals. From the results in figure 7.5, it can be concluded
that the exchange reaction between FeS and CaO occurs in the absence of O, gas at 823
K by yielding Fe3;O4, CaS and CaSO, phases.

12600 —~

Intensity

8400

4200

Figure 7.5 - XRD patterns for the mineral sulphide concentrates heated under argon

atmosphere at 823 K, molar ratio of MS:CaO = 1:2. Argon flow rate = 0.6 litre min™

The formation of CaS and CaSO, can take place when the rate of thermal
decomposition of S, gas from the mineral sulphides is equal to, or higher than the rate
of oxidation reaction as shown in equation 7.9a, where the decomposed S, gas can react
with O, and CaO. In addition, the formation of CaS can occur at low concentration of
O, gas as shown in equation 7.9b, where 6 moles of CaS are produced from 6 moles of
FeS, per mole of O, gas. As shown in equations 7.9a and 7.9b, the formation of CaS
under O, gas atmosphere is favoured by the high concentration of CaO, which is why it
was observed at the molar ratio of MS:CaO = 1:2. Based on the thermodynamic
prediction in equations 7.8b, 7.9a and 7.9b, it is unsurprising that the XRD peak

intensities for CaS are very low in the Nchanga sample, which has low Fe-S minerals.
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S, (g) +2Ca0 +0,(g) =CaS+CaSO,, AG,,q = —489kJ 7.9a

6FeS+6Ca0 + 0, (g) = 2Fe,0, +6CaS, AGg,s = —502kJ 7.9b

From the experimental results in figure 7.5 and the thermodynamic predictions in
equations 7.8a, 7.9a and 7.9b, it can be concluded that the presence of CasS is due to the
ion exchange reaction between CaO and Fe-S (see equation 7.8a) and/or reaction
between CaO and S,/O, gases (see equations 7.7a and 7.9a).

The decreased % oxidation and hence the presence of metal sulphides (CugSs
and CuFeS;) in all samples at 823 K, shows that the oxidation reactions were
incomplete. It can be suggested that the incomplete oxidation of the metal sulphides is
as a result of formation of the metal oxysulphate liquid phase in the samples which
decreases the transport of O, gas. However, the metal oxysulphate liquid phase may
disappear at high temperature due to loss of SO, [41] and this could be the reason for
the increased % oxidation at 873 K (figure 7.3). A molten phase containing CuO and
CuO-CuSO4 has been reported during roasting of chalcocite (Cu,S), above 773 K
[199].

7.1.2 Effect of sample size and height

As discussed above, the samples were not fully reacted at the bottom due to presence of
the CugSs phase. It was therefore important to analysis the effect of sample size and
height. Residual copper sulphide (CugSs) was present for the 3 g roasted samples (figure
7.6a) but there was no evidence of mineral sulphide at sample size of 2 g (figures 7.6b),
in a 1.5 mm diameter cylindrical crucible. The heights of the 2 g and 3 g samples were
about 13 mm and 20 mm, respectively. The roasted 2 g samples had uniform colour
because the reaction was complete whereas the 3 g sample had a greyish colour at the
bottom as a result of incomplete oxidation. The 3 g sample did not fully react at the
bottom since the sample height increases with increase in the sample size. The increase
in sample height decreases the diffusion of O, gas to the bottom of sample because of
the sintering of the reacted top sample. Nevertheless, complete oxidation was achieved
when 8.5 g samples were packed to a height of 5 mm in the rectangular alumina

crucibles. Oxygen gas was able to diffuse to the bottom of the crucible when the
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samples were packed to heights of 5 mm, in the rectangular alumina crucibles and
oxidation was thus complete.

In summary, the size of the sample is not necessary for achieving complete
oxidation. What matters is the height of sample. The height of the sample should not be

too high in order to allow diffusion of the O, gas to the bottom of the sample.
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Figure 7.6 — The XRD patterns for the lime roasted samples in air (21% O,) at 873 K,
molar ratio of MS:CaO = 1:1.5, showing the effect of sample size; (a) 3 g sample and (b)
2 g sample

7.1.3 SEM analysis

Elemental maps for the roasted Nchanga sample are shown in figure 7.7. A rim of iron
oxide (Fe,O3) surrounds CuO and this might have resulted from the roasting of CuFeS,
mineral particle. This is because CuFeS, and CusFeS, are the only Cu-Fe mineral
sulphides but the former has the same atomic % of Cu and Fe, which appears to be the
case from the maps of Fe and Cu in figure 7.7. The presence of Fe,O3 on the periphery
is due to counter diffusion of the ions of iron and copper to the periphery and centre,
respectively. The counter diffusion of iron and copper ions is as a result of the higher
stability of iron oxide than copper oxide, known as kernel roasting [85]. SEM analysis
of the partially reacted samples showed a Cu-S rich core and Fe-O on the periphery
189



(figure 7.7) indicating that there was preferential oxidation of FeS at the start of the
reaction. Although not shown, a rim of Fe-O was found on the periphery, surrounding
the core of Co-O for the reduced Co-Fe-S mineral particles, due to the higher stability
of Fe-O than CoO.

Figure 7.7- SEM elemental mapping for Nchanga, the sample was lime-roasted in air
(21% O) at 873 K, molar ratio of MS:CaO = 1:1.5, A is the analysed sample area

The initial mineral sulphide particles had uniform textures but two textures [200] of
Fe,O3 were observed in the roasted FeS, particles as shown in figure 7.8. The SEM-
EDX semi-quantitative point analysis showed similar compositions in both areas (A and
B). Therefore, the difference in textures between area A and B is because of the change
in oxidation/reaction mechanisms between the periphery and core of the particle. Since
the oxidation of metal sulphides starts from the surface of the particles where the
concentration of oxygen gas is high, a dense layer of Fe,O3 can form at the surface of
the partially reacted samples [28]. However, the layer of Fe-O on the periphery may
retard the diffusion of O, gas and thus leading the thermal decomposition of the inner
FeS, (at the core), similar to thermal decomposition of FeS, under inert atmosphere
(equation 7.10a) [78, 88]. The decomposed S, gas reacts with O, gas, as the former
diffuses through the metal oxide layer, to form SO, (equation 7.10b). The O, gas will
be able to reach the surface of FeS, in the absence of S, gas or when thermal
decomposition is complete and, oxidation of FeS is expected to occur via equation
7.10c.
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FeS, = FeS +0.5S,(9g) 7.10a

S,(9)+20,(g) =2S0,(9) 7.10b

FeS +1.750, (g) = 0.5Fe,0, + SO, (g) 7.10c

The SEM image in figure 7.8 is similar to the one obtained by Dunn and De [201], after
heating FeS; in air from 303 K to 969 K [201] and it was also proposed that the two
different textures can be formed via formation of metal sulphate, followed by
decomposition of metal sulphate to metal oxide [200, 202]. Nonetheless, this
mechanism may not occur under isothermal reaction at 873 K because the Gibbs energy

change is more negative for equation 7.11a than for equations 7.11b and 7.11c, per mole

of O, gas.
4 2 8
11 FeS, +0,(0) 1 Fe,O, + 1—1802(9), AGg;q =—278kJ 7.11a
2 1 1
- FeS, +0,(0) == Fe,(SO,); +3S0,(9), AGg,4 =—240kJ 7.11b
1 1 1
3 FeS, +0,(9) = B FeSO, + §SO2 (9), AGg,; =—-265kJ 7.11c

90um

Figure 7.8 — Backscattered SEM image for Nchanga showing different texture in the
roasted FeS, mineral particle at 873 K (MS:CaO =1:1.5)
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Because of the low % oxidation, detailed scanning electron microscopy analysis was
carried out for the samples roasted at 823 K, molar ratio of MS:CaO = 1:2 and the
results are presented in figure 7.9. It can be observed from figure 7.9a that some reacted
particles were molten in the Baluba sample due to the presence of larger pores at the
centre of the particles as observed by Hansen [200]. The pores were formed as a result
of evolution of the S,/SO;, gases from the molten particles. Elemental mapping for
figure 7.9a showed that the pores were formed from the Cu-Fe-S mineral particles. It
appears that the SO, gas was evolved from the rich Cu-O-S liquid phase at the center,
because of the presence of the Fe-O phase at the periphery of the particles.

The outer layer of Fe,O5 for the partially oxidised FeS, particles has a texture of
FeS (figure 7.9b) which shows that oxidation occurred after thermal decomposition of
FeS, to FeS [200]. The decomposition of FeS, to FeS confirms that the oxidation
reaction was much slower at molar ratio of MS:CaO = 1:2 at 823 K which could be due
to presence of liquid phase. A Cu-Ca-O-S liquid phase can also be observed from the
reacted Cu-S mineral particles (images 7.9c — 7.9f), in the Nchanga sample. The Ca-Cu-
O-S liquid phase might have been formed as a result of the reaction between CuSO, and
CaO.
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Figure 7.9 — Backscattered SEM images for the samples that were lime roasted in air
(21% 0O,) at 823 K, molar ratio of MS:CaO = 1:2; (a) and (b) Baluba and (c) — (f)
Nchanga

7.1.4 Reaction kinetics

The experimental data were fitted into the diffusion (G.B) and interface models as
shown in figures 7.10a and 7.10b. It can be observed from figures 7.10a and 7.10b that
the chemical reaction (interface reaction) is the best fitting model for the lime roasting
of the mineral sulphide concentrates and, a similar analysis was made by Terry [196],
based on the activation energy, although by using the linear reaction model.
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Intermediate phases (CuSQ4, CuO-CuSO,) were obtained in the reacted samples for
MS:CaO = 1:1 but the intermediate phases were not observed at higher molar ratio of
CaO (MS:CaO = 1:1.5) and, this is a characteristic of chemically controlled reactions
[155]. The presence of the intermediate phases (CuSO4, CuO-CuSO,) suggests that the
lime roast reactions were controlled by interface reaction mechanism at the CaO
particles (equation 7.11) even though the reaction mechanism may be controlled by the

diffusion or mixed reaction mechanims in the final stages

CaO +S0,(g) +0,(g) = CaSO, 7.12
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Figure 7.10 - Plot of; (a) interface model and (b) Ginstling—Brounstein, as a function
time at various temperatures, molar ratio of MS:CaO = 1:1.5

The plots of Ink versus 1/T line for the three samples are shown in figure 7.11, and the
calculated values of the overall activation energies have been inserted in each line. The
activation energies are similar for the Nchanga and Nkana sample but slightly smaller
than for Baluba sample, probably due to higher content of gangue minerals in the
former samples. The apparent activation energies in figure 7.11 are in very good
agreement with the activation energy of 8 - 14 kJ for the sulphation of CaO in the
presence of SO, and O, gases (see equation 7.12), reported by Allen and Hayhurst [203].
The apparent activation energies in figure 7.11 are slightly higher than the activation
energy of 6.2 £ 0.9 kJ, for the reaction between CaO and SO, under nitrogen
atmosphere [173]. Therefore, the activation energy for the lime roasting of the mineral

sulphide concentrates is controlled by equation 7.12.
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Figure 7.11 - Arrhenius plots, Ink against reciprocal of temperature (1/K) for the

derivation of activation energy, using the interface model (MS:CaO = 1:1.5)
7.2 Reduction of CuO, CoO and Fe,O3 at 1073 K

It was important to investigate the approximate reaction time for achieving selective
metallisation of Cu and Co from the reduction of metal oxides (CuO, CoO, Fe,O3 and
FeO) at 1073 K. As a result, metal oxides were mixed with carbon black and reduced in
the TGA equipment. The plots of the % reduction versus time curves for the reduction
of the metal oxides are given in figure 7.12. The carbothermic reduction of CuO was
extremely rapid, completing within 5 minutes at 1073 K as shown in figure 7.12. On the
other hand, the carbothermic reduction of CoO was completed in about 30 minutes. It is
evident from figure 7.12 that only about 25 %R was achieved for the carbothermic
reduction of Fe,O3. XRD analysis of the samples showed no evidence of unreacted
Cu,0 or CoO but Fe3O4 was the main phase for the carbothermic reduction of Fe,Os.
From the TGA results in figure 7.12, it was concluded that it is possible to achieve

selective metallisation of Cu and Co by stopping the reaction within an hour at 1073 K.
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Figure 7.12 — Plots of the % reductions versus time curves for carbothermic reduction of
metal oxides with carbon black at 1073 K, for molar ratio of MO:C = 1:2

7.3 Selective metallisation of Cu from the lime roast calcine

The carbothermic reduction of the lime roast calcine was carried out on the fully reacted
samples (figure 7.6b), to avoid metallisation of copper via equation 7.13 [11].

2Cu,0 +Cu,S =6Cu + SO, (9) 7.13

The XRD pattern for the Nchanga sample which was lime roasted in air at 873 K and
carbothermically reduced for 50 minutes at 1073 K is given in figure 7.13a. The major
phases in the XRD pattern for the lime roast — reduced sample, were Cu, Fe30,4, CaSO,
and SiO; and CaO. The phases obtained are consistent with the thermodynamic
predictions in figure 2.31 [28], where Cu, Fe;O, and CaSO,4 co-exist at 1073 K, at
logPO,(atm) between — 7 and -12. In summary, the XRD pattern in figure 7.13a clearly
shows that: (i) CuO was reduced to Cu, (ii) Fe,O3 was reduced to Fe;O,4 and (iii) CaSO,
remained stable, during the carbothermic reduction of the lime roast calcine with carbon
black.
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Figure 7.13 - XRD patterns for Nchanga sample, lime roasted in air (21% O,) at 873 K,
molar ratio of MS:CaO = 1:1.5 and carbothermically reduced with carbon black, for 50
minutes at; (a) 1073 K and (b) at 1093 K

SEM images of the reduced samples are shown in figure 7.14 and it can be observed
that metallic copper is segregated throughout the sample. The metallic copper particles
have various sizes due to the difference in the mineral sulphide particles from the as
received samples. Magnetite (Fe3O,) can be observed from the SEM images. SEM-EDX
semi-quantitative point analyses were carried out on several areas and the purity of
copper phase was found to be between 97.5 and 98.2 wt. % Cu as shown in table 7.1. It
is worth noting that the purity of copper produced via lime roast — carbothermic
reduction process, is comparable to the blister copper (Cu = 98 wt-%) produced via
conventional copper smelting - converting processes at about 1473 K [8, 11].
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Figure 7.14 — Backscattered SEM images for Nchanga, lime roasted in air (21% O,) at
873 K, molar ratio of MS:CaO =1:1.5, followed by carbothermic reduction with

carbon black for 50 minutes at 1073 K

Table 7.1 — EDX semi-quantitative analysis (wt. %) taken from figure 7.14

Micrograph and analysed areas Cu Co @) Fe
B-Spectrum 1 98 - 2 -
C-Spectrum 3 98 - 2 -
D - Spectrum 1 97 - 3 -
E- Spectrum 4 12 49 18 18

F- Spectrum 2 53 25 16 5
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7.3.1 Effect of reduction temperature

The reduction temperature was found to be a very important parameter for metallisation
of copper and retaining of the CaSO, phase. Cuprous oxide (Cu,0) and metallic copper
were obtained when the lime roasted samples were carbothermically reduced for 1 hour
at 1048 K. The presence of Cu,O and Cu shows that carbothermic reduction was
incomplete at 1048 K in the presence of carbon black. It can be observed from the
thermodynamic prediction (Cu-Fe-Ca-O-S system) in figure 2.31 that the partial
pressure of O, gas for the equilibrium between Cu + Cu,O + CaSO, and Cu,O +
CuFeO; phase fields, decreases with a decrease in temperature. This means that for
complete metallisation of Cu, the partial pressure of O, gas should decrease,
significantly with decrease in the reduction temperature. However, the partial pressure
of O, gas might increase at low reduction temperature since the reactivity of carbon
decreases with a decrease in reaction temperature and, this is why the Cu,O phase was
obtained.

