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Thermodynamic and kinetic analysis of low temperature (T < 1323 K) recovery

of Cu, Co and Fe from|Bi0O,-CaO-(Al, Fe),0; Slag

Yotamu R.S. Hara and Animesh Jha

The Institute for Materials Research, Houldsworth Building
Clarendon Road, Leeds University, Leeds, LS2 9JT (UK), England

Abstract

The investigation focuses on direct reduction and sulphidization of Cu-Co slag via equations; MO
+ C =M + CO(g) and MO + CaSO4 + 4C = MS + CaO + 4CO, respectively, where M represents
metallic Cu, Co and Fe, over a temperature range of 1173 K — 1323 K. The expriments were carried
out in the thermogravimetric analysis (TGA) equipment and the reacted samples were characterized
by X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques. The direct
reduction was sensitive to the reaction temperature and type of carbon and, the highest reduction
was about 90 % at 1323 K, with activated charcoal. The reaction kinetics for the direct reduction
of slag was analysed; the experimental data fitted into the mixed reaction model and the activation
energy was 160 kJ — 290 kJ. The metal oxides in slag were transformed to metal sulphides (CuFeSs,
FeS, CoxFei xS, CusFeS4 etc) when slag was sulphidized in the presence of CaSO4 and graphite.
The effect of reaction temperature and molar ratio of graphite was studied and high sulphidization
was obtained at T > 1273 K and molar ratio of MO:CaSO4:C = 1:1.3:1.5. The overall sulphidization
of slag was limited by the CO; — C reaction at T < 1273 K with activation energy of 311 + 6 kJ.
The sulphidized slag was reduced in the presence of CaO and C via MS + CaO + C=M + CaS +
CO(g) reaction and, metallization was completed within 1.5 hours at 1173 K. The metallic/alloy
particles produced via sulphidization — carbothermic reduction route were larger than those

produced via direct reduction.
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Copper and cobalt are the two main valuable components in the conventional copper smelting

slag |1-3]. These metals enter the slag phase via: (i) oxidation and (i1) entrapment of

metallic (Cu and Co) and metal sulphides (CuxS, CusFeS4 and CoS) . By comparison, a
majority of Co and Cu in slag are in the form of oxide and sulphide state, respectively .

Mineralogical studies have showed that the metal oxides (Cu.0O, CuO and CoO) are mainly

dissolved in fayalite (Fe>SiO4), magnetite (Fe3sOs) and glassy phases
smelting slag dump may contain up to 2 wt. % Cu and 0.8 wt.% Co
London Metal Exchange, the current price (November, 2014) of copper and cobalt per tonne of
metal is about $7000 and $31500, respectively. Comparing the composition of Cu and Co in slag

and in mineral concentrates, the slag becomes an important source of these metals.
1.1 Hydrometallurgical recovery of Cu and Co from slag

Leaching — electro-winning is the common method by which Cu and Co are recovered from
the oxide minerals . However, the oxides of Cu and Co in slag are dissolved in silicate and
ferrite phases and, leaching of these phases yields silica gel and increased concentration of iron
in leach solution, respectively. The formation of silica gel makes filtration extremely difficult.
Overcoming these two problems remains a challenging in the hydrometallurgical recovery of

Cu and Co from slag, which would otherwise be the easiest route.
1.2 Pyro — hydro metallurgical processing of slag

In pyro — hydro metallurgical process, Cu-Co slag is roasted with pyrite (FeS.) , sulphuric
acid (H2SOs4) , ferric sulphate (Fex(SO4)2) or ammonium sulphate ((NH4)>SO4) ﬁ to yield Cu
and Co sulphates. The roasted slag is leached in water or acid to selectively dissolve Cu and
Co sulphates. The leach solution is purified to remove impurities and, Cu and Co are recovered
from the leach solution via electro-winning process. However, the recovery of Co is low via

this method 6"7 )

1.3 Pyrometallurgical processing of slag

1.3.1 Carbothermic reduction of slag



In carbothermic reduction, the metal oxides are reduced by carbon according to equation 1 EII
However, the metal sulphides (CuzS, CusFeSs, CuFeS») in the slag cannot be reduced by
carbon. The carbothermic reduction may be good for: (i) recovering Co from slag as it is mainly

in the oxide form and, (ii) production of Cu-Co rich matte (Co-Cu-CuxS-CusFeSy).
MO+C=M+CO(g) 1
Where MO and M represents metal oxide and metallic phase, respectively.