On the other hand, metallic copper co-exists with CaS, Cu,S and Ca,CuFeO3S
phases for the lime roast calcine when reduced at 1093 K (figure 7.13b). The presence
of CasS is because of the reduction calcination of CaSO, as the reduction temperature
was increased. The thermodynamic prediction (Cu-Fe-Ca-O-S system) in figure 2.31
shows that Cu co-exists with CaS and Fe3O,4 and is in equilibrium with Cu,S and CaO at
very low partial pressure of O, gas. The partial pressure of O, gas is lower at higher
temperature because of the increased reactivity of carbon with temperature [204]. The
formation of CaS, CaO and Cu,S can occur via equations 7.13a — 7.13c. The presence
of the Ca,CuFeOs3S phase is as a result of liquid phase formation between the CaS,

Fe304, CaO and Cu,S phases as discussed in chapters 5 and 6.

CaSO, +4C =CaS =4C0O(9) 7.14a
CaS0O,+C =CaO + SO, (g) +CO(9) 7.14b
Cu,0+S0,(g)+C =Cu,S +CO(9) 7.14c
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7.3.2 Effect of metal sulphates in lime roast clacine

Metal sulphides (CuFeS,, Cu,S etc.) were present after carbothermic reduction of the
samples which were lime roasted below 873 K at molar ratio of MS:CaO = 1:1,
although the lime roast calcine did not contain these phases. The formation of metal
sulphides was due to the presence of CuSQO,in the lime roast calcine and the reactions

might have occurred via equations 7.15a — 7.15c.

CuSO,, +CuO +C=5Cu,S +5C0O, AG,y 5 =-710 kJ 7.15a

4CuSO, +16C = 2Cu,S+8S, (g) +16CO(Q), AG,4ysc=- 2052 kJ 7.15b

3Cu + Fe,0, +3S,(g) +4CO(q) = 3CUFeS, +4C0,(g), AG,yq=-475k] 7.15

It was necessary to roast the samples at higher roasting temperature (T > 923 K) for
molar ratio of MS:CaO = 1:1, because of the formation of metal sulphates below 923 K.
In summary, the following parameters are important for avoiding formation of metal

sulphides during carbothermic reduction of the lime roast calcine at 1073 K:

i.  High roasting temperature (above 923 K) is required for MS:CaO = 1:1 due to

formation of metal sulphates at low temperature.

ii.  Low roasting temperature (at about 873 K) for MS:CaO = 1:1.5 because metal

sulphates are not formed during roasting of Nchanga.

7.3.3 Effect of mineralogical composition

Carbothermic reduction of lime roast calcine yielded metallic copper for the Nchanga
sample but metallic copper and copper ferrites were observed in the Nkana and Baluba
samples. This is because CusFeS, and CuFeS, are the main copper bearing minerals in
the Nkana and Baluba concentrates, whereas Cu,S/Cu;sS(CugSs) are major copper
bearing minerals in the Nchanga concentrate. As already explained, iron oxide (Fe;O3)
was found on the periphery, surrounding copper oxide (see figure 7.7) for the roasted
CusFeS, and CuFeS; mineral particles. The presence of iron oxide on the periphery of
the roasted CusFeS, and CuFeS, mineral particles prevents the direct reduction of Cu-O

such that the reduction of Cu-O is possible mainly via diffusion of the intermediate CO
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gas through the porous layer of iron oxide. The indirect reduction of the inner copper
oxide by the CO gas is practically possible if the reduction of outer Fe,03 to Fe3O4/FeO
yields high concentration of CO gas. In the case that CO gas does not diffuse through
the outer layer of Fe-O, the reaction between Fe-O and Cu-O becomes inevitable at
1073 K [28]. Nonetheless, CuO and Fe,O3 appear as separate particles in the Nchanga
roasted samples since they originate from separate mineral particles of Cu,S/Cu; ¢S and
FeS,, respectively. The formation of copper ferrite from separate CuO and Fe,O;
particles may require higher temperature, above 1073 K [28] or longer reaction time. As
a result, the lime roast - reduction process can be more efficient for the mineral
sulphides concentrates containing mainly Cu,S, CuS and FeS, minerals such as the
Nchanga concentrates. These types of concentrates are common in the Democratic
Republic of Congo.

7.3.4 Analysis of cobalt in the reduced lime roast calcine

As stated in chapters 3 and 6, the mineral sulphide concentrates have low cobalt content
so that phase analysis of cobalt by XRD analysis was not possible. Cobalt was therefore
analysed by the SEM-EDX semi-quantitative analysis. SEM-EDX analysis showed that
the cobalt bearing phase had oxygen and copper/iron, as shown in table 7.1. The
presence of oxygen in the cobalt bearing phase confirms that a Co-Cu/Fe-O phase was
formed during the reduction process. The presence of the Co-Cu/Fe-O phase in table 7.1
agrees broadly with the thermodynamic prediction in figure 7.15 as Co does not co-exist
with CaSO,. It can be observed from the thermodynamic prediction in figure 7.15 that
Co and Cu can only co-exist with either CaO or CaS. This means that metallisation of

Co may occur only when CaSQ, is calcined to CaO or CasS.
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Figure 7.15 — Cu-Co-Fe-Ca-O-S predominance area diagram at 1073 K, computed using
FactSage software 6.1 [24]

To investigate the complete metallisation of Cu, Co and Fe, a mixture of 0.8g-Fe,O3,
0.6g-Cu0, 0.6g-Co0, 0.68g-CaSO, and 1.1g activated charcoal were heated for 1 hour
at 1073 K and the only phases were Cu, Co, Fe and CaS, meaning that metallisation was
complete. However, Fe,O3 was only reduced to FeO and Fe3O, when the experiment
was carried out in the absence of CuO, CoO and CaSO,. It was therefore concluded that
metallisation of Fe at 1073 K was catalysed by the reduction of CuO, CoO and CaSO,.
To be precise, the metallisation of Co lowers the activity of Fe via formation of Co-Fe
alloy while the reduction CuO, CoO and CaSO,decreases the partial pressure of O, gas

because of the evolution of CO gas.

7.4 Reduction of lime roast calcine with activated charcoal

For metallisation of Cu, Co, Fe, the lime roast calcine was mixed with 10 wt. % CoO

and 1.5 times the stoichiometric mole ratio of activated charcoal (equation 7.16). The
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samples were reduced at 1073 K and 1123 K and, the XRD results are presented in
figure 7.16.

MO + CaSO, +7.5C =M +CaS +5CO + 2.5C 7.16

It can be observed from the XRD patterns in figure 7.16 that there are no metal oxides
(Cu-O, Co-O and Fe-O) and CaSO,4 phases, confirming that the reactions occurred
according to equation 7.15. In short, metal oxides were reduced to metallic/alloy state
and CaSO, was calcined to CaS during reduction of the lime roast calcine, with
activated charcoal. The XRD peaks for Co have shifted to the lower angle at 1123 K
because of the increased dissolution of Fe in Co, with increase in temperature. Part of
Co dissolved in Fe and the XRD peaks for Fe shifted to the high angle, overlapping with
the CaS peaks at 1073 K and 1123 K.

Two important observations can be made from the XRD patterns in figure 7.16;
(1) the XRD peak intensities for Cu are slightly higher at 1123 K than at 1073 K, and (ii)
the XRD peak intensities for CaO and Cu, gS are slightly higher at 1073 K than at 1123
K. It is important to note that there was no CuygS in the lime roast calcine (before
reduction) and hence this phase was formed during the reduction process. Based on the
thermodynamic prediction in figure 7.15, Cu; ¢S may only be formed at higher partial
pressure of SO, gas and this happened, as a result of calcination of part of CaSO, to
CaO0 and SO; phases. The calcination of CaSO, to CaO and SO, gas only occurs under
low reactivity of carbon and it is for this reason that the XRD peak intensities for CaO
and CuygS are slightly higher at 1073 K than at 1123 K, considering the fact that the
reactivity of carbon decreases with increase in temperature. However, it is possible to
eliminate the sulphidisation of Cu or calcination of CaSO, to CaO and SO, by
increasing the mole ratio of carbon.

As noted in chapter 6, metallisation of Cu and Fe was limited by the exchange
(oxidation) and reduction reactions respectively, below 1173 K, during carbothermic
reduction of the mineral sulphide concentrates in the presence of CaO. However, this
has not been the case by following the lime roast - reduction process with activated
charcoal. The low temperature (< 1173 K) lime roast reduction process is a major
breakthrough to the carbothermic reduction of Cu-S, Co-S and Fe-S minerals in the
presence of CaO. It is necessary to further investigate the separation of the metallic

phases (Cu, Co and Fe) from the reduced samples.
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Figure 7.16 — XRD patterns of Nchanga, lime roasted in air at 873 K, enriched with 10
wt. % CoO and reduced with activated charcoal at 50 % excess C.

The SEM images for the samples, lime roasted at 873 K, enriched with 10 wt. % CoO
and reduced with activated charcoal at 1073 K and 1123 K are presented in figure 7.17.
The metallic phases are segregated throughout the sample and the EDX semi-
quantitative compositions are presented in table 7.2. As shown in table 7.2, the purity of

the metallic / alloy phases is about 98 wt. %.
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Figure 7.17 — Backscattered SEM images for Nchanga, lime roasted at 873 K,
enriched with 10 wt. % CoO and carbothermically reduced with activated charcoal in
the TGA equipment; (a) and (b) Nchanga at 1123 K, (c) Nchanga at 1073 K and, (d) — (f)
Baluba at 1123 K, the SEM-EDX semi-quantitative analysis are given in table 7.2

Table 7.2 — EDX semi-quantitative analysis (wt. %) taken from figure 7.17

Micrograph and analysed areas Cu Co |O Fe
(@) - Spectrum 1 97.0 (04 |13 |12
(b) - Spectrum 2 90 |875 |14 |20
(c) - Spectrum 2 1.8 958 (1.3 |0.7
(d) - Spectrum 1 - 98.3 |- 1.7
(e) - Spectrum 1 1.7 154 |12 |[817
(f) - Spectrum 3 1.6 28.7 | 1.3 | 627
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7.5 Sulphur analysis for the reduction with carbon black

The lime roasted calcine and the reduced lime calcine were analysed by the XRF semi-
quantitative elemental analysis in order to track the loss of sulphur and, the results are
given in table 7.3. The results in table 7.3 show that there was no loss of sulphur during
lime roasting of samples at 873 K. On the other hand, there was only about 4 wt. % of
sulphur lost during carbothermic reduction of the Nchanga lime roast calcine. It can
further be observed from table 7.3 that the loss of sulphur was higher during
carbothermic reduction of Nkana and Baluba samples. Nonetheless, it is the Nchanga
sample that yielded higher metallic phases than Nkana and Baluba samples, for the
carbothermic reduction with carbon black.

Table 7.3 — XRF semi-quantitative elemental analysis (wt. %) of the lime-roasted

samples in air (21% O,) at 873 K and, followed by carbothermic reduction at 1073 K

Cu| Fe | Co| S Ca| Si | Al [ Na|Mg| K
Nch-roasted 29972 | 03(138|330| 96 |24 |06 |18 |15
Nch-roasted and reduced | 31.0| 7.5 | 0.3 |13.2(31.0|103|31 03|20 |15
Nka-roasted 9.1 {148 | 10 157342140 45|06 | 3.2 | 3.0
Nka-roasted and reduced | 10.3 | 15.2 | 1.1 | 13.8 (329|147 | 46 | 05 | 3.8 | 3.0
Bal-roasted 154120206 {205(382| 22 (0507|1502
Bal-roasted and reduced | 16.9 | 22.2 | 0.7 | 164 |376| 29 | 0.7 [ 0.7 | 1.7 | 0.3

Error = +2 wt. %

7.6 Energy analysis

The theoretical energy requirement for the lime roast process at 873 K, preferential
metallisation of copper via carbothermic reduction of the lime roast calcine at 1073 K
and complete metallisation of Cu, Co and Fe via carbothermic reduction of the lime
roast calcine at 1073 K were estimated using HSC software [39].

7.6.1 Lime-roast process

The following assumptions were made in estimating the theoretical energy requirement

for the lime roasting of mineral sulphide concentrates:
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The gangue minerals (SiO,, Al,03 and MgO) do not react with CaO or form any
compounds.

Complete oxidation of metal sulphides into stable metal oxides i.e. Cu,S to CuO,
FeS,/ FeS to Fe,03 and CoS to CoO.

The reactants enter the reaction chamber at 298 K and the products leave the
reaction chamber at 873 K.
Dolomite (CaMg(CO3), remains stable during roasting.

Moisture is evaporated as H,O gas.

The energy requirement for the lime roasting of the mineral sulphide concentrates are

presented in table 7.4. The total energy in table 7.4 has a negative sign due to the

exothermic nature of the lime roast reactions.

Table 7.4 — Energy analysis for the lime roasting of mineral sulphide concentrates, the

details for mass balance are given in table A.7.1 - A.7.3

Heat requirement (kwh) for ) )
) Weight of Heat requirement (kWh)
lime roast of concentrates
concentrates (kg) per kg of concentrates

Nchanga -91.2 119.2 -0.8
Nkana -86.9 114.9 -0.8
Baluba -214.6 156.2 -1.4

7.6.2 Selective metallisation of Cu from the lime roast calcine

The assumptions made in estimating the theoretical energy requirement for preferential

reduction of lime roast calcine at 1073 K were:

The reactants enter the reaction chamber at 298 K and the products leave the
reaction chamber at 1073 K.
CaSO, remains stable and Fe,O3 is converted to the Fe3O4 phase and, Co

remains as CoO.
Complete metallisation of copper.
The product gas is 100 % CO gas.
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e The CO, from the carbonates reacts with carbon to form CO gas (equations
7.17).

CaMg(CO,), +2C = Ca0 « MgO +4CO(g) 7.17

The computed energy requirement for the preferential reduction of Cu in the Nchanga
sample was calculated as 1.1 kWh per kg of Cu (see table A.7.4 for details). The
theoretical energy requirement decreased to 0.47 kWh per kg of Cu if the lime roast
calcine enters the reaction chamber at 873 K, assuming that the lime roast calcine is not
cooled down to room temperature, after roasting. The theoretical energy of 0.47 kWh
per kg of Cu is very comparable to that of conventional copper smelting, which is 0.4 —
0.6 kWh per kg of Cu [12]. Furthermore, the theoretical energy can be decreased by
burning off the CO gas from the reduction reaction. The combustion of CO gas from the
reduction reaction yields 1.1 kWh per kg of Cu. In summary, the theoretical energy
requirement for the preferential metallisation of Cu via lime roast reduction process is
comparable or lesser than for the conventional copper smelting. Other than that, the
production of copper via lime roast reduction process at 1073 K does not require

expensive furnace linings compared to the conventional smelting, above 1473 K.