Nearly all Fe is reduced and, a molten Fe rich Cu-Co-Fe alloy and slag are produced at high
temperature (> 1823 K) 10-14]. The Fe rich Cu-Co-Fe alloy is atomized, leached in

autoclave and, Cu and Co are recovered from the solution via electro-winning.
1.3.2 Sulphidization of slag

Sulphidization is the conversion of metal oxides (Cu20O, CoO, FeO etc.) or metallic (Co, Co
and Fe) into metal sulphides (CuzS, CoS, FeS etc.). The main advantage of this process is that
metallic, metal oxides and metal sulphides are recovered as metal sulphides or matte phase.
Sulphidization of slag in the presence of CaSO4 and C may involve the following steps: (i)
reduction calcination of CaSO4 gas (equation 2) and, (i1) reaction between SO, gas and metal
oxide (MO) (equation 3). The summation of equations 2 and 3 gives equation 4. The use of
very reactive carbon or higher molar ratio of C may decrease sulphidization due to formation

of Ca$ via reaction 5 i

CaSO, +0.5C = CaO + SO, +0.5CO,(g) 2
MO +S0,(g)+1.5C = MS +1.5CO,(g) 3
MO+ CaSO, +2C = MS + CaO +2CO, (g) 4
CaSO, +2C = CaS +2C0,(g) S

The advantages of sulphidizing slag in the presence of CaSO; are:
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1. CaSOs is readily available as it is a waste product from the thermal power plants
and from Cu-Co leach plant .

ii.  Sulphidization may be achieved with minimal or no generation of SO> gas, unlike in
the presence of pyrite (FeS,) where part of S»/SO» gases escape, owing to the rapid
decomposition of FeS; above 1016 K.

iii.  Calcium silicate rich slag may be produced which may be used for construction and
glass making.

The sulphidization of Cu-Co slag in the presence of CaSOs, has been studied by Matusewicz
and Mounsey and it was reported that CaSOs is inappropriate for facilitating matte
production . However, no details were given out as regards to reaction temperature, type of
carbon and stoichiometric ratios of CaSO4 and carbon.

The Cu-Co-Fe-Ca-Si-O-S predominance area diagram at 1273 K is shown in figure 1 from
which it can be observed that complete sulphidization is possible as metal sulphides (CuFeS»,
CusFeS4, CosSs, FeS) co-exist with CaSiO3 and SiO; at logio(P(O2)) < -10. It can further be
observed in figure 1 that metal oxides (CoFe;O4 and Cux0) co-exist with CaSO4, CaSiO; and
Si0; at logi0(P(O2)) > -6.4 which means that sulphidization may not be achieved at high partial
pressure of O gas. It is evident from the thermodynamic prediction in figure 1 that
CuzS/CusFeS4 or CuzS + Co9Ss may be formed preferentially by controlling the partial pressure

of Oz gas and this is good for the selective sulphidization of Cu and Co from slag.
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Figure 1 — Computed Fe-Co-Fe-Ca-Si-O-S predominance area diagram at 1273 K, Fe-Co-Fe-
O-S (continuous line) and Ca-Si-O-S (dotted line), using FactSage software

As shown from the thermodynamic prediction in figure 1, Cu, Co and Fe sulphides (matte)
may be produced via sulphidization of the slag at 1273 K. The sulphidized slag may be treated
through a number of processes to recover Cu and Co:
1. Carbothermic reduction of sulphidized slag in the presence of CaO (equation 6) and
magnetic separation may yield metallic (Cu, Co and Fe) and non-magnetic fraction
containing CaS and CaSiO3. CaS may be oxidised to CaSO4 (equation 7) and recycled

into the process.

MS +CaO+C =M+ CaS +CO(g) 6
CaS +20,(g) = CaSO, 7

ii.  Holding the sulphidized slag at about 1523 K in order to allow matte / slag phase

separation. The matte phase may be processed as Cu-Co sulphide concentrates.



iii.  Froth flotation of the metal sulphides .

2.0 Experimental
2.1 Materials

The Cu-Co slag was synthesized in the laboratory by melting the mixture of metal oxides (CuO,
Co0, Fe»03), Al,03, CaO and Si0O; according to table 1. The composition in table 1 is typical
of Nkana copper smelting slag except that CuO and CoO were added in higher quantities
for easy analysis and understanding of metal recovery. For synthesis, the sample was melted
in air, for 2 hours at 1523 K. The sample was taken out of the furnace when it had cooled down

to 1323 K. The cooled slag sample was crushed and ground to —200 pm particle size.

Table 1 — Composition of the synthetic slag in wt.%

Constituent Si0; CaO Fe O3 AlLO3 CoO CuO
Weight (%) 40 10 30 6 7 7

Carbon black was supplied by Evonik Company (Germany) and activated charcoal was
purchased from ACROS, both had particle size of less than 50 um. Anhydrous calcium sulphate
(CaS0s) and calcium oxide (CaO) with purities of > 99 % were purchased from Alfar Aesar

(UK).

2.2 Reduction and sulphidization experiments

Carbothermic reduction — 1.4 g of slag was mixed thoroughly with carbon (carbon black and
activated charcoal) at three times the stoichiometric ratio (MO:C = 1:3).
Sulphidization of slag — 1.2 g of slag was mixed with CaSO4 and C (graphite) by following the
stoichiometric conditions in equation 4.

The carbothermic reduction and sulphidization experiments were carried out
isothermally, in the thermogravimetric analysis (TGA) equipment, in order to study the weight

loss as a function of time. Details of the thermogravimetric analysis equipment are found in



our previous studies . The reaction chamber was purged with argon gas at a flow rate
of 0.6 litre min™!, for maintaining inert atmosphere . The weight loss of the sample was
recorded at an interval of 10 seconds, throughout the experiments. The % reduction or the %
CO gas given out at any time for the carbothermic reduction of slag was calculated from

equation 8.

exp erimental weight loss at any time

T,,CO

x100% 8

Yoreduction at any time =

Where TwCO is the theoretical weight loss of CO gas from equation 1

The % conversion or % sulphidization of slag in the presence of CaSO4 and graphite was

calculated according to equation 9.

exp erimental weight loss at any time

T,CO,

x100% 9

Yconversion at any time =

Where TwCOz is the theoretical weight loss of CO> gas from equation 4
2.3 Characterisation of the samples

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

X-ray powder diffraction analysis: A representative portion of the sample was ground, packed
into the sample holder and analysed by the Philips X pert machine with a copper Ka radiation
(A= 1.5417@. The machine was operated at 40 kV, 30 mA and step size of 26 = 0.03315 °.
The phases in the powder diffraction patterns were analysed by the X’pert high score plus
software which is supported by the JCPDS PDF-4+ data base (RDB 2013) .

Scanning electron microscopy (SEM): The sample was mounted in a mixture of 3 parts epoxy
hardener and 1 part epoxy hardener and, cured for 8 hours. After the resin had set, the samples
were released from the moulds and gently ground on different grades of silicon carbide paper.
The samples were placed inside the Agar high resolution sputter coater and coated with a 6 nm

thick layer of platinum, to minimise charging during SEM imaging. The samples were
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examined for structural and chemical changes over a large area in order to understand the

distribution of the phases.
3.0 Results and discussion

Synthetic slag was analysed by X-ray powder diffraction (XRD) and scanning electron
microscopy (SEM) techniques and the results are presented in figures 2 and 3, respectively. It
is evident from the XRD pattern in figure 2 that Coo.s2Fe2.3804 and SiO> are the only crystalline
phases. Ca and Al are in the amorphous glassy phase and the presence of amorphous phase
is evident as there is a broad peak for 20 between 20° and 34° . The SEM images in figures
3a and 3b confirms that there is an amorphous and two crystalline phases. SEM-EDX semi-
quantitative composition of the phases in figures 3a and 3b are presented in table 2 from which
it can be observed that the Coo.ssFe2.3304 crystals contains up to 7 wt. % Cu. The Coo.s2Fe2.3804
phase occurs as smaller euhedral to subheudral crystals and this texture suggests that this phase
crystallised earlier during slow cooling of the melt . The glassy phase should
contain mainly Si, Ca and Al but it has all elements Si, Ca, Cu, Fe, Al and Co in the
decreasing order since it hosts the elements that fail to enter or form crystalline phases .
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Figure 2 — XRD pattern for the slag, synthesised in air for 2 hours at 1523 K
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Figure 3 — Backscattered SEM images of the slag, synthesised in air for 2 hours at 1523 K,

the composition of areas A, B and C are presented in table 2

Table 2 - EDX semi-quantitative analysis (wt. %) of areas A, B and C from figures 3a and 3b