7.6.3 Complete metallisation of Cu, Co and Fe from the lime roast calcine

The assumptions were similar to section 7.6.2 except that the metallisation of Cu, Co,
and Fe was complete and that CaSO, is reduced to CaS. The theoretical energy
requirement for the metallisation of Cu, Co and Fe via lime roast reduction process is
presented in table 7.5. The theoretical energy requirement is slightly higher for Nkana
and Baluba due to the reduction of dolomoite (CaMg(COs),) as the content of this
mineral is highest in these samples. The theoretical energy requirement for Nchanga
(2.7 KWh per kg of Cu + Co + Fe) is comparable to the value of 2.8 kwWh per kg of Cu
+ Co + Fe, for smelting of slag at 1923 K [194]. As stated above, it is highly
advantageous to recover copper and cobalt from the mineral sulphide concentrates via
lime roast reduction process at 1073 K because there is less wearing of refractory
material, compared to conventional copper smelting at about 1473 K and smelting of
slag at 1923 K. In short, the operational costs are much lower for the lime roast —
reduction process. The energy given off by burning the CO gas from the reduction of

the lime roast calcine is given in table 7.6. It can be observed from table 7.6 that the
208



energy given off from burning of CO gas is 1.4 — 1.8 times higher than that, needed for
the reduction of the lime roast calcine. The net heat required for the carbothermic
reduction of the lime roast calcine and burning of the CO gas in O, gas are given in
table 7.7. The net heat requirement in table 7.7 shows that no heat is required by

utilizing the heat from burning of the CO gas.

Table 7.5 — Analysis of heat requirement for carbothermic reduction of lime roast
calcine at 1073 K, using HSC software 5.1 [39], the details for mass balance are given
intable A.7.5-A.7.7

Heat requirement
(kWh) per kg of

metallic phases

Heat requirement (kwh) | Weight of Cu + Co + Fe

for carbothermic reduction (Kg) produced from

of concentrates carbothermic reduction
(Cu+Co +Fe)
Nchanga 108.8 39.9 2.7
Nkana 119.8 21.1 5.7
Baluba 234.6 47.8 4.9

Table 7.6 — Heat (kWh) given out for burning of CO gas from carbothermic reduction

of lime roast calcine, with O, gas, estimated using HSC software 5.1 [39]

Nchanga -180.0
Nkana -170.5
Baluba -373.6

Table 7.7 — Overall heat (kWh) required for the carbothernic reduction of lime roast

calcine and burning of CO gas with O, gas, estimated using HSC software 5.1 [39]

Net heat required based | Net heat requirement per kg of
on tables 7.5 and 7.6 metallic phases (Cu+Co+Fe)
Nchanga -71.2 -1.8
Nkana -50.7 -2.4
Baluba -139.0 -2.9
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8.0 Treatment of Cu-Co slag

8.1 Introduction

As discussed in chapters 1 and 2, copper smelting and converting slag are the major
source of Cu and Co and hence it was necessary to investigate the recovery of metallic
values (Cu, Co and Fe) from slag. The Cu—Co slag synthesised in the laboratory by
melting up the mixture of metal oxides (CuO, CoO and Fe,O3), CaO, Al,0; and SiO,
(see chapter 3). The recovery of Cu, Co and Fe from slag was carried out via: (i)
carbothermic reduction with carbon black and activated charcoal in order to obtain
metallic/alloy phases, (ii) sulphidisation in the presence of CaSO, and graphite or
activated charcoal so as to recover Cu, Co and Fe in the sulphide or matte form and, (iii)
sulphidisation in the presence of CaS in order to obtain matte phase and calcium
silicates (CaSiO3; and Ca,SiO,). The reaction Kinetics and thermodynamics for the
carbothermic reduction of slag and sulphidisation of slag in the presence of CaSO, are
discussed in this chapter.

8.2 Phase analysis of Cu-Co synthetic slag

The X-ray powder diffraction pattern for the synthetic slag is shown in figure 8.1 and it
is evident that the only crystalline phases are Cogg2Fe23804 and SiO,. There are no
peaks for Ca and Al containing phase(s) in the XRD pattern and this can be due to
formation of amorphous glassy phase [205]. The presence of amorphous phase is
evident as there is a broad hump for 26 between 20 ° and 34° [206].

The backscattered SEM images of the synthetic slag are shown in figures
8.2a and 8.2b and it can be observed that there are three phases in the synthetic slag.
The three phases in figures 8.2a and 8.2b were analysed by SEM-EDX semi-
quantitative analysis and the results are given in table 8.1. As shown in table 8.1 the
Cog.ssFe2.3304 crystals contain up to 3.6 wt. % Cu, which might be as a result of ionic
substitution between the Cu?* (0.73 A) and Co?* (0.74 A) ions [107]. The CogesFe2 3504
phase occurs as smaller euhedral to subheudral crystals and this texture suggests that,
the phase was crystallised earlier, during slow cooling of the melt [205, 207, 208]. The
glassy phase contains almost all the elements Si, Ca, Cu, Fe, Al and Co in the

decreasing order. Ideally, the glassy phase should contain mainly silicon, calcium, iron
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and aluminium [205] but it also hosts all elements that fail to enter or form crystalline
phases [205, 208].
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Figure 8.2 — Backscattered SEM images for the slag, synthesised in air (21 % O,) at
1523 K, the composition of areas A, B and C are given in table 8.1

Table 8.1 - EDX semi-quantitative analysis (wt. %) of areas A, B and C from figures

8.2a and 8.2b
Area Cu Fe Co Si Ca Al 0]
A 3.6 52.8 13.8 - - 0.8 28.7
B 10.3 6.4 1.9 23.1 11.6 4.2 425
C - - - 46.4 - - 53.6
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8.3 Carbothermic reduction of slag

Metal oxides are commonly reduced to metallic state via carbothermic reduction [10,
15, 28] and since a majority of Cu and Co in the copper smelting and converting slag,
are in the oxide form [3, 20], it was necessary to carry out carbothermic reduction of the
slag. The carbothermic reduction of the slag was carried out in the temperature range of
1173 K — 1323 K, considering the fact that the reduction of Fe-O is extremely slow
below 1173 K [15].

The plots of % reduction versus time curves for the carbothermic reduction of
slag with carbon black and activated charcoal are shown in figures 8.3a and 8.3b,
respectively. It is evident from figure 8.3a (with carbon black) that the extent of
reduction/metallisation is less sensitive to the reduction temperature, between 1173 K
and 1273 K. For example, the increase in % reduction was only about 5 %R, from 1173
K to 1223 K, after 1.5 hours. However, the % reduction increased by about 35 %R in
1.5 hours as the reduction temperature was increased from 1273 K to 1323 K. Even
though the % reduction increased as the reduction temperature was raised to 1323 K,
metallisation was incomplete (figure 8.3a) and hence it can be concluded that the
carbothermic reduction of slag with carbon black requires higher temperature (T > 1323
K).

The extent of reduction/metallisation was higher for the carbothermic reduction
of slag with activated charcoal as shown in figure 8.3b. Furthermore, from this figure, it
is apparent that the carbothermic reduction of slag with activated charcoal is more
sensitive to the reduction temperature than that observed with carbon black. The
apparent sensitivity to the reduction temperature may be deduced from the apparent 93
%R (figure 8.3b) achieved in 1.5 hours at 1323 K. This comparative observation in
figures 8.3a and 8.3b between carbon black and activated charcoal, respectively,
suggests that activated charcoal is a better reducing agent than carbon black.
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Figure 8.3 — Reduction of slag in the TGA equipment at molar ratio of MO:C =1:3; (a)

with carbon black and (b) with activated charcoal, argon flow rate = 0.6 litre min™

The XRD patterns for the slag samples that were reduced with carbon black and
activated charcoal are shown in figures 8.4a and 8.4b, respectively. Similar phases were
obtained at 1173 K and 1223 K in figure 8.4a (with carbon black) and this is in good
agreement with the TGA results in figure 8.3a, as the %reduction only increased by
about 5 %R when the reduction temperature was increased from 1173 K to 1223 K. The
XRD results in figure 8.4a show that the reduction of Cu-O was higher than that of Co-
O and Fe-O at 1173 K. In other ways, there was preferential reduction of Cu-oxide at
1173 K with carbon black and this is due to the fact the reduction of Cu-O oxide occurs
at relatively higher partial pressure of O, gas than the reduction of Fe-O [24, 39].

As discussed above and shown from the TGA results in figure 8.3b, the extent of
reduction was higher for the carbothermic reduction of slag with activated charcoal and
this is why the XRD peak intensities for the metallic/alloy phases (Cu and Co-Fe) are
high in figure 8.4b. There are no peaks for Co in the XRD patterns in figure 8.4b due to
the dissolution of Co in Fe [209, 210].
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Figure 8.4 — XRD patterns after reduction of slag at molar ratio of MO:C = 1:3, with; (a)

carbon black and (b) activated charcoal. Argon flow rate = 0.6 litre min™
8.3.1 Reaction mechanism for the carbothermic reduction of slag

As shown from the SEM images in figure 8.2, the Cogg2Fe2.3804 crystals are enclosed in
the glassy phase and hence the reduction of metal oxides may occur via diffusion of
cations, anions and gases (CO and CO, gas), due to lack of contact between the metal
oxides in the slag and solid carbon. The reduction reactions may involve the following
mechanisms:
(i) Diffusion of the oxygen (0%) and metal (M?*) ions from the metal oxide
(MO) in the slag, to the slag/carbon interface, followed by adsorption of the
O% ions on the carbon surface. The overall rate of reaction may be controlled
by the diffusion of the O® and metal (M®") ions through the slag matrix
and/or gasification of carbon.
(i) Diffusion of carbon or the intermediate CO gas through the slag matrix so
that the metallic phase is formed within the slag phase.
The SEM images for the slag samples which were reduced with carbon black and
activated charcoal are shown in figures 8.5a - 8.5d. The metallic phases are mainly
found at the periphery of the particles and partly within the slag phase. The metallic
phases at the periphery of the particles were formed via diffusion of the metallic ions
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(cations) and oxygen ions (anions) from the slag phase. As a result, the overall reactions
leading to the formation of metallic phase at the slag particle periphery may be
represented by equations 8.1a — 8.1c. The CO gas from equation 8.1b may diffuse into
the slag phase via cracks, react with the O% ions (equation 8.1d) and cause metallisation
in the slag phase via equation 8.1c. The diffusion of the CO and CO, gases might have

occurred through the cracks since the partially reacted samples had several cracks.

MO = M? + 0% in the slag phase 8.1a
C+0%* =CO(g) +2e, at slag/carbon interface 8.1b
M?" +2e =M, at the slag particle periphery or cracks 8.1c
CO(g) +0* =CO0,(g) + 2e, at the slag particle surface or cracks 8.1d

The Coge2Fe23304 crystals [208] are still present after carbothermic reduction at 1173
K, with carbon black or activated charcoal due to incomplete reduction. In addition to
the Cog s2Fe23304 phase, the Fe rich (=10 - 13 wt. % Fe) slag phase in the form of laths
and dendrites and, the amorphous glass phase (= 3 wt.% Fe) are present at 1173 K.

A significant proportion of Fe is still dissolved in the slag phase at 1323 K, for
the reduction with carbon black (figure 8.5b) as a result of incomplete metallisation.
The content of Fe in the slag phase in figure 8.5b is between 7 wt.% Fe and 22 wt.% Fe.
On the other hand, there is high fraction of the metallic phases at 1323 K with activated
charcoal (figure 6d) and hence the content of Fe in the slag phase is lower (< 5 wt. %
Fe). It is evident from the SEM images in figures 8.5b and 8.5d that Co and Cu are
absent in the slag phase at 1323 K, for reduction with carbon black and activated
charcoal. In short, Fe was the only metallic phase that was dissolved in the slag phase at
1323 K and this is due to the fact that metallisation of Fe requires lower partial pressure
of O, than Cu and Co [24, 39]. Furthermore, the activity of Fe in silicate slag is lower
than that of Cu and Co [24].
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Figure 8.5 — Backscattered SEM images of the slag samples, after reduction at molar
ratio of MO:C = 1:3, with; (a) carbon black at 1173 K, (b) carbon black at 1323 K, (c)
activated charcoal at 1173 K, (d) activated charcoal at 1323 K

8.3.2 Thermodynamic analysis

Two major observations can be made from the XRD results in figure 8.4 and SEM
results in figures 8.5a — 8.5d:
i. Metallic phases (Cu, Co and Fe) co-exist with SiO,, CoFe,0,4, Fe30,4 and complex
silicates (e.g. CaSiO3, CaFeSi,Og) at 1173 K.
ii. Metallic phases (Cu, Co and Fe) co-exist with SiO, and complex silicates (e.g.
CaSiOg, CaFeSi0g) at 1323 K.
The phases obtained at 1323 K agree broadly with the thermodynamic prediction in
figure 8.6 as there is an equilibrium between Co + Fe + CaSiO3; and Co + Fe +
CaFeSi,Og phase fields at logio(P(O2))(atm) < -16.4. By comparing the phases obtained
at 1173 K and 1323 K and, thermodynamic prediction in figure 8.6, it can be concluded
that the partial pressure of O, gas increases with increase in reduction temperature and
this is due to increase in the reactivity of carbon. Note that the analysis in figure 8.6
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does not include alloy phases and hence metallisation of Fe and Co might occur at

slightly lower partial pressure of O, gas, due to the formation of Co-Fe alloy phase(s).

Ca-Fe-Co0-Si-0, 1223 K
Fe/(Cat+Fe+Co) = 0.6, Co/(Ca+Fe+Co) = 0.2

Co+CaFeSi,O +Fe,Si0, \ Co,Si0,+ CaFeSi,O +Fe,Si0,

y/

Co+ Fe A=C0,Si0,+Fe;0, o}
-0.2 | CaFeSi,0, + CaFeSi,0f 0 o
5 =
O wn
Co,Si0,+Fe,Si0, T
_ Co+Fe,Si0,+CaSiO, +CaSio oS
204 | ’ @, *
S g 8
5] (@)
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Figure 8.6 — Ca-Fe-O-S-Si predominace area diagram at 1223 K, computed using
FactSage software 6.1 [24]. The analysis does not include alloy phases

8.3.3 Effect of additional CaO

Several studies have showed that the solubility of Cu and Co in the molten silicate slag,
decreases with increase in basicity of slag [211, 212] and this may increase the extent
and rate of reduction. Moreover, the equilibrium partial pressure of O, gas required for
complete metallisation of Co and Fe, increases with decrease in the activity of SiO,
(figure 8.6). For example, complete metallisation of Co and Fe occurs at
10g10(P(O5))(atm) < -16.4 for logi0(a(SiO,))(atm) ~ -0.75 but at logio(P(O,))(atm) < -17
for logio(a(SiOy))(atm) =~ 0. This means that metallisation may easily be achieved by
lowering the activity of SiO,, which is possible by forming calcium silicates. To
understand the effect of CaO during low temperature (< 1323 K) carbothermic
reduction, the slag sample was mixed with 25 wt. % CaO before reduction. The plots of
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the % reduction versus time curves for the reduction of slag with additional 25 wt. %
Ca0, are shown in figure 8.7a and it is evident that the extent of metallisation was
greatly increased. The % reduction reached about 90 %R even at low temperature (1173
K), compared to about 55 % without the additional CaO (both with activated charcoal).