Area Cu Fe Co Si Ca Al O
A 3.6 52.8 13.8 - - 0.8 28.7
B 10.3 6.4 1.9 23.1 11.6 4.2 42.5
C - - - 46.4 - - 53.6

3.1 Carbothermic reduction of slag

It was important to investigate low temperature reduction because most of Co in slag dumps is
in the oxide form . Furthermore, the copper oxide in slag may also be recovered by this
method. The plots of % reduction versus time curves for the carbothermic reduction of slag
with carbon black and activated charcoal are shown in figures 4a and 4b, respectively. By
comparison, the extent of metallization was higher with activated charcoal (figure 4b) than with
carbon black (figure 4a) and this is because, activated charcoal is more reactive than carbon
black .

The plots of % reduction versus time curves in figures 4a and 4b are characterised by
three stages: (1) a slow stage, = 0 % — 7 % reduction, (ii) a very fast or accelerated stage, ~ 7 —
30 % reduction and, (ii1) slightly slower reduction. The slow stage in the first regime shows
that the reactivity of carbon black and activated charcoal are both lower . By comparison,

the first stage is slower in figure 4a (with carbon black) than in figure 4b (with activated



charcoal) because carbon black is less reactive than activated charcoal . Analysis of the
partially reacted samples revealed that metallization of Cu and to a lesser extent Co, occurred

in the second regime whereas metallization of Fe occurred mainly in the third regime.
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Figure 4 — Carbothermic reduction of slag 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 of the samples which were reduced with carbon black and activated charcoal
are shown in figures 5a and 5b, respectively. Similar phases are present at 1173 K and 1223 K
in figure 5a (with carbon black) and this is in good agreement with the TGA results in figure
4a, as the % reduction only increased by about 4 %R when reduction temperature was increased
from 1173 K to 1223 K. It can be observed from figure 5a that metallization of Cu is higher
than Co and Fe at 1173 K and this shows that carbon black is less reactive as Cu, Co and Fe
are all stable in the presence of reactive carbon above 1173 K .

As discussed above, the extent of reduction was higher with activated charcoal (figure

4b) and this is why the XRD peak intensities for Cu and Fe are high in figure 5b. There are no
peaks for Co in the XRD patterns in figure 5b because it dissolved in Fe .
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Figure 5 — 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™!
3.1.1 Reaction mechanism for the carbothermic reduction of slag

As shown from the SEM images in figure 3, the Coos2Fe233804 crystals are enclosed in the
glassy phase and hence carbothermic reduction may occur via diffusion of cations, anions and
gases (CO and CO; gas) due to lack of contact between metal oxides in slag and solid carbon.
The reduction reactions may occur via the following mechanisms:

(i) Diffusion of O* and metal (M?*") ions from the metal oxide (MO) from 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 O* and
metal (M>") ions through the slag matrix and/or gasification of carbon.

(11) Diffusion of carbon or intermediate CO gas through the slag matrix so that the
metallic phase is formed within the slag phase.

The SEM images for the samples which were reduced with carbon black and activated charcoal
are shown in figures 6a - 6d. 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 (cations) and oxygen ions (anions) from the slag

phase. As a result, the overall reactions leading to formation of metallic phase at the periphery
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of the slag particle may be represented by equations 10 — 13. The CO gas from equation 11
may diffuse into slag via cracks, to react with the O ions (equation 12), causing metallization
in the slag phase via equation 12. The diffusion of the CO and CO; gases might have occurred

through the cracks since the partially reacted samples had several cracks.

MO = M*" + O in the slag phase 10
C+0* =CO(g)+2e, at slag/carbon interface 11
M?*" +2e= M, at the slag particle periphery or cracks 12

CO(g)+0* =CO,(g)+2e, at the slag particle surface or cracks 13

The Coo.62Fe23804 crystals are present in the sample after reduction at 1173 K as a result
of incomplete reduction. Fe rich slag (=10 - 13 wt. % Fe) in the form of laths and dendrites and,
glassy phase (= 3 wt.% Fe) are the other phases at 1173 K.

A significant proportion of Fe is still dissolved in slag at 1323 K, for the reduction with
carbon black (figure 6b) as a result of low metallization. The slag in figure 6b has 7 wt.% Fe -
22 wt.% Fe. On the other hand, the fraction of metallic phase is high with activated charcoal at
1323 K (figure 6d) such that slag has less than 5 wt. % Fe. Co and Cu are absent from slag at
1323 K (figures 6b and 6d). In short, only Fe is dissolved in slag at 1323 K and this is due to

the fact that: (1) metallization of Fe requires lower partial pressure of O2 gas than Cu and Co

and (i1) the activity of Fe in silicate slag is lower than that of Cu and Co .
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Figure 6 — Backscattered SEM images after reduction of slag 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 and (d) activated charcoal at 1323 K

3.3.2 Reaction Kinetics for carbothermic reduction of slag

The rate of reduction, derived from the %R versus time plots in figures 4a and 4b, were fitted
into the interface model (equation 14) , diffusion model (equations 15) \ and mixed
reaction model (equation 16) ) 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 16 as shown in figure 7. Metallization might have been controlled by the mixed
reaction model because: (i) the cross-sectional SEM analysis of the reduced samples showed
the presence of metallic phases at the periphery of the slag particles (figures 6a - 6d) thereby
confirming that there is diffusion of the metallic (M?>*) and O* ions and, (ii) the extent of
metallisation was sensitive to reduction temperature and type of carbon, which is a

characteristic of a chemically controlled reaction .
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1-(1- X)® =Kt 14

2 2
1—§X—(1—X)3=Kt 15
1 2
1-2(1-X)* +(1-X)* =Kt 16

Where X is the fraction reacted at time t and k is the rate constant
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Figure 7 — Plots of 1 - 2(1-X)"3 - (1-X)?? versus time (hours) for the isothermal data at

various temperature, with activated charcoal; (a) second regime and (b) third regime
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Figure 8 - Arrhenius plots (InK against reciprocal of temperature) for the carbothermic
reduction of slag, the rate constant k was calculated using the G.B + interface model. The

activation energy is inserted in each line

The plots of the InK versus 1/T lines are shown in figure 8 and the calculated value of activation
energy are inserted on each fitted line. The activation energy was calculated in the second and
third regimes of the % reduction versus time curves (see figures 4a and 4b). The activation
energies in the second regime are 161 + 12 k] mol™! and 148 + 14 kJ mol! with carbon black
and activated charcoal, respectively, and they are comparable with the activation energy of 167
kJ for the reduction of Cu from slag . As stated above, metallization of Cu occurred
mainly in the second regime. The derived value of activation energies in the third regime are
288 + 64 kJ mol™! and 271 + 34 kJ with carbon black and activated charcoal, respectively, and
they are comparable with activation energy of: (i) 250 kJ — 350 kJ for the CO2(g) — C reaction
32-34] and (i1) 300 £ 37 kJ for the diffusion of oxygen in the Ca;Al>Si07 phase in a
temperature range of 1273 K- 1573 K . It can be observed in figure 8 that the natural

logarithmic values of the rate constant (InK) are higher for the reduction of slag with activated
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charcoal than with carbon black implying that the rate of reductions are higher with the former

than with the later.
3.2 Sulphidization of slag in the presence of CaSO4 and graphite

The sulphidization of slag in the presence of CaSO4 was carried out with less reactive carbon
(graphite) in order to minimise the formation of CaS via equation 5. The sulphidization of
slag in the presence of CaSO4 and graphite was influenced by the reaction temperature and,

molar ratio of CaSQO4:C.
3.2.1 Effect of molar ratio of graphite

For studying the effect of increasing molar ratio of graphite, the molar ratio of MO:CaSO4 =
1:1.3 and reaction temperature (1323 K) were kept constant and, the XRD results are given in
figure 9. The XRD peak intensities for Fe3O4 and calcium silicates (Ca2SiO4 and CazSiOs) are
very high at molar ratio of MO:CaSO4:C = 1:1.3:0.5 and this shows that: (i) all CaO resulting
from the reduction calcination of CaSOs, reacted with SiO; and, (ii) part of SO2 gas from the
reduction calcination of CaSO4 escaped out due to insufficient carbon, considering the fact that
metal oxides (Cu20, CuO, CoO, FeO and Fe304) cannot be sulphidized with SO» gas in the