The addition of CaO breaks down the silicate tetrahedral network in the silicate
phase [212, 213], thereby decreasing the solubility of the dissolved metal oxides. As a
result, the activity of the metal oxides (Cu-O, Co-O and Fe-O) increases [3, 214, 215],
leading to high reduction. The carbothermic reduction of FeO-SiO,-CaO-Al,O3 slag has
been studied by Li and Ratchev between 1673 K and 1873 K [216], the rate of reduction
of Fe-O increased as the ratio of CaO/SiO, was increased between 1 and 1.3. The effect
of additional CaO during reduction of molten Cu-Co slag has been studied by Banda et
al. [214] and the recoveries of Cu, Co and Fe increased when CaO was increased
between 2 wt.% and 8 wt. %. However, the metal recoveries decreased as CaO was
added above 8 wt. %, which might have been due to increase in the viscosity of the
molten slag.

11700

9750 g
E=Ca,SiO,

7800 - B

Intensity

(a)

—_—1173K
m—1223K
—1273K
— ZII.323K

ity

1
Intens|

0 1000

2000

3000
Time (seconds)

1
4000

5000

6000

5850

11400

9500

7600

5700

(0]

CaO

QO
LL

CaO

Ou__
>
6 3

L € sio,

CaO

B

A=CaAlFeSiO,
B=CaFesSi,0,

C=Ca,Si,Co0,) ]|
D=CaAlSiO;

Figure 8.7 — Carbothermic reduction of slag in the presence of additional 25 wt. % CaO,

with activated charcoal at molar ratio of MO:C = 1:3; (a) plot of % reduction versus

time curves (b) XRD patterns. Argon flow rate = 0.6 litre min™

The Gibbs energy changes for the formation of calcium silicates (CaO-SiO;) and iron

silicates (FeO-SiO,) are compared in figure 8.8a, per mole of SiO, and, it can be
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observed that the Gibbs energy changes are more negative for the formation of calcium
silicates (CaO-SiO,) than for iron silicates (FeO-SiO;) [10]. Based on the
thermodynamic prediction in figure 8.8a, the iron silicate (FeO-SiO,) phase will be less
stable in the presence of excess CaO thereby leading to the increased rate of reduction
of Fe from slag due to formation of the stable calcium silicate (CaO-SiO,) phase(s). The
reduction of FeO, FeSiO3 and CaFeSiO4are compared in figure 8.8b, the Gibbs energy
change is more negative and less negative for the carbothermic reduction of CaFeSiO,4
and FeSiOg3, respectively. This suggests that the reduction of FeSiO3 will be higher in
the presence of CaO, due to the formation of the stable calcium silicate (CaO-SiO,)

phase(s).
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Figure 8.8 — Computed Gibbs energy against absolute temperature; (a) for the formation
of Ca0-SiO; and FeO-SiO, per mole of SiO, and (b) carbothermic reduction of FeO,
CaFeSiO,4 and FeSiO3 per mole of C, computed using HSC 5.1 software [39]

The XRD patterns for the samples that were mixed with 25 wt.% CaO and reduced with
activated charcoal, at 1173 K and 1223 K are shown in figure 8.7b and it can be
observed that the XRD peak intensities for metallic/alloy phases (Cu, Fe and Co-Fe) are
higher at 1173 K. The metallic/alloy phases co-exist with Ca,SiO,, Ca,Al,SiOg and

CaFeSi,Og because, part of CaO reacted with or dissolved in the glassy phase.
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Figure 8.9 — Backscattered SEM images of the reduced slag at 1223 K, the sample was
enriched with 25 wt. % CaO before reduction, the composition of areas A and B from

image (d) are given in table 8.2

Table 8.2 — SEM-EDX semi-quantitative analysis (wt. %) of areas A and B from image

(d) of figure 8.9
Area Cu Co Fe Ca Si Al @)
A 0.3 2.3 9.7 125 215 3.8 49.4
B 0.4 0.8 47 15.0 225 4.4 51.4

The SEM images of the sample which was reduced in the presence of additional 25 wt.
% CaO at 1223 K are shown in figure 8.8b from which the following observations were
made:
i.  Metallic copper is found at the periphery of the slag particles, in the form of
beads.
ii.  CaO rich phases are observed within the particles.
lii.  Metallic and alloy phases of Fe and Co are found within the sample particles but

near the cracked zones.
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Observations (i) and (ii) suggests that the Ca®* ions substitute the Cu®* ions in the glassy
phase via diffusion of the Ca®* and Cu®" ions from the lime particles and glassy phase,
respectively. The ionic substitution between the Cu®*" ions and the Ca?* ions is very
favourable because of the ionic radius for Cu®* ion (0.96 A) is comparable to the Ca®*
ion (0.99 A) [211]. The dissolution or diffusion of the Ca®" ions into the glassy phase
appears to have caused cracking, as a result of structural changes, such that the CO gas
from the metallisation of Cu diffused and reacted with the Cogg2Fe23304 crystals. The
unreacted Cogg2Fe23804 Crystals appear to have dissolved into the Ca-Si-Al-O phase.
The metal containing Ca-Si-Al-O phase was in the form of lath and dendrites [207]. The
SEM-EDX semi-quantitative analysis of areas A and B from image 8.8d are given in
table 8.2 and it is evident that Cu was nearly absent from the slag particles, as a result of
counter diffusion between the Cu®* and Ca*" ions. It can also be noticed from table 8.2
that the concentration of Fe and Co decreases with increase in the concentration of Ca in

the glassy phase.
8.3.4 Reaction kinetics for carbothermic reduction of slag

The rate of reduction, derived from %R versus time plots in figures 8.4a and 8.4b,were
fitted into the interface model (see equation 2.10a), diffusion model (see equations
2.10b and 2.10c) and mixed reaction model (equation 8.2 [217]) in order to establish the
reaction mechanism which might be governing the overall rate. The experimental data
fitted well with the mixed reaction model in equation 8.2. The cross-sectional SEM
analysis of the reduced samples, showed the presence of metallic phases at the periphery
of the slag particles (figures 8.5 and 8.9) thereby confirming that there was diffusion of
the metallic (M®*) and oxygen (O?) ions. The extent of metallisation was sensitive to
the reduction temperature and type of carbon and, this is a characteristic of a chemically
controlled reaction. In summary, the presence of metallic phases at the periphery and
the high sensitivity of the reduction reaction to the type of carbon and reduction
temperature, confirms that the carbothermic reduction of slag is controlled by the mixed

reaction.
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The plots of the InK versus 1/T lines are shown in figure 8.10 and the calculated value
of overall activation energy is inserted on each fitted line. For carbon black in figure
8.10, the derived value of activation energy is 288 + 64 kJ mol™ and this agrees with the
activation energy of 333 £ 21 kJ for the CO(g) — C(carbon black) reaction, determined
by Rao and Jalan [185]. The value of apparent activation energy is 271 £ 34 kJ with
activated charcoal and it is in a reasonable agreement with the values of 252 - 268 kJ
mol™ reported by various authors for the CO, — C (activated charcoal) reaction [218,
219]. The activation energies for the reduction of slag with carbon black and activated
charcoal are also comparable to the activation energy of 300 + 37 kJ for the diffusion of
oxygen in Ca,Al,SiO7 in a temperature range of 1273 K — 1573 K [220, 221]. It can be
observed in figure 8.10 that the natural logarithmic values of the rate constant (InK) are
higher for the reduction of slag with activated charcoal than with carbon black implying
that the rate of reductions are higher with the former (activated charcoal) than with later
(carbon black). Note that the reduction of the slag was incomplete with carbon black or
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activated charcoal (see figures 8.4a and 8.4b) such that the activation energies are for
less than 75 % reduction.

The values of InK are highest for the carbothermic reduction of slag with
activated charcoal in the presence of additional 25 wt. % CaO, meaning that the rate of
reduction was highest. On the other hand, the slope of the InK versus 1/T line changes
at 1223 K for the carbothermic reduction of slag with activated charcoal in the presence
of additional 25 wt. % CaO. The change in the slope of the line might be due to the
presence of the liquid phase above 1223 K. The activation energies were 153 + 8 kJ and
294 kJ for the high (T > 1223 K) and low (T < 1223 K) temperature regimes,
respectively. The activation energy in the lower temperature regime (294 kJ) is close to
the activation energy of 271 = 34 kJ in the absence of additional 25 wt. % CaO (with

activated charcoal) and for reduction with carbon black (288 + 64 kJ).

8.3.5 General discussion for the carbothermic reduction of slag

Although carbothermic reduction of slag with activated charcoal yielded a larger
volume fraction of metallic phase at 1323 K, the magnetic separation of the metallic
phases was not successful. This was due to two problems: (i) sintering between the
metallic and slag particles (see figure 8.5 and 8.8) and (ii) the metallic particles were
smaller (less than 10 um). The above problems may be overcome by grinding the
reduced samples to fine particle of less than 10 um, so as to liberate the metallic
particles. However, fine grinding consumes a lot of energy and hence carbothermic
reduction of slag in the temperature range herein (1173 K — 1323 K) may not be
followed by magnetic separation. It is therefore necessary to carbothermically reduce
the slag above 1323 K for obtaining larger metallic particles that may easily be

magnetically separated.

8.4 Sulphidisation of slag in the presence of CaSO,

As stated in chapter 2, metal oxides may be converted into metal sulphides in the
presence of CaSO, and carbon [15, 85], in what is known as sulphidisation. Turkdogan
[85] has found out that the sulphidisation of metal oxides in the presence of CaSO, and
C can be affected by the type of carbon and the molar ratio of CaSO,4:C. This is due to
the fact that CaSO, can be calcined to CaO and SO, gas and/or, CaS and CO/CO, gas,

depending on the type of carbon and the molar ratio of CaSO,4:C [85]. In particular,
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Turkdogan has suggested that maximum sulphidisation occurs at the molar ratio of
CaS0,4:C = 2:1 [85] and with a less reactive carbon such as graphite, because:

I.  There is no formation of CaS. The formation of CaS decreases the amount of
sulphur that reacts with the metal oxide phase as CaS is a stable phase in the
presence of carbon [85].

ii.  All sulphur is calcined as SO, gas which then reacts with the metal oxides [85].
However, Turkdogan did not point out the effect of SiO, on the CaSO,4 — C reaction.
The presence of SiO, may promote the evolution of SO, gas even at higher mole ratio
of carbon due to the formation of CaSiO3. With a view of finding the best sulphidisation
conditions, slag was sulphidised in the presence of CaSO, and less reactive carbon
(graphite) or more reactive carbon (activated charcoal), in a temperature range of 1173
K — 1323 K. The experiments were carried out in the TGA equipment and in the

elevating hearth furnace.

8.4.1 Sulphidisation of slag in the TGA equipment

The experiments were carried out in the TGA equipment in order to determine the
extent of reaction as a function of time at each isothermal temperature. The fraction of
the experimental weight loss over the theoretical weight loss in equation 2.41b was

multiplied by 100 % to obtain the % conversion.

8.4.1.1 Sulphidisation of slag in the presence of CaSO, and graphite

The effect of reaction temperature was studied at the molar ratio of MO:CaSO,:.C =
1:1.3:1.5 and the plots of % conversion versus time curves are shown in figure 8.11a. It
is evident from figure 8.11a that the sulphidisation of slag is quite sensitive to the
reaction temperature. For example, the reaction was incomplete after 2 hours at 1173 K
but completed within 15 minutes at 1323 K, based on the results in figure 811a. The
results in figure 8.11a shows that the extent of % conversion was slightly higher at 1273
K than at 1323 K but this may be due to evolution of CO + CO, gases, rather than CO,

gas.
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Figure 8.11 — Plots of % conversion versus time curves for the sulphidisation of slag at
molar ratio of MO:CaS0,:C = 1:1.3:1.5, with; (a) graphite and (b) activated charcoal.

Argon flow rate = 0.6 litre min™

The XRD patterns of the slag samples which were reacted in the presence of CaSO, and
graphite, are shown in figure 8.12 from which the following observations were made: (i)
the reduction calcination of CaSO4 was incomplete even after holding the samples for
2.5 hours at 1173 K and 1223 K and, (ii) part of CaSO, was calcined to CaS at 1173 K
and 1223 K. It is worth noting that the phases obtained at 1173 K and 1223 K agree
broadly with the Ca-Fe-O-S system [24] as there is an equilibrium between CaS +
Fe;0,4 and CaSO, + CayFe,Os phase fields.

The sulphidisation of slag in the presence of CaSO,4 and carbon can occur, only
when: (i) sulphur is calcined from CaSO,4 and, (ii) metal oxide is reduced to metallic
state. Nonetheless, the metal oxides may not be reduced to metallic state when the
reactivity of carbon is low and hence sulphidisation does not take place. The Gibbs
energy change for reduction calcination of CaSO,4 to CaS and carbothermic reduction of
Fe;04 are compared in equations 8.3a and 8.3b, respectively, and it can be observed that
the Gibbs energy change is more negative for equation 8.3a than 8.3b. Therefore,
equation 8.3a may occur preferentially, when the reactivity of carbon (graphite) is low.
Based on the thermodynamic prediction in equations 8.3a and 8.3b and the presence of
CaS and Fe304 phases in the XRD patterns at 1173 K and 1223 K (figure 8.12), it can
be concluded that the sulphidisation of Fe in the presence of CaSO, and graphite was
limited by the reduction of Fe;0,4. Fe304 co-exists with CayFe,Os and the formation of

the later can be represented by equation 8.3c.

CaSO, +2C=CaS+2C0,(q), AG,,,5x =-244 k] 8.3a
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Fe,0, + 2C=3Fe+2CO,(q), AG, 5 =-51 kJ 8.3b

Fe,0, +3CaS0, +gc :gCazFeZOS +3S0, +%coz,

8.3c
AG, 75« =-94.5 kJ

The Gibbs energy change for the carbothermic reduction of FeO, CoO and Cu,O are
compared in equations 8.4a, 8.4b and 8.4c, respectively, per mole of C. The Gibbs
energy change is more negative for equation 8.4c and hence metallisation of Cu
occurred, which then led to its sulphidisation at 1173 K and 1223 K. The above analysis
shows that there is broad agreement between the thermodynamic prediction in equations
8.3a — 8.4c and the experimental results in figure 8.12, at 1173 K and 1223 K.