absence of carbon (equation 17).
MO+8S0,(g) =MS+1.50,(g) 17

By increasing the molar ratio of graphite to MO:CaSO4:C = 1:1.3:1.5, sulphidization increased
and hence the XRD peak intensities for the metal sulphides (CuFeSz, CuzS, CusFeS4) and metal
oxide (Fe3O4) are high and low, respectively. The higher sulphidization shows that most of the
SO; gas from the reduction calcination of CaSOs, reacted with the metal oxides to form metal
sulphides (see equation 3) at molar ratio of MO:CaSO4:C = 1:1.3:1.5.

Part of Co and Fe were partially reduced to metallic / alloy state (equation 18) when the
molar ratio of graphite was increased to MO:CaSO4:C = 1:1.3:2.6. By comparison,
metallization of Co and Fe was higher and most of CaSO4 was calcined to CaS (see equation

5) at molar ratio of MO:CaSO4:C = 1:1.3:4. The reduction of CaSO4 to CaS and, high
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metallization of Co and Fe resulted in low sulphidization at molar ratio of MO:CaSO4:C =

1:1.3:4.
MO+0.5C(s) = M(s)+0.5CO, (g 18

Turkdogan has recommended that maximum sulphidization may occur at the molar ratio of
CaS0O4:C = 1:0.5 but this is not the case based on the results in figure 9 as maximum
sulphidization was achieved at the molar ratio of MO:CaSO4:C = 1:1.3:1.5. It is worth noting
that the molar ratio of CaSO4:C = 1:0.5 is only important for the calcination of SO, gas from
CaSOq4 (equation 2) but extra carbon is needed in the reaction between SO, gas and metal oxides

(equation 3).

Cas MO:Cas0,C
1740 MO:CaSO,C | =.B8400 | 2 - 1134
=y - 11315 || @
2,160 & se00 | ® Fe
5 = < o
-

2 |mo:caso,C 5100 BEAS - H0:Ca50,C
o (MO:Cas0t | = Cas £ | =11328
=1:1.3:05 a

intensity
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Figure 9 - XRD patterns after sulphidization of slag in the presence of CaSO4 and graphite at
1323 K and different molar ratio of MO:CaSO4:C, M=Fe304, CS=CaSiO3, C2S=Ca»Si0O4 and
C2AS=CaAl,S107

3.2.2 Effect of reaction temperature for sulphidization with graphite

The effect of reaction temperature was studied at the molar ratio of MO:CaSO4:C = 1:1.3:1.5
and the plots of % conversion versus time curves are shown in figure 10. It can be observed
from figure 10 that sulphidization is very sensitive to reaction temperature. For example, the

reaction was incomplete after 2 hours at 1173 K but completed within 15 minutes at 1323 K.
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The results in figure 10 shows that the extent of conversion is slightly lower at 1323 K than at
1273 K but this may be due to production of CO + CO» gases at 1323 K rather than CO; gas at

T <1273 K, owing to the increased reactivity of graphite with temperature.
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Figure 10 — Plot of conversion versus time curves for the sulphidization of slag in the

presence of CaSO4 and graphite, molar ratio of MO:CaSO4:C = 1:1.3:1.5

The XRD patterns of the samples after sulphidizing at various temperatures are shown in figure
11 from which the following observations were made: (i) reduction calcination of CaSO4 was
incomplete, after 2 hours at 1173 K and, (i1) part of CaSO4 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 as there is an equilibrium between CaS + Fe3O4 and CaSO4 +
CaxFe>Os phase fields.