2Fe0+C=2Fe+CO,(g), AG, . =-21 kJ 8.4a
2C00+C=2C0+CO,(g), A5 =-93 ki 8.4b
2Cu,0+C=4Cu+C0,(g), AG, 5 =-230 ki 8.4c

The reactivity of graphite increases with an increase in temperature such that Fe3O; is
reduced to Fe and hence sulphidisation of Fe takes place. It is for this reason that the
XRD peak intensities for the metal sulphides (CuFeS;, and Cu,S) are higher above 1223
K. The metal sulphides co-exist with the Ca,SiO4and Ca,Al,SiO7 phases at T > 1223 K
because, CaO from the reduction calcination of CaSO, reacted with SiO; and glassy

phase.

226



T T T T T T T ) IO"’
cas . 2
1223K | 16801 CuFes, 3
7800 | - O
2 9
> o ‘@ 1120 - N
‘@ 5200 [eN ) 1@
5 a8a, 8 =
c < | 8
= Sl 560
2600 S
oy &
el (T
0
0 |
o i
9000 F 1950 @
©
O
> ~ >
G 6000 - 2 Z 1300
SN c
3 3 < e
: 8 E
so00f X o | L 650
7} %‘
F A x ¥
0
0 | X L 1 L 1 L 1 L 1 L
10 20 30 30 40 50 60 70

Figure 8.12 - XRD patterns of the slag samples, sulphidised in the presence of CaSQO,
and graphite in the TGA equipment at molar ratio of MO:CaSO,:C = 1:1.3:1.5. Argon

flow rate = 0.6 litre min

8.4.1.2 Sulphidisation of slag in the presence of CaSO, and activated charcoal

As stated above, the sulphidisation of Fe in the presence of CaSO, and graphite was
limited by the reduction of Fe;O, at 1173 K and 1223 K. As a result, slag was
sulphidised in the presence of CaSO, and activated charcoal, since activated charcoal is
more reactive than graphite. The plots of the % conversion versus time curves for the
sulphidisation of slag in the presence of CaSO, and activated charcoal are given in
figure 8.11b. It is evident from figure 8.11b that the plots of % conversion versus time
curves are characterised by two regimes: (i) the first regime with a steep slope which
terminates at about 50 % conversion and (ii) the second regime with a gradual gradient.
The steep slope in the first regime in figure 8.11b confirms that activated charcoal is
quite reactive [204].

The XRD patterns of the slag samples which were sulphidised in the presence of
CaSO, and activated charcoal are shown in figure 8.13. The main phases at 1173 K are
metal sulphides (CuFeS;, and CusFeS,), CayFe,0s, CaSO,, CaS, SiO, and Fe3O,4. The
presence of metal sulphides (CuFeS, and CusFeS,) shows that sulphidisation was higher

with activated charcoal than with graphite at 1173 K. There is no residual CaSO, for
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the sulphidisation with activated charcoal at T > 1223 K and, the XRD peak intensities

for the metal sulphides are high.
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Figure 8.13 - XRD patterns of the slag samples, sulphidised in the presence of CaSQO,
and activated charcoal in the TGA equipment at molar ratio of MO:CaSO,:C = 1:1.3:1.5.

Argon flow rate = 0.6 litre min™

The backscattered SEM images of the sulphidised slag samples are shown in figures
8.14a - 8.14d. Copper sulphide (Cu,S) is found at the periphery of the particles at 1173
K (figures 8.14a and 8.14c), due to diffusion of copper from slag. As already
mentioned, sulphidisation occurs when the metal oxide phase is reduced to metallic
state. However, some of the Cog g2Fe2.3504 crystals were neither reduced nor sulphidised
and therefore remained in the slag phase at 1173 K (figures 8.14a and 8.14c). The
volume of the matte phase is high at 1323 K than at 1173 K as shown in figures 8.14b
and 8.14d. The matte phases were bordered with the rich CaO slag at 1323 K. The rich
CaO slag was formed as a result of reaction between CaO from the reduction calcination
of CaSQ, and the rich SiO, slag phase. Cu-Co-Fe sulphide (matte) can be observed
from figure 8.14d although this type of phase was not characterised by the XRD
technique probably, due to low concentration or lack of reference patterns from the

HighScore plus software.
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Figure 8.14 — Backscattered SEM images of the slag samples which were sulphidised at
molar ratio of MO:CaS0,:C = 1:1.3:1.5 at; (a) 1173 K with graphite, (b) 1323 K with
graphite, (c) 1173 K with activated charcoal and (d) 1323 K with activated charcoal.

Argon flow rate = 0.6 litre min™

8.4.1.3 Activation energy for the sulphidisation of slag

The experimental data for the sulphidisation of slag fitted well with the mixed reaction
model, discussed in chapter 6 (sum of the interface and diffusion reaction models). The
plots of the InK versus 1/T lines are shown in figures 8.15a and 8.15b and it is evident
that the slope of the line changes at 1273 K for the sulphidisation of slag in the presence
of CaSO, and graphite. The change in the slope of the line agrees very well with the
XRD results in figure 8.12, as similar phases were obtained at 1173 K/1223 K and 1273
K/1323 K. The activation energy of 311 + 6 kJ in the low temperature regime (between
1173 K and 1273 K) is comparable to: (i) activation energy of 305 kJ — 340 kJ for the
CO, gas — C (graphite) reaction, determined by various authors [222-224], in the

temperature range of 1123 K — 1373 K and, (ii) enthalpy change of 303 kJ for reaction
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8.3b. Note that the carbothermic reduction of Fe3Oy is directly related to the speed of
the CO, — C reaction [28]. Therefore it can be concluded that the sulphidisation reaction
was controlled by the reduction of Fe3O4 in the low temperature regime (T < 1273 K).
On the other hand, the activation energy of 215 kJ in the upper temperature
regime (T > 1273 K) is comparable to the activation energy of 239 + 18 kJ, for the
reaction between CaS and CaSO, (equation 8.5c) [53] and this is because, the reduction
calcination of CaSQO, to CaO and SO, occurs via equations 8.5a - 8.5¢ [85]. The SO, gas
from equation 8.5¢c may react with the metal oxides according to equation 8.5d. The
enthalpy change for reaction 8.5¢ is 234 kJ mole™ SO, gas [85]. By comparing the
enthalpy change of 234 kJ and the activation energy of 239 + 18 kJ for reaction 8.5¢c
with the activation energy of 215 kJ in the upper temperature regime (figure 8.15a), it
can be concluded that sulphidisation of slag in the presence of CaSO,4 and graphite, was

limited by equation 8.5c.

CaSO, +C = CasS + 2CO, () 8.5a
CO,(g) +C =2CO(g) 8.5b
CasS +3CaSO, = 4CaO +4S0, (g) 8.5¢
MO +3CO(g) + SO, = MS +3CO, (g) 8.5d

As observed in figure 8.11b, the slope of the % conversion versus time curves for the
sulphidisation of slag with activated charcoal, changes at about 50 % conversion. As
such, the activation energies were calculated in the first (< 50 % conversion) and second
(> 50 % conversion) regimes. The activation energy of 111 £ 26 kJ in the first regime (<
50 % conversion) is comparable to the activation energy of 103 K for the diffusion of
Fe?* ions in FeO [107]. The slope of the InK vs. 1/T line in the second regime (= 50 %
conversion) changes at 1223 K and this is in very good agreement with the XRD results
in figure 8.13, as similar phases were obtained at T > 1223 K. The high temperature
regime (T > 1223 K) has the activation energy of 213 kJ, similar to the activation

energy of 215 kJ for the sulphidisation with graphite (figure 8.15a).
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8.4.2 Sulphidisation of slag in the elavating hearth furnace

Even though metal sulphides were obtained after sulphidisation of slag in the presence
of CaSO, and graphite or activated charcoal in the TGA equipment, residual
Fe;04/CoFe, 0,4 were present in the reacted samples (see figures 8.10b, 8.12 and 8.13).
Nonetheless, the presence of Fe;O4/CoFe,O4 might be due to increase in the partial
pressure of O, gas as carbon (graphite/activated charcoal) is consumed.

The Ca-Fe-Si-O-S predominace area diagram is shown in figure 8.16 and it can
be observed that the partial pressure of O, gas should be kept lower throughout the
experiment, if the CaSiO3; and FeS phases are to remain stable. Any increase in the
partial pressure of O, gas will result in the oxidation of the FeS phase as shown in figure
8.15. It is evident from figure 8.15 that starting with CaSiO3 and FeS phases and then
increasing the partial pressure of O, gas to log;o(P(O2)) > -10.4, the CaSiO; + Fe304
phase field is obtained. In practice, the partial pressure of O, gas might increase when
carbon (graphite or activated charcoal) has been consumed. Therefore, the presence of
the Fe3O4 phase might have been caused by the increase in partial pressure of O, gas.
Even though the partial pressure of O, gas, can be kept lower (in the stability region of
metal sulphides) by using excess carbon, sulphidisation does not occur because of the
metallisation and calcination of CaSO,4 to CaS. In short, metallic phases and CaS are
obtained at higher molar ratio of carbon (graphite/activated charcoal). With a view of
maintaining lower partial pressure of O, gas, sulphidisation was carried out in the
elevating hearth furnace, where the alumina crucible containing the sample was placed

in the graphite clay crucible and covered with a graphite lid (see figure 3.2).
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Figure 8.16 — Ca-Fe-Si-O-S predominance area diagram at 1223 K, computed using
FactSage software 6.1 [24]

The XRD patterns for the samples which were sulphidised in the elevating hearth
furnace are shown in figure 8.17. Sulphidisation was complete at the molar ratio of
MO:CaS0,4:C =1:1.3:0.65 as there are no metal oxides in the sample, after 2 hours at
1323 K. The XRD peak intensities for the FeS phase were very high, which was not the
case for the sulphidisation of the samples in the TGA equipment (without placing the
alumina crucible inside the graphite clay crucible). The higher sulphidisation of the slag
in the elevating hearth furnace is due to:

i.  Slow rate of reaction, since the exit gases do not easily escape out when the
alumina crucible containing the sample is placed inside the graphite clay
crucible. The extent of sulphidisation increases with decrease in the rate of
reaction as nearly all sulphur from CaSO, is consumed by the metallic phases.

ii.  Low partial pressure of O, gas because of the presence of graphite blocks and
graphite clay surrounding the alumina crucible. The graphite blocks and clay
graphite crucible burns externally and hence they do not cause metallisation or
formation of CaS but, helps in maintaining low partial pressure of O, gas which

is needed for the stability of the matte phase.
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FeS co-exists with CuFeS, and CusFeS, and this is consistent with Cu,S-FeS pseudo
binary phase diagram [15], towards the rich FeS region. The metal sulphides co-exist
with the calcium silicates (Ca,SiO,4, CaSiO3z, CaAl,Si,0Og) as CaO from the reduction
calcination of CaSQ,, reacted with SiO, and Al,O3. On the other hand, the XRD peak
intensities for CaS and metal sulphides (CuFeS,, FeS and CusFeS,) were extremely high
and low, respectively, at high molar ratio of CaSQO,4, (MO:CaSO,:C = 1:1.8:0.9). This
was due to partial reduction of the metal sulphide phases (matte). Not all of the CaO
from the reduction calcination of CaSQ,, reacts with SiO, and Al,O3 at high mole ratio
of CaSO, and hence metallisation occurs via FeS — CaO (exchange) and MO — CO

(reduction) reactions.
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Figure 8.17 - XRD patterns of the slag samples which were sulphidised in the presence
of CaSQO, and graphite at 1323 K in the elevating hearth furnace; (a) 2 hours and (b) 1.3

hours. Argon flow rate = 2 litres min™
8.4.2.1 Effect of holding time

To study the effect of reaction time in the elevating hearth furnace, some experiments
were stopped after 1.3 hours at 1323 K. The XRD patterns of the samples that were
reacted for 2 hours and 1.3 hours are compared in figures 8.17a and 8.17b, respectively,

from which the following observations were made:
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i.  CaSOy is present in the samples that were reacted for 1.3 hours (figure 8.17D).
ii. The XRD peak intensities for the metal sulphides (CuFeS;CusiFe;1S,,
CusFeSy) are high in the samples which were reacted for 1.3 hours at molar ratio
of MO:CaS0O,4:C = 1:1.3:0.65 The metal sulphides co-exist with Fe;O,4 as a
result of incomplete sulphidisation.
The presence of CaSO, after 1.3 hours at 1323 K confirms that sulphidisation was much
slower when the alumina crucible containing the sample was placed inside the graphite
clay crucible and this is expected, because the product gas(es) do not easily escape out
from the sample. However, slow reactions promote higher sulphidisation because nearly

all S,/SO;, gas reacts with the metallic phases, as discussed above.

8.4.2.2 Effect of reaction temperature

The XRD pattern for the slag sample which was sulphidised in the presence of CaSO, at
1173 K is shown in figure 8.18. It can be observed from figure 8.18 that sulphidisation
was high as a result of high and low XRD peak intensities of the metal sulphides
(CuFeS,, CusFeS,, CuygS) and FezO,, respectively. Note that sulphidisation was very
low in the TGA equipment (without placing the alumina crucble inside the graphite clay
crucible) at 1173 K but this is not the case in figure 8.18.
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Figure 8.18 - XRD pattern of the slag sample, sulphidised in the presence of CaSO, and
graphite for 2.5 hours at 1173 K in the elevating hearth furnace, molar ratio of MO:
CaS0,:C = 1:1:2. Argon flow rate = 2 litres min™
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8.4.3 SEM analysis for the sulphidised samples

Elemental maps of the slag sample which was sulphidised for 2 hours at 1323 K, in the
elevating hearth furnace, at molar ratio of MO:CaS0,4:C = 1:1.3:0.65, are shown in
figure 8.19. The SEM results in figure 8.19 agree with the XRD results in figure 8.17a
as there are no metal oxides in the sample. The elemental maps further show that iron
sulphide reacted with cobalt sulphide to form cobalt-iron sulphide phases. The Fe-Co-S
phases were not identified from the XRD patterns, probably due to overlap in peaks
between the Fe-S and Co-Fe-S phases.

The SEM image of the slag sample which was sulphidised at 1323 K and molar
ratio of MO:CaSO,4:C = 1:1.8:0.9 is shown in figure 8.19. Metallic phases can be
observed in figure 8.19 and detailed analysis of the sample showed that, only Co and Fe
were partially metallised at molar ratio of MO:CaSQO,:C = 1:1.8:0.9. By comparison, the
metallisation of Co was higher than for Fe and this agrees well with the thermodynamic
prediction in figure 2.3b as the Gibbs energy change is more negative for the

carbothermic reduction of CoS in the presence of CaO (see figure 2.3Db).
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Figure 8.19 - Elemental mapping of the slag sample, sulphidised for 2 hours at 1323 K
in the elevating hearth furnace, molar ratio of MO:CaSO,:C = 1:1.3:0.65. Argon flow

rate = 2 litres min™

20pum

Figure 8.20 - SEM image of the slag sample, sulphidised for 2 hours at 1323 K in the
elevating hearth furnace, molar ratio of MO:CaSO,:C = 1:1.8:0.9. Argon flow rate = 2

litres min™
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8.4.2.4 Carbothermic reduction of matte

The sulphidised slag was mixed with CaO and activated charcoal at molar ratio of
MS:CaO:C = 1:2:2 and, heated/reduced between 1173 K and 1323 K. The plots of the
% reduction against time curves are given in figure 8.21a. It can be observed from the
plots of the % reduction versus time curves in figure 8.21a that the carbothermic
reduction of sulphidised slag (matte) was extremely fast, completing in an hour, at
temperature as low as 1173 K, which was not possible without sulphidising the slag (see
figures 8.3a and 8.3b). The XRD pattern of the reduced sulphidised slag sample at 1173

K is shown in figure 8.21b and, there is no evidence of metal sulphides or metal oxides.
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Figure 8.21 — Reduction of the sulphidised slag, in the presence of CaO and activated
charcoal in the TGA equipment, molar ratio of MS:CaO = 1:2:2; (a) plots of %
reduction versus time curves and (b) XRD pattern at 1173 K. Argon flow rate = 0.6

litres min™

The backscattered SEM images of the sample that was produced by carbothermic
reduction of the sulphidised slag at 1323 K are presented in figure 8.22. A very rich
CaO slag was produced due to presence of excess CaO from the carbothermic reduction.
By comparison, the metallic phases produced via sulphidisation - carbothermic
reduction processes are larger than those produced via direct reduction of the slag with
carbon (see figures 8.5 and 8.9), which can be due to the difference in the volume of the
liquid phases. The volume of the liquid phases is expected to be larger for the
carbothermic reduction of the sulphidised slag due to presence of matte phase and this

promotes rapid growth of the metallic phases during the reduction provcess.
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Figure 8.22 — Backscattered SEM images of the slag sample, sulphidised at 1323 K with
CaSO, and reduced in the presence of CaO and activated charcoal at 1323 K, molar
ratio of MS:Ca0:C = 1:2:2. The bright phases are the metallic phases. Argon flow rate =

2 litres min™

8.4.2.5 General discussion

Calcium silicates and calcium aluminium silicates compounds were produced during
sulphidisation of slag in the presence of CaSO,. The formation of calcium silicates and
calcium aluminium silicates enhances the calcination of CaSO, via reaction 8.6a as the
Gibbs energy change for reaction 8.6a is more negative than for reaction 8.6b, per mole
of CaSO,.

CaSO, +Si0, +3C =CaSiO, +3CO(g) +0.5S, (q), AG,, 5 =-276k]  8.6a

CaSO, +3C=Ca0 +3CO(g) +0.5S, (), AG, ;5 = -185kJ 8.6b

There was significant metallisation of Co and Fe at high molar ratio of CaSO,
(MO:CaSO,:.C = 1:1.8:9) such that high matte grade was produced during
sulphidisation. The main disadvantage of high matte grade is that they have high
melting point and, would therefore require higher operating temperature, if matte/slag
phase separation is to be employed. Furthermore, metallisation of Fe-S and Co-S via
exchange reaction with CaO yields CaS which has low solubility in either matte or slag
phase and this would make the matte/slag phase separation very difficult to achieve.

The experimental results in figures 8.17a, 8.17b and 8.18 have showed that high

sulphidisation of slag can be achieved by placing the alumina crucible inside the
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graphite clay crucible. As a result, it would be essential to sulphidise slag in a graphite
lined furnace for the industrial application. Alternatively, sulphidisation should be
carried out in a controlled CO gas atmosphere.

8.4.2.6 Achieviments in sulphidisation of slag in the presence of CaSO,

The experimental results have showed that nearly all Cu, Co and Fe oxide phases
convert into metal sulphide phases (CuFeS,, CusFeS;, Cu,S, CuCo,S; etc.) via
sulphidisation of the slag in the presence of CaSQ,, in the temperature range of 1173 K
— 1323 K. The sulphidisation of slag in this temperature range (1173 K — 1323 K) has
never been studied and may offer several advantages to the extractive metallurgy
industry as:
I.  There is no production of sulphurous gas during sulphdisation.
ii. Unused CaSO, from the thermal power plant [225, 226] and from
hydrometallurgical processes (see figure 1.4), may be utilised in treating the slag
iii. Corrosion is expected to be less during sulphidisation of slag in a temperature of
1173 K- 1323 K and hence cheaper furnaces may be used.

8.4.2.7 Discussion on separation techniques of the sulphidised slag

The experimental results have showed that metal oxides in the slag phase convert to
metal sulphides (CuFeS,, CusFeS;, CuCo,S,, FeS etc.) during sulphidisation in the
presence of CaSO,4 and C and that the carbothermic reduction of the sulphidised slag in
the presence of CaO yield metallic and alloy phases of Cu, Co and Fe (see figures 8.21b
and 8.22). As noted from the SEM images in figure 8.22, the metallic phases produced
via sulphidisation — carbothermic reduction of the slag are not dissolved in the slag
phase and hence they may be leached in weak sulphuric acid. The dissolution of
calcium silicates is not expected to occur during leaching of the metallic phases in weak
acid. The CaS is expected to dissolve to yield H,S gas which may be used for
manufacturing sulphuric acid (H,SO,4) and the proposed summary for the flow sheet is

given in figure 8.23. The calcium silicate slag may be used for construction.
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Figure 8.23 - Proposed process flow sheet for the recovery of Cu and Co from slag via

sulphidisation, carbothermic reduction and leaching route

Alternatively, the sulphidised slag may be sulphate roasted below 873 K to yield Cu and
Co sulphates and Fe,O3, under controlled partial pressures of O, and SO, gases [227].
The calcine from sulphate roasting may be leached in water or weak sulphuric acid to
selectively solubilise or leach the Cu and Co sulphates as presented in the flow sheet in
figure 8.24. The Nkana Cu-Co mineral sulphide concentrates are treated via sulphate

roasting and water/acid leach process.
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Figure 8.24 — Proposed process flow sheet for the recovery of Cu and Co from slag via

sulphidisation, roasting and leaching route
8.5 Sulphidisation of slag in the presence of calcium sulphide (CaS)

Sulphidisation of slag in the presence calcium sulphide (CaS) was carried out
considering that the non-magnetic fractions from the separation of the reduced mineral

sulphide concentrates, contain significant amount of CaS. In addition, the regeneration
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of CaO from CaS yields SO, and H,S gases which needs to be captured to avoid
pollution of the environment. However, CaS may be used for sulphidisation of slag in
the presence and absence of carbon, as shown in figures 8.25 and 8.26, respectively.
Based on the thermodynamic predictions in figures 8.25 and 8.26, slag was intimately
mixed with CaS. Calcium sulphide was obtained by calcining CaSO, with activated

charcoal at 1323 K via equation 8.3a.
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Figure 8.25 — Computed Gibbs energy change for the sulphidisation of metal oxides in
the presence of CaS, SiO, and C,from HSC software 5.1 databse [39]

T * T * T * T * T * T
o7 D - 0 D 0 0 S G 0 G G e e e — — ======c=
200 _M‘.—_
-300 === Cu20 + CaS + SiO2 = Cu2S + CaSiO3 -
= === 4CuO + 4CaS + 4Si02 = 2Cu2S + S2(g) + 4CaSiO3
< === C0O + CaS + SiO2 = CoS + CaSiO3
2 -400 === FeQ + CaS + SiO2 = FeS + CaSiO3 o
-500 -
-600 -
-700 - -
T T T T T T T T T T T
400 600 800 1000 1200 1400

Temperature (K)
Figure 8.26 — Computed Gibbs energy change for the sulphidisation of metal oxides in
the presence of CaS, and SiO,, from the HSC software 5.1 database [39]
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Sulphidisation of slag in the presence of CaS was carried out at 1173 K and 1323 K, in
the elevating hearth furnace. The experiments were carried out at different mole ratios
of CaS and graphite and the XRD patterns are shown in figures 8.27a, 8.27b, 8.28a and
8.28b. It can be observed from the XRD patterns in figures 8.27a, 8.27b, 8.28a and
8.28b that the sulphidisation of the slag in the presence of CaS was high, as the XRD
peak intensities for the metal sulphides (CuFeS,, CusFeS,, FeS) are very high. The
XRD results in figures 8.27a, 8.27b, 8.28a and 8.28b further shows that sulphidisation
occurred in the absence of carbon, as predicted from figure 8.26. The metal sulphides
co-exist with calcium silicates (CaSiOs;, Ca,SiO4 and CaAl,SiO;7). By comparison,
sulphidisation was higher at 1323 K than at 1173 K due to residual Fe;O, in the samples
at 1173 K. Similarly, residual Fe3O, was present when the mole ratio of CaS was
decreased to 0.8 and this is expected because there is less sulphur to react with all the

metal oxides.
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Figure 8.27 — XRD patterns of slag samples which were sulphidised for 2.5 hours in the
presence of CaS and various mole ratios of graphite, in the elevating hearth furnace; (a)
1173 K and (b) 1323 K. Argon flow rate = 2 litres min™
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Figure 8.28 — XRD patterns of slag samples which were sulphidised for 2.5 hours in the
presence of CaS and various mole ratios of graphite, in the elevating hearth furnace; (a)
1173 K and (b) 1323 K. Argon flow rate = 2 litres min™

The SEM elemental mapping of the slag samples which were sulphidised in the
presence of CaS and graphite at 1173 K and 1323 K are presented in figures 8.29 and
8.30, respectively. The metal sulphide or matte phase is at, or nearer the periphery of the
particles. The metallic values may be recovered by roasting the sulphidised slag at low
temperatures (below 923 K) to obtain water soluble CuSO, and CoSQO, as described in
figure 8.24. As result, the overall process may be limited to a maximum temperature of
1323 K.
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Figure 8.29 — Elemental mapping of the slag sample which was sulphidised in the

presence of CaS and graphite,for 2.5 hours at 1173 K in the elevating hearth furnace,
molar ratio of MO:CaS:C =1:1:0.5
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Figure 8.30 — Elemental mapping of the slag sample which was sulphidised in the
presence of CaS and graphite,for 2.5 hours at 1323 K in the elevating hearth furnace,

molar ratio of MO:CaS:C =1:1:0.5
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8.5.1 Summary for the sulphidisation of the slag in the presence of CaS

The sulphidisation of the slag in the presence of CaS has never been studied but it has
been achieved in the present investigation (see figures 8.26 — 8.30). The major benefits
of this process are:
1. The non-magnetic fractions containing CaS and SiO, from the reduction of
Nkana and Nchanga mineral concentrates, can be used for treating slag since
SiO, is required for the sulphidisation of metal oxide in the presence of CaS
2. There is no need to convert CaS to stable forms (CaSO,, CaCO3 and CaO). Note
that the conversion of CaS to CaCO3 and CaO releases H,S or SO, poisonous
gases but, this is not the case when CaS is used for treating slag
3. Production of rich calcium silicates slag which can be sold to the construction
industry.
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9.0 Conclusions and future work

9.1 Heat treatment of mineral concentrates in the absence and absence of CaO

1. There is a broad agreement between the experimental results in figure 5.1b and
the thermodynamic predictions in figures 2.20, 5.2a, and 5.2b. For example, the
main mineral sulphide phase after heating the Nchanga mineral concentrates at
1273 K, was CusFeS,, because the as-received Nchanga concentrates are rich in
the Cu,S mineral. On the other hand, the major mineral sulphide phases after
heating the Nkana and Baluba mineral concentrates at 1273 K, were CuFeS; and
FeS, because the as-received Nkana and Baluba concentrates are rich in the FeS,
mineral.

2. The ion exchange reaction between iron sulphide (FeS, or FeS) and CaO readily
takes place to yield Fe3O, and CayFe,Os phases as shown in figures 5.7a, and
5.7b. However, the ion exchange reaction between Cu,S and CaO was very slow
because residual Cu,S was present at all temperatures. The experimental results
agree with the thermodynamic prediction in figure 2.3 as the Gibbs energy
change is more negative for the FeS — CaO exchange reaction.

3. The Ca,CuFeOs3S liguid phase was formed during heat treatment of the Nchanga
and Baluba mineral sulphide concentrates in the presence of CaO. This liquid
phase has never been reported before.

4. The driving force for the CaO — MS exchange reaction is higher than for the
CaO - SiO, reactions because, CaO reacted with MS to give metal oxides and
CasS in the first 3 minutes at 1273 K in the Nkana sample (see figure 5.8), which
has the highest SiO; content (40 wt. % SiO,)

5. The metal oxides from the exchange reaction were re-sulphidised in the Nkana
sample at T < 1173 K (see figures 5.7b and 5.8), because of the reactions
involving CaS, metal oxides and SiO,/Al,0s.
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9.2 Carbothermic reduction of mineral sulphides in the presence of CaO

1. Copper, cobalt and iron metallic/alloy phases were obtained after carbothermic
reduction of the mineral sulphide concentrates in the presence of CaO, with
carbon black. The phase and microstructural analyses of the reacted samples
using XRD and SEM-EDX, showed no evidence of mineral sulphides (CuFeS,,
Cu,S, CuCo,S,, FeS), when the reduction reaction was complete. SEM-EDX
semi-quantitative analysis of the metallic/alloy phases confirmed that their purity
were over 96 wt. % (see table 6.1).

2. The carbothermic reduction of the mineral sulphides in the presence of CaO,
with carbon black is quite sensitive to the reduction temperature as shown from;
(i) the plots of % reduction versus time curves (see figure 6.1), (ii) XRD patterns
(see figure 6.2a and 6.2b) and (iii) SEM images (see figure 6.9, 6.11, 6.13 —
6.15). Reduction was incomplete at 1073 K, irrespective of the holding time, but
completed within 2 hours at T > 1223 K.

3. The extent of metallisation increases with increase in the mole ratio of CaO as
shown in figure 6.3. However, the effect of changing the mole ratio of CaO is
not important below 60 % reduction at 1273 K as the exchange reaction appear
to occur mainly via CaO - S, gas reaction.

4. The mole ratio of carbon black should be equal to or higher than that of CaO as
metallisation was incomplete at the molar ratio of MS:CaO:C = 1:2:1. The
metallic/alloy phases of Cu, Co and Fe co-exist with; (i) Cu,S and calcium
silicates (CaSiOs, Ca,SiO,4, CaAl,Si,Oy etc.) in the Nchanga and Nkana samples
and (ii) CazFe,Os in the Baluba sample at the molar ratio of MS:CaO:C = 1:2:1
(see figure 6.5a). On the other hand, the mole ratio of CaO should not be too
high as metallisation is incomplete at the molar ratio of MS:CaO:C = 1:2:.4 at T
> 1223 K. The exchange reaction is suppressed with increase in the mole ratio of
CaO0, because of the increasing distance between the CaO and MS particles.

5. CaO does not react with the gangue minerals (SiO, and Al,O3) at molar ratio of
C/CaO > 1 and T < 1323 K. This is because the metallic phases co-exist with
CaS, SiO; and excess CaO (see figure 6.5b). The volume of the liquid phase is
smaller in the sample at the molar ratio of C/CaO > 1 and hence the CaO — SiO;

solid state reaction does not take place.
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6. The extent and rate of metallisation increases with increase in the mole ratio of
graphite as shown in figure 6.6. It seems that the overall reduction is governed
by the reduction of the intermediate Ca,CuFeOs3S liquid phase.