The sulphidization of slag in the presence of CaSO4 and carbon can occur, when: (1)
sulphur is calcined from CaSO4 and, (ii) metal oxide is reduced to metallic state. Nonetheless,
metal oxide cannot be reduced to metallic state when the reactivity of carbon is low and hence
sulphidization does not take place. The Gibbs energy change for the reduction of CaSO4 to CaS
and that of Fe3O4 to Fe are compared in equations 19 and 20, respectively, and it can be
observed that equation 19 is more thermodynamically feasible than equation 20. Therefore,
equation 20 may occur preferentially, when the reactivity of carbon (graphite) is lower. Based
on the thermodynamic prediction in equations 19 and 20 and, the presence of CaS and Fe3;O4
in the XRD patterns at 1173 K and 1223 K (figure 11), it can be concluded that the

sulphidization of Fe in the presence of CaSO4 and graphite was limited by the reduction of
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Fe304. Fe304 co-exists with CaFexOs and the formation of the later phase may be represented

by equation 21.
CaSO, +2C=CaS+2CO,(g), AG,,;;x =-244 kJ 19
Fe,O, +2C=3Fe+2C0O,(g), AG,;x =-51KkJ 20

Fe,0, +3CaSO, +%c =%Ca2Fe205 +3S0, +§coz,

21
AG 5 =-94.5 kI

The Gibbs energy change for the carbothermic reduction of FeO, CoO and Cu,0O are compared
in equations 22, 23 and 24, respectively, and it can be observed that equation 24 is more
thermodynamically feasible and hence preferential metallization of Cu occurred which then led
to its sulphidization at 1173 K and 1223 K. The above analysis shows that there is broad
agreement between the thermodynamic prediction in equations 22 — 24 and the experimental

results at 1173 K and 1223 K (figure 11).

2FeO+C=2Fe+CO,(2), AG, ., =-21kJ 22
2C00+C=2Co+CO,(g), AG, ;. =-93 kI 23
2Cu,0+C=4Cu+CO,(g), AG, 5 =-230 kJ 24

The reactivity of graphite increases with increase in temperature such that Fe3Ox is reduced to

Fe and hence sulphidization of Fe occured above 1223 K.
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Figure 11 - XRD patterns of the samples, sulphidized in the presence of CaSO4 and graphite,
molar ratio of MO:CaSO4:C = 1:1.3:1.5

3.2.4 Estimation of activation energy for sulphidization of slag

The experimental data for the sulphidization of slag in the presence of graphite fit well with
the mixed reaction model (equation 16) as shown in figure 12a. The natural logarithmic of the
rate constant (gradient for each isothermal in figure 12a) were plotted against the reciprocal of
absolute temperature (1/T) for deriving the activation energy and the results are shown in figure
12b. It can be observed from figure 12b that the plot of the InK versus 1/T line changes at 1273
K and the change in the slope of the line agrees with the XRD results (figure 11) as similar
phases were obtained at 1173 K/1223 K and at 1273 K/1323 K. The activation energy is 311 +

6 kJ in the lower temperature regime (1173 K - 1273 K) is comparable to: (1) activation energy

of 305 kJ — 340 kJ for the CO; gas — C (graphite) reaction [37-39] in the temperature range of
1123 K — 1373 K and, (ii) enthalpy change of 303 kJ for reaction 25 |27]. Note that the

carbothermic reduction of Fe3Oy4 is directly related to the CO> — C reaction [40] and hence it
can be concluded that the sulphidization reaction was controlled by the reduction of Fe3O4 in

the lower temperature regime (T < 1273 K).
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Fe,O, +2C=3Fe+2CO, (g

25

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

CaSOq4 and this is because, the reduction calcination of CaSO4 to CaO and SO, occurs via

equations 26 - 28 . The SO; gas from equation 28 may react with the metal oxides according
to equation 29. The enthalpy change for reaction 28 is 234 kJ mole! SO, gas . By

comparing the enthalpy change of 234 kJ and the activation energy of 239 + 18 kJ for reaction

28 with the activation energy of 215 kJ in the upper temperature regime (figure 12a), it can be

concluded that sulphidization of slag in the presence of CaSO4 and graphite, was limited by

equation 28.