9.2.1 Reaction mechanisms and kinetics

1. The rate of reduction of the mineral sulphide concentrates in the presence of
CaO and carbon black is faster at molar ratio of MS:CaO:C = 1:2:1, (see figures
6.4) at T > 1223 K because of the presence of the Ca,CuFeQO3S liquid phase (see
figures 6.26a and 6.26b). However, the metallic phases are surrounded by the
CasS rich phase when metallisation takes place via reduction of the Ca,CuFeO3S
liquid phase (see figure 6.25b and 6.25d).

2. The metallisation of Fe occurs via reduction of the intermediate phase of Fe-O
(FeO and Fe30y,). This is because Fe-O (FeO and Fe;0,4) and CaS were obtained
in the first 2 minutes at 1273 K and molar ratio of C/CaO > 1, with carbon black
(see figures 6.16 and 6.18).

3. The formation of CaS and hence metallisation of Cu, Co and Fe require that
there is good contact between the CaO and C particles. CaS was hardly formed
when the pellet consisting of the mixture of mineral sulphide concentrates + C
was covered by CaO powder (see the arrangement in figure 6.21b).

4. The metallisation of Cu may take place via diffusion of sulphur from the mineral
sulphide to the CaO particles in the presence of carbon black (see figures 6.20a,
6.22a and 6.22b).

5. The carbothernic reduction of the mineral sulphide concentrates in the presence
of CaO is controlled by the mixed reaction model as analysed in figures 6.27a
and 6.27b and, table 6.2.

6. The average activation energies in the lower temperature regime (T < 1223 K)
(278 kJ — 364 kJ) for the reduction of mineral sulphides with carbon black agrees
with the activation of 251 kJ — 360 kJ for the CO, — C reaction [184, 185]. Phase
analysis of the partially reacted samples in the lower temperature regime, e.g. at
1073 K showed the presence of Fe3O,4 (see figure 6.2a, 6.9 and 6.11) and the
reduction of this phase is controlled by the CO, — C reaction [28].

7. The average activation energies in the high temperature regime (T > 1223 K) for
Nkana (220 = 17 kJ) and Baluba (209 * 40 kJ) are comparable to the enthalpy

change for reaction 6.8a. CaS and CaSO, were observed in the first 6 minutes at
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1273 K suggesting that reaction 6.8a might be the determining factor to the
overall metallisation. The average activation energy was 126 + 17 kJ in the high
temperature regime (T > 1273 K) for Nchanga and this is comparable to the
enthalpy change of 125 kJ for the carbothermic reduction of the Cu,S mineral
(reaction 6.8b).

8. The activation energies were lowest and highest in the high temperature regime
and low temperature regime, respectively, at the molar ratio of MS:CaO:C =
1:2:1 (see table 6.5). This is because there is a larger volume of the liquid phase

(Ca,CuFeO3S) in the high temperature regime.

9.2.2 High temperature carbothermic reduction at 1573 K

1. Excess CaO reacted with the gangue minerals to form complex calcium silicate
compounds at twice the stoichiometric molar ratio of CaO (MS:CaO = 1:2),
irrespective of the mole ratio of C at 1573 K (see figures 6.30 and 6.32b). The
samples are nearly molten at 1573 K and, the presence of the liquid phase
favours the reactions between CaO and gangue minerals (SiO2, Al,O3). The
metallic phases did not dissolve in the slag phase as shown in figure 6.31.

2. The reduction of the mineral sulphides were completed within an hour at 1573
K, even at very high molar ratio of C (MS:CaO:C = 1:2:4), which was not
possible at T <1323 K.

3. The metallic and CaS particles were larger for the carbothermic reduction at
1573 K than at T < 1323 K, as the samples are complete molten at 1573 K.

9.2.3 Separation of metallic phases

1. Nearly all the metallic/alloy constituents of Cu, Co and Fe were magnetically
separated from the reduced Nkana and Baluba samples. The high separation of
the metallic/alloy phases in these samples is because, the Co and Fe spheres
were embedded in the Cu matrix (see figures 6.18, 6.25 and 6.31). The Co and
Fe spheres were embedded in the Cu matrix as Cu mainly originates from the
CuFeS;, CusFeS, and CuCo,S; mineral phases, in the Nkana and Baluba
samples. However, the embedment of Co and Fe spheres in Cu matrix prevents

further separation of Co and Fe from Cu.

249



9.24

Part of Cu was not separated out or recovered in the magnetic fraction, from the
reduced Nchanga sample. Microscopic examination showed that the unseparated
Cu originated from the reduction of the Cu,S.

Magnetic separation is greatly affected by the reduction temperature. The
magnetic fraction had Fe3O4 and CusFeS,; when the samples were reduced at
1173 K, due to incomplete reduction (see figures 6.35). Reduction was complete
within 2 hours at T > 1223 K, but separation required fewer cycles when the
samples were reduced at 1573 K than at 1273 K since the metallic particles are
larger at 1573 K.

The mole ratio of CaO and C is important for the effective separation of the
metallic phases. The mole ratio of C should be higher than for CaO to avoid
sintering between the metallic and CaS phases. Part of CaS reports to the
magnetic fraction when there is sintering between CaS and metallic phases.

The gravity method may be applied to separate out copper from the non-
magnetic fraction.

Magnetic separation is not possible for the samples reduced with graphite due to
sintering between CaS and metallic phases, as metallisation takes place via

reduction of the intermediate Ca,CuFeOsS liquid phase.

Energy analysis

The theoretical energy requirement for the carborthermic reduction of mineral
sulphides in the presence of CaO was estimated by the HSC software. The
theoretical energy was 1.1 kWh — 2.9 kWh per kg of metallic phase (Cu + Co +
Fe) as shown in table 6.11. The theoretical energy requirement compares well
with the theoretical energy of 1.8 kWh — 2.4 kWh, for the production of Fe in
the blast furnace, per ton of metal (see table 6.12). The theoretical energy for the
carbothernic reduction of mineral sulphides may decrease to less than 0.3 kWh
per kg of Cu + Co + Fe, if the CO gas from the reduction reaction is utilised in

the reduction process (see figure 6.41).

9.3 Lime roast — reduction of the mineral sulphides

1.

Metal oxides (CuO and Fe,O3) and CaSO, were produced during roasting of the

mineral sulphide concentrates in the presence of CaO, in air (21 % O,), at 773 K
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—973 K. However, the molar ratio of MS:CaO = 1:1.5 is necessary for obtaining
metal oxides and CaSO, phases in the lime roast calcine at T < 923 K because;
(1) metal sulphates are produced at molar ratio of MS:CaO = 1:1 and (ii) CaS is
produced at molar ratio of MS:CaO = 1:2 (see figures 7.2a, 7.2b, 7.4a and 7.4b).

. The formation of CaS during roasting of the mineral sulphide concentrates in the
presence of CaO, at molar ratio of MS:CaO = 1:2, is caused by; (i) the ion
exchange reaction between CaO and Fe-S or S, gas (see figure 7.5) and (ii) the
reactions involving FeS / S, gas, CaO and O, gas (see equations 7.9a and 7.8Db).

. The sample height should not be too high during roasting of the mineral
sulphides concentrates in the presence of CaO, as discussed in section 7.1.2. This
is because O, gas does not easily diffuse to the bottom of the sample when the
height of the sample is too high. Therefore, the roasting reactions should be
carried out in the rotary kiln, to allow uniform exposure of the sample to the O,
gas.

. The roasting of the mineral sulphides in the presence of CaQO, in air, follows the
interface model (see figure 7.10a) with activation energy in the range of 8.8 kJ —
11.7 kJ (see figure 7.11). The activation energy is comparable to the activation
energy of 8 kJ - 14 kJ for the sulphation of CaO in the presence of SO, and O;
gases, reported by Allen and Hayhurst [203].

Metallic Cu with a purity of about 98 wt.% was produced after carbothermic
reduction of the lime roast calcine at 1073 K, with carbon black (see table 7.1).
Metallisation of Cu was incomplete below 1073 K but, Cu, Cu,S and CaS were
obtained above 1073 K.

. The loss of sulphur was very minimal during lime roast - carbothermic reduction
process of the Nchanga sample, with carbon black (table 7.3). XRD analysed in
figure 7.13a showed that sulphur was fixed as CaSO,.

Mineralogical composition is very important for achieving preferential
metallisation of copper at 1073 K with carbon black. Copper ferrite (CuFeO5)
was also formed during reduction of CuO which originated from the roasted
CusFeS, and CuFeS; mineral particles. For example, metallisation of Cu was
low in the Nkana and Baluba samples because most of the copper is found in the
chalcopyrite (CuFeS; mineral. It has been proposed that the preferential
reduction of Cu via lime roast - carbothermic reduction with carbon black would
be more suitable for mineral sulphide concentrates containing Cu,S or CuS

mineral phases, such as the Nchanga concentrates.
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8. Complete metallisation of Cu, Co and Fe was achieved when the lime roast
calcines were reduced with activated charcoal at 1073 K and 1123 K. The
metallic phases co-exist with CaS (see figure 7.17) because CaSO, was calcined
to CaS in the presence of activated charcoal. The metallisation of Cu, Co and Fe
was very low at 1073 K and 1123 K, without lime roasting of the mineral
sulphide concentrates. Therefore, the lime roast - reduction route is a major
breakthrough to the carbothermic reduction of mineral sulphides.

9. The theoretical energy for the preferential reduction of copper from the lime-
roast calcine at 1073 K is very comparable to the theoretical energy for
producing copper via conventional smelting at about 1473 K, per ton of metal.

10. The theoretical energy requirement for the complete metallisation of Cu, Co and
Fe from the Nchanga lime roast calcine at 1073 K, is equal to the theoretical
energy for smelting of the Cu-Co slag at 1923 K. However, considering the
energy involved in conventional copper smelting at 1473 K and for recovering
the Cu and Co via smelting of slag at 1923 K and the theoretical energy
requirement for producing Cu, Co and Fe via lime roast — reduction process at
1073 K is lower.

9.4 Treatment of copper-cobalt slag

1. Complete solid state reduction of metal oxides from slag via carbothermic
reduction requires higher reduction temperature (T > 1323 K) and a very reactive
carbon such as activated charcoal as shown in figures 8.3a, 8.3b, 8.4a, 8.4b and
8.5. The addition of 25 wt.% CaO increased the extent of metalilisation as shown
in figures 8.7a and 8.7b. However,the metallic phases were too small (< 15 pum)
in the samples reduced, with and without additional 25 wt. % CaO (see figures
8.5 and 8.9) such that magnetic separation was not possible.

2. The rate of reduction was higher with activated charcoal than with carbon black
as shown in figure 8.10. However, the rate of reduction was highest for the
carbothermic reduction of slag with activated charcoal, in the presence of
addition 25 wt. % CaO. The activation energies were 288 + 64 kJ and 271 + 34
kJ for the carbothermic reduction of slag with carbon black and activated
charcoal, respectively, suggesting that the rate determining step is the CO, — C
reaction, which has the activation energy in the range of 250 kJ — 360 kJ [218,
219].
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3. The metal oxides in the slag were converted to metal sulphides (CuFeS,, Cu,S,
CusFeS,4) when slag was sulphidised in the presence of CaSO,4 and C (graphite
and activated charcoal), in the temperature range of 1173 K - 1323 K.

4. The sulphidisation of Fe in the TGA equipment appear to be controlled by the
reduction of the Fe;O4 phase. It is for this reason that the overall sulphidisation
was slightly higher with activated charcoal than with carbon black, at 1173 K
and 1223 K (see figures 8.12 and 8.13).

5. The XRD results in figures 8.12 and 8.13 and the reaction kinetics analysis in
figure 8.13, shows that there is a change in the reaction mechanism for the
sulphidisation of slag at 1273 K and 1223 K with carbon black and activated
charcoal, respectively. The activation energies were about 215 kJ in the high
temperature regimes (i.e. T > 1273 K with graphite and T > 1223 K with
activated charcoal) and hence sulphidisation was controlled by the CaSO,4 — CaS
reaction (equation 8.5c), based on the experimental data and analysis from the
previous authors [85]. On the other hand, the low temperature regimes appear to
be controlled by the CO, — C reaction based on the activation energy values and
phase analysis.

6. The highest sulphidisation of the slag in the presence of CaSO, and graphite
occurred when the experiments were carried out in the elevating hearth furnace,
where the alumina crucible containing the sample was placed inside the graphite
clay crucible (figures 8.17 and 8.18). Therefore, it is important to maintain a
lower partial pressure of O, gas, throughout the experiment so as to maintain the
stability of the metal sulphide (see figure 8.16).

7. The use of excess CaSO, promote metallisation during sulphidisation of slag as
shown in figures 8.17a and 8.20.

8. There is a broad agreement between the thermodynamic prediction in figure 2.16
and the experimental results in figure 8.17a as CuFeS; and CusFeS, co-exist with
FeS.

9. Complete metallisation was achieved via sulphidisation of the slag, followed by
carbothermic reduction of sulphidised slag (matte) at 1173 K (figure 8.21a,
8.21b and 8.22). The metallic phase particles produced via sulphidisation and
carbothermic reduction of the sulphidised slag, were larger than those produced

via carbothermic reduction of the slag.
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10. The metal oxides (Cu-O, Co-O and Fe-O) in the slag transforms into a mixture
of metal sulphide (CuFeS,, CusFeS,, Cu,S and FeS) via sulphidisation reaction
in the presence of CaS, at 1173 K and 1323 K as shown in figures 8.27 — 8.30.

9.5 Major achievements of the project

1. The mineral sulphides were reduced to metallic/alloy phases after carbothermic
reduction of the mineral sulphide concentrates in the presence of CaO, above 1223
K. Sulphur was tied up as CaS during reduction. The metallic/alloy phases were
separated from the reduced samples by magnetic separation. The proposed method
looks to be economical and environmentally friendly for treating the Cu-Co mineral
sulphide concentrates as:

(i) Co and part of Cu are lost into the slag phase during the conventional
copper smelting process. The recovery of Cu and Co from slag is such a
complex and energy intensive process. Moreover, Cu and Co are
recovered from slag as a Cu-Co-Fe alloy which requires further
processing.

(i) A dilute SO, gas is generated when the mineral sulphides concentrates
are roasted below 973 K. In addition, the production of Cu and Co from
the leach solution has many stages and part of cobalt is lost in to the
solution [29].

2. The optimum conditions for the carbothermic reduction of the mineral sulphide
concentrate in the presence of CaO have been determined. The reduction
temperature should be above 1173 K for the complete reduction of the mineral
sulphides and the mole ratio of carbon should be slightly higher than that of CaO to
avoid sintering between CaS and metallic phases.

3. Calcium sulphide (CaS) from the reduction of mineral sulphides may be utilised in
the slag treatment or sulphidisation of the Cu-Co slag as shown from the
experimental results in figures 8.27 — 8.30.

4. The low temperature (< 1123 K) recovery of metallic/alloy phases of Cu, Co and Fe
has been investigated. It can be achieved by employing the lime roast - reduction
process.

5. Sulphidisation of the slag in the presence of CaSO, or CaS and carbon has been

achieved by controlling the mole ratio of CaSO4 or C and carbon, reaction
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temperature and reaction vessel atmosphere. The sulphidised slag samples were

reduced in the presence of CaO and carbon.

9.6 Future work

1. The metallic/alloy phases of Cu, Co and Fe were separated from the reduced
mineral sulphide concentrates, via magnetic separation. However, it was not
possible to obtain the pure phases of Cu, Cu, Fe and Co-Fe alloy because, the Co
and Fe metallic/alloy phases were embedded in the Cu matrix. As such, further
work is required to obtain pure phases of Cu, Co and Fe from the magnetic
fraction as the pure phases of Cu, Co and Fe have more economic value.
Hydrometallurgical treatment (leaching of the magnetic fraction and
electrowinning) might be be the easiet route for obtaining pure Cu and Co.

2. The CaO — Cu,S eutectic melt requires further investigation as it was difficult to
analyse it in detail, due to the formation of the Ca,CuFeQO3S liquid phase.

3. The separation of metallic/alloy phases produced via lime roast — reduction
process, should be investigated.

4. The experimental results in figure 8.22 have showed that the metallic phases
produced via sulphidisation and carbothermic reduction of the slag are larger
than those produced without sulphidisation of slag (figures 8.5 and 8.9) and
hence magnetic separation should be investigated for separating Cu, Co and Fe

from the reduced samples.
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9.0 Appendices

a a+Bip!  B+lL+y

A B A B A B

Figure A.2.1 — Derivation of the complex binary phase diagram from the free energy curves at
Tl, Tg, Tg, T4 and T5 [100]

A.6.1. Carbothermic reduction of samples pre-heated with CaO at 1273 K

The mineral sulphide concentrates pre-heated with CaO (after mineral sulphide-lime
exchange reactions) at 1273 K for MS:Ca0O = 1:2, were mixed with carbon equivalent to
MS:CaO:C = 1:2:2 and reduced at 1273 K. The reactions were very faster for Nchanga
and Baluba as shown in figure A.6.1 due to presence of the Ca,CuFeO3S liquid phase
that was formed during mineral sulphide-lime exchange reactions (see figures 6.2b and
6.5). The plots of % reduction versus time curves show that the reduction was slow for
Nkana and this is because of the absence of the Ca,CuFeOsS liquid phase and the
presence of the metal sulphide phase (CuFeS,).The SEM analysis for Baluba is shown
in figure A.6.2 and the EDX semi quantitative analysis for selected areas are given in
table A.6.1. It can be noted from the SEM analysis in figure A.6.2 and table A.6.1 that

the metallic phases were surrounded by the CaS rich phase, owing to the fact that the
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Ca,CuFeOsS liquid phase was the intermediate phase during reduction. The reduction

reaction for the Ca,CuFeO3S liquid phase can be represented by equation A.6.1.

Ca,CuFeO,S+2C=Cu+Fe+ CaS+CaO +2CO(0g) A7l

100 L 1 L 1 L 1 L 1

80

X
~ 60 - L
c
RS
3]
3
@ 40 - -
04
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20 4 =— Nkana |

= Baluba
0 T T T T T T T T
0 500 1000 1500 2000 2500
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Figure A.6.1. — Plot of the % reduction versus time for the carbothermic reduction at
1273 K for MS:C = 1:2 with carbon black , the mineral sulphide concentrates was

preheated in the presence of CaO at 1273 K, for MS:CaO = 1:2

Figure A.6.2 — SEM image for Baluba sample, after carbothermic reduction at 1273 K
for MS:C = 1:2 with carbon black , the mineral sulphide concentrates was preheated in
the presence of CaO at 1273 K, molar ratio of MS:CaO = 1:2. The compositions of

areas A — D are given in table A.61. Argin flow rate = 0.6 litres min™
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Table A.6.1 SEM-EDX semi-quantitative analysis (wt.%) for the sample in figure A.6.2

Area Cu Fe Co Ca S @)
A 4.2 1.6 - 41 37.8 15
B 71.6 16.9 - - - 8.9
C 76.2 23.6 - - - -
D 11.4 82.6 3.8 1.35 0.8 -

Table A.6.2 — Energy analysis and mass balance for the carbothermic reduction of
Nchanga in the presence of CaO

Feed T(2E) Kmoles Wit(kg)
CuFeS, 25 0.032 5.872
Cu.FeS, 25 0.022 11.04

Cu,S 25 0.178 28.329

Cu 25 0.005 0.318

CoS, 25 0.002 0.246

FeS, 25 0.041 4919
CuCO, 25 0.023 2.842

Cu,0 25 0.008 1.145

CaMg(CO,), 25 0.007 1.291

Si0, 25 0.574 34.488

AlLO, 25 0.005 0.51

CaO 25 0.414 23.217

C 25 0.749 9
Output
Cu 1000 0.543 34.505
Fe 1000 0.095 5.305
Co 1000 0.002 0.118
CaS 1000 0.413 29.794
CO(g) 1000 0.785 22
CaO*MgO 1000 0.007 0.675
AL O, 1000 0.005 0.51
H,(g) 1000 0.276 0.556
kMol amount Heat (kwh)
IN1 2.338 128.225 -261.33
OUTI1 2.7 127.952 -197.68
BALANCE 0.362 -0.273 63.65
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Table A.6.3 — Energy analysis and mass balance for the carbothermic reduction of Nkana

in the presence of CaO

Feed T(°C) | Kmoles Wit(kg)
CuFeS, 25 0.069 12.6
CuFeS, 25 0.002 1

Cu,S 29 0.02 32

Cu 25 0.006 0.4

CoS, 25 0.02 25

FeS, 25 0.11 13.2
CuCO, 25 0.006 0.7

CaMg(CO,), 25 0.054 10

Si0, 25 0.656 394

AlLO, 25 0.08 8.2

CaO 25 0.404 22.67

C 25 0.579 6.96

H,0 25 0.056 1

Output
Cu 1000 0.131 8.3
Fe 1000 0.208 11.64
Co 1000 0.02 1.2
CaS 1000 0.404 29.14
CO(g) 1000 0.694 19.433
CaO*MgO 1000 0.054 5.222

ALO, 1000 0.08 8.2

H,(2) 1000 0.055 0.111

Si0, 1000 0.656 39.4

kMol | amount Heat (kwh)
IN1 2.063 121.83 -325.39
OUTI1 2.303 | 122.646 -265.04
BALANCE 0.24 0.816 60.34
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Table A.6.4 - Energy analysis and mass balance for the carbothermic reduction of Baluba

in the presence of CaO

Feed T(°C) Kmoles Wit(ke)
CuFeS, 25 0.281 51.6
Cu.FeS, 25 0.007 3.5

Cu,S 25 0.018 2.8

Cu 25 0.009 0.6
CoS, 25 0.019 23
FeS, 25 0.138 16.5

CaMg(CO,), 25 0.072 13.2

SiO, 25 0.163 9.8

AlLO;, 25 0.023 23

Ca0 25 0.921 51.625

C 25 1.175 14.114

H,0 25 0.111 2

Output

Cu 1000 0.361 22.923

Fe 1000 0.426 23.77

Co 1000 0.019 1.1
CaS 1000 0.92 66.375
CO(g) 1000 1319 36.942

CaO*MgO 1000 0.072 6.9

AlLO, 1000 0.023 2.3

H,(g) 1000 0.11 0.222

SiO, 1000 0.163 9.8

kMol amount Heat (kWh)

IN1 2.935 170.339 -292.49

OUT1 3.411 170.332 -200.11
BALANCE 0.476 -0.007 92.38
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Table A.7.1 — Energy analysis and mass balance for the lime roast of Nchanga

concentrates
Feed T{°C) Kmoles Wit(ke)
CuFeS, 25 0.032 5.872
CucFeS, 25 0.022 11.04
Cu,S 25 0.178 28.329
Cu 25 0.005 0.318
CoS, 25 0.002 0.246
FeS, 25 0.041 4919
CuCO, 25 0.023 2.842
Cu,0 25 0.008 1.145
CaMg(CO.,), 25 0.007 1.291
Si0, 25 0.574 34.488
Al O, 25 0.005 0.51
CaO 25 0414 23.217
0,(2) 25 0.943 30.18
H,O 25 0.278 5
Output
CuO 600 0.503 40
Fe,O, 600 0.047 7.58
CoO 600 0.002 0.15
CaSO, 600 0.413 56.28
CaMg(CO,), 600 0.007 1.291
AL O, 600 0.005 0.51
Si0, 600 0.574 34.488
CuCO, 600 0.023 2.842
Cu,0 600 0.008 1.145
H,0(g) 25 0.278 5
kMol amount Heat (kwh)
IN1 2.532 149.396 -261.29
OUT1 1.86 149.286 -352.49
BALANCE | -0.671 -0.11 -91.2
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Table A.7.2 - Energy analysis and mass balance for the lime roast of Nkana in

the presence of CaO

Feed T(°C) Kmoles Wit(ke)
CuFeS, 25 0.069 12.6
Cu.FeS, 25 0.002 1

Cu,S 25 0.02 3.2

Cu 25 0.006 0.4

CoS, 25 0.02 2.5

FeS, 25 0.11 13.2
CuCO3 25 0.006 0.7

CaMg(CO.), 25 0.054 10

Sio, 25 0.656 39.4

AlLO, 25 0.08 8.2

CaO 25 0.404 22.67

0,(g) 25 0.835 26.73

H20 25 0.056 1

Output

CuQ 600 0.125 9.925

Fe20, 600 0.104 16.629

CoO 600 0.02 1.525

CaSQ, 600 0.404 55.06

CaMg(CO.), 600 0.054 10

AlLO. 600 0.08 8.2
H,0(g) 600 0.056 1

Sio, 600 0.656 39.4

kMol amount Heat (kwh)
IN1 2.319 141.6 -325.39
ouT1 1.5 141.739 -412.27
BALANCE -0.819 0.139 -86.88
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Table A.7.3 - Energy analysis and mass balance for the lime roast of Baluba

Feed T(°C) Kmoles Wt(kg)
CuFeS, 25 0.281 51.6
CucFeS, 25 0.007 3.5

Cu,S 25 0.018 2.8

Cu 25 0.009 0.6
CoS, 25 0.019 2.3
FeS, 25 0.138 16.5

CaMg(CO,), 25 0.072 13.2

SiO, 25 0.163 9.8

Al, O, 25 0.023 2.3

CaO 25 0.921 51.625

0,(2) 25 1.89 60.466

H,0 25 0.111 2

Output

CuO 600 0.361 28.716

Fe, O, 600 0.213 33.957

CoO 600 0.019 1.398

CaSO, 600 0.921 125.375
CaMg(CO,), 600 0.072 13.2

ALO, 600 0.023 2.3

H,0 600 0.111 2

Si0, 600 0.163 9.8

kMol amount Heat (kwh)

IN1 3.65 216.691 -292.49

OuUT1 1.882 216.746 -507.06
BALANCE -1.768 0.055 -214.57
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Table A.7.4 - Energy analysis and mass balance for the selective reduction Cu

from the Nchanga lime roast calcine

Feed T(°C) | Kmoles Wt(ke)
CuO 25 0.503 40
Fe,O, 25 0.047 7.58
CoO 25 0.002 0.15
CaSO, 25 0.413 56.28
CaMg(CO,), 25 0.007 1.291
Al,O, 25 0.005 0.51
SiO, 25 0.574 34.488
CuCO;, 25 0.023 2.842
Cu,0 25 0.008 1.145
C 25 0.569 6.836
Output
Cu 800 0.543 34.505
Fe.O, 800 0.032 7.311
CoO 800 0.002 0.15
CaSO, 800 0.413 56.28
CO(g) 800 0.586 16.418
CaMg(CO.,), 800 0.007 1.291
AL O, 800 0.005 0.51
Si0, 800 0.574 34.488
Heat (kWh)
IN1 2.152 1 151.121 -354.11
OUT1 2.162 | 150.954 -316.08
BALANCE 0.01 -0.168 38.02

Table A.7.5 - Energy analysis and mass balance for the carbothermic reduction

of the Nchanga lime roast calcine

Feed TOE) Kmoles Wit(ke)
CuO 25 0.503 40
Fe,0, 25 0.047 7.58
CoO 25 0.002 0.15
CaSO, 25 0.413 56.28
CaMg(CO,), 25 0.007 1.291
Al,0, 25 0.005 0.51
SiO, 25 0.574 34.488
CuCO, 25 0.023 2.842
Cu,0 25 0.008 1.145
C 25 2.365 28.41
Output
Cu 800 0.543 34.505
Fe 800 0.095 5.305
Co 800 0.002 0.118
CaS 800 0.413 29.794
CO(g) 800 2.402 67.272
Ca0*MgO 800 0.007 0.675
AlLO, 800 0.005 0.51
Sio, 800 0.574 34.488
kMol amount Heat (kwh)
IN1 3.948 172.696 -354.11
OUTI 4.041 172.668 -245.29
BALANCE 0.093 -0.028 108.81
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Table A.7.6 - Energy analysis and mass balance for the carbothermic reduction

of the Nkana lime roast calcine

Feed NS Kmoles Wit(kg)
CuO 25 0.125 9.925
Fe,O, 25 0.104 16.629
CoO 25 0.02 1.525
CaSO, 25 0.404 55.06
CaMg(CO,), 25 0.054 10
AlL,O, 25 0.08 8.2
SiO, 25 0.656 394
& 25 2.182 26.212
Cu 800 0.131 8.3
Fe 800 0.208 11.64
Co 800 0.02 1.2
CaS 800 0.404 29.14
CO(g) 800 2275 63.727
Ca0*MgO 800 0.054 5.222
Al O, 800 0.08 8.2
SiO, 800 0.656 394
kMol amount Heat (kwh)
IN1 3.626 166.951 -430.45
OUTI1 3.829 166.829 -310.65
BALANCE | 0.202 -0.122 119.8

Table A.7.7 - Energy analysis and mass balance for the carbothermic reduction
of the Baluba lime roast calcine

Feed T(°C) | Kmoles Wikg)
CuQO 25 0.36 28.654
Fe,O, 25 0.213 33.957
CoO 25 0.019 14
CaSO, 25 0.921 125.375
CaMg(CO,), 25 0.072 13.2
AlLO, 25 0.023 23
Si0 25 0.163 9.8
C 25 4.84 58.133
Output
Cu 800 0.361 22.923
Fe 800 0.426 23.77
Co 800 0.019 1.1
CaS 800 0.92 66.375
CO(g) 800 4986 139.668
CaMg(CO,) 800 0.037 6.887
ALO, 800 0.023 23
Si0, 800 0.163 9.8
kMol amount Heat (kwh)
IN1 6.61 272.819 -531.23
OUT1 6.934 272.823 -296.65
BALANCE 0.325 0.004 234.58
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