2-2/3X-(1-X)"3-(1-X)**

CaSO, + C = CaS +2C0, (g)

CO,(g)+C =2C0(g)

CaS +3CaS0O, =4Ca0 +450,(g)

MO +3CO(g) + SO, = MS +3CO, (g)

0.6 ; :
& | R?=0.9942
3 ' R?=0.9823
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i
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Figure 12 — plots of (a) 2-2/3x-(1-X)"*-(1-X)** against time t and (b) InK against reciprocal

of absolute temperature, molar ratio of MO:CaS0O4:C = 1:1.3:1.3

3.3 Carbothermic reduction of matte in the presence of CaO
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As stated above, copper, cobalt and iron sulphides may be carbothermically reduced to
metallic/alloy state in the presence of CaO and hence the sulphidized slag was reacted with
CaO and activated charcoal in the temperature range of 1173 K - 1323 K. The plots of %
reduction against time curves are shown in figure 13a from which it is apparent that the
reduction of sulphidized slag (matte) was much faster than the direct reduction of slag with
carbon (MO + C) (see figures 4a and 4b). The reduction of the sulphidized slag was faster due
to the presence of liquid phase . The XRD patterns for the reduced sulphidized slag are
shown in figure 13b from which the absence of metals sulphides (CuFeS,, CusFeS4, FeS and
CuzS) is apparent. Cu, Fe and CoFe were produced as a result of metallization of the

sulphidized slag.
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Figure 13 — Carbothermic reduction of sulphidized slag in the presence of CaO with activated

charcoal, molar ratio of MS:CaO: C = 1:2:2; (a) TGA results and (b) XRD pattern at 1173K

The backscattered SEM images of the sample that was sulphidized at 1323 K and reduced in
the presence of CaO and activated charcoal at 1323 K are presented in figure 14. By comparison,
the metallic phases produced via carbothermic reduction of the sulphidized slag are larger than
those produced via direct reduction of the slag (see figures 6a and 6d) and this is due to the

presence of liquid phases .
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Figure 14 — Backscattered SEM images of the sample, sulphidized at 1323 K and reduced in
the presence of CaO and activated charcoal at 1323 K, molar ratio of MS:CaO:C = 1:2:2. The
bright particles are the metallic phases

Energy analysis

The theoretical energy requirement for the metallization of Cu, Co and Fe from slag via
sulphidization — carbothermic reduction was calculated using HSC 5.1 software , based on
the following assumptions:
Sulphidization — (1) CuzS, CoS and FeS are the only metal sulphides in the sulphidised slag, (ii)
alumina is in the form of CaAl>Si2Os, (iii) the reactants and products enter and leave the
reaction chamber at 298 K and 1323 K, respectively and, (iv) the only product gas is CO; gas.
Carbothermic reduction — (1) CO gas is the only gas generated in the reduction of mineral
sulphides and (i1) the reactants and products enter and leave the reaction chamber at 1323 K.
The theoretical energy requirement for the sulphidization of slag and carbothermic
reduction of the sulphidized slag was calculated as 0.8 kWh and 0.15 kWh, respectively, per
kg of slag, giving the total theoretical energy requirement of 0.95 kWh per kg of slag. By
comparison, the theoretical energy requirement for smelting slag at 1823 K is 1.1 kWh per kg

of slag.

4.0 Conclusions

1. The direct reduction of Cu-Co slag requires higher temperature (T > 1323K) and a very
reactive carbon such as activated charcoal as shown from the % reduction versus time

curves in figures 4a and 4b.
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The activation energies were 288 + 64 kJ and 271 + 34 kJ for the carbothermic reduction
of slag with carbon black and activated charcoal, respectively, (see figure 8) in the third
regime suggesting that the rate determining step is the CO2 — C reaction, which has the
activation energy in the range of 250 kJ — 360 kJ .

The metal oxides (Cu20, CuO, Fe304, Coo.s2Fe23804) were converted into metal sulphides
(CuFeS,, CuxS, CusFeS,) via sulphidization of the slag in the presence of CaSO4 as shown
in the XRD patterns in figure 11.

It is important to control the molar ratio of CaSO4:C. Sulphidization was incomplete at
molar ratio of CaSO4:C = 1:0.5 and metallization of Co and Fe occurred at molar ratios of
CaS04:C = 1:2 or 1:4 (see figure 9).

Sulphidization of slag in the presence of CaSO4 and graphite was limited by the CO; —
C(graphite) reaction at T < 1273 K, with an activation energy of 311 = 6 kJ (see figure
12b).

Complete metallization was achieved when the sulphidized slag was reduced in the
presence of CaO and activated charcoal (see figures 13a and 13b). The metallic / alloy
particles produced via carbothermic reduction of the sulphidized slag were larger (see
figure 14) than those produced via direct reduction of the slag with carbon (see figures 6a

— 6d).
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