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ABSTRACT

Today, one of the major difficulties confronted during copper metallurgy is the elimination of
antimony and arsenic impurities from the process. This is because the pure copper ore
reserves are becoming exhausted and the resources of unexploited ores often contain
relatively high amounts of antimony and arsenic. During smelting of copper concentrates,
arsenic is easily removed into the offgas while antimony is not readily removed due to its
lower partial pressure and high affinity for liquid copper. Therefore, removal of these
impurities at an early stage of processing will be beneficial for the copper making process.

The present research is aimed at (i) purifying impure complex copper sulphide concentrates
by selectively dissolving the impurities, and consequently, upgrading the concentrates for
pyrometallurgical processing, and (ii) depositing antimony as a marketable product from
synthetic alkaline sulphide pregnant leach liquors by electrowinning.

The mineralogical investigations conducted on the concentrates revealed that tetrahedrite,
chalcopyrite, galena, sphalerite and pyrite were the common mineralogical phases present in
the concentrates. Silver and arsenic were found as solid solution in the tetrahedrite crystal
structure.

Alkaline sulphide solution was used to dissolve antimony from the concentrates. Antimony
recovery from tetrahedrite dissolution was increased by approximately 280% when the
reaction temperature was increased from 84°C to 105°C. By raising the concentration of Na,S
from 60 g/L to 100 g/L, the extraction of Sb was raised by a factor of 3 while increase in
NaOH concentration from 30 g/L to 60 g/L enhanced the recovery by 140%. It was found that
the leaching yield decreased by about 37% when the mineral particle size of the concentrate
was increased from -53+38 pm to -106+75 um. Under the selected leaching conditions, the
estimated activation energy of tetrahedrite dissolution in the leaching reagent was 81 kJ/mol,
which is indicative of a chemically controlled leach process. Characterisation of the leach
residue by XRD and QEMSCAN proves that the alkaline sulphide lixiviant is selective and
effective to dissolve antimony and arsenic from the complex concentrate. The average crystal
chemical formulae of the solid residue determined by QEMSCAN indicate the conversion of
tetrahedrite into a new copper sulphide having stoichiometry of Cu; ¢4S. Tetrahedrite in the
concentrate was reduced from 30.2% to 1.1% in the purified leach residue.

Moreover, the results of electrowinning tests showed that the initial Na,S concentration had a
significant influence on Sb deposition from this specific system. Current efficiency decreased
remarkably when Na,S concentration was increased to 150 g/L. The test results indicated that
the desired Na,S concentration should be less than 100 g/L. Faraday efficiency increased with
increase in current density provided that the residual Sb concentration in the electrolyte
remained above 20 g/L. Increase in NaOH concentration from 100 to 400 g/L raised the
current efficiency by a factor of almost 1.5 while the specific energy requirement was reduced
from 2.3 to 1.9 kWh/kg. Experimental results demonstrated that the specific energy decreased
by almost 38% as the electrolyte temperature increased from 45 to 90°C and the optimum
temperature should be between 50 and 75°C to reduce the heating cost. It was noted that
polysulphide and thiosulphate had an adverse effect on Sb deposition. Current efficiency of
the process decreased sharply from 83% to 32% when the polysulphide concentration was
increased from 0 to 30 g/L; and at this polysulphide concentration, the specific energy was
raised from 1.7 to 4.9 kWh/kg. Sparging of the electrolyte facilitates a smooth and adherent
antimony deposit with an improved purity. The results from these experiments demonstrated



that the anodic reactions were influenced by anodic current density and NaOH concentration.
The molar concentration ratio between hydroxide and free sulphide ions must be > 7.3 to
produce appreciable amounts of sulphate in the electrolytic process. The amount of sulphate
formed increased from 0.5 to 16.9 g/ when the anodic current density was increased from
500 to 2500 A/m’. By raising NaOH concentration from 100 to 400 g/L, the production of
sulphate at the anode was enhanced by 6.2 g/L increment. However, the concentration of
thiosulphate formed during the electrolysis decreased with increasing anode current density
and NaOH concentration. The main factors influencing the purity of the antimony deposits
were current density and NaOH concentration. Antimony purity was lowered from 99.9% to
99.2% when the current density was increased from 50 to 250 A/m’. Sparging of the
electrolyte during the electrodeposition enhanced antimony purity by 0.4%.

Finally, a simplified integrated hydro-/electro-metallurgical process flowsheet for antimony
removal and recovery from Rockliden sulphide copper concentrate was developed. The
experimental results from this investigation confirmed that different concentrations of Na,S
and NaOH were needed at leaching and electrowinning stages to achieve an efficient process.
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1. INTRODUCTION

Copper is a malleable and ductile metallic material that has significantly made, and continues
to make, a profound effect on civilization development and also contributes immensely to the
national economies of mature, newly developed and developing countries [1]. Its unique
properties have qualified it to be an important engineering material and it will continue to be
relevant to the emerging technological advancement in the future. Economic, technological
and societal factors have influenced the demand and supply of copper in recent time. The
increasing demand for copper worldwide has increased its production and therefore, new
mines and plants are introduced and the existing ones are expanded.

Copper occurs naturally in the Earth’s crust in a variety of forms. Its major sulphide mineral
ores include chalcopyrite CuFeS,, bornite CusFeS4, chalcocite Cu,S and covelite CuS. Copper
can be found in carbonate deposits as azurite Cu3(CO;3)2(OH), and malachite Cu,(CO3)(OH),;
and in silicate deposits as chrysocolla (Cu,Al);H,Si,05(OH)4'nH,O and dioptase
CuSiO,(OH),); and as pure native copper. Copper is extracted from its ore by either smelting
with refining [2, 3] or leaching with electrowinning [4]. Copper extraction through
pyrometallurgical processing of concentrates relies heavily on copper sulphides and to a lesser
degree on copper oxides, which are processed hydrometallurgically. Nowadays, many of the
new copper sulphide mineral deposits found are complex in nature and often found in
association with antimony and arsenic minerals [5-7] which render the concentrate unsuitable
as a feedstock for smelting due to their antimony, arsenic and mercury contents which can
create serious environmental problems [8-10] and even affect the quality of the copper
product [11]. The common impurity minerals found in association with copper ores include
tetrahedrite (Cu;2SbsSi3), jamesonite (PbsFeSbeSi4), bournonite (PbCuSbSs), tennantite
(Cuj2As4S;3) and enargite (CuzAsS,). These minerals are economically attractive; however,
the content of antimony and arsenic reduces their economic values effectively [12].
Tetrahedrite belongs to a family of minerals usually called “fahlore” which is often described
as the “sulphosalts”. This family indicates a certain type of un-oxidized sulphur mineral that is
structurally distinct from a sulphide. Tetrahedrite is a complex sulphide of copper and
antimony which can be an interesting and important resource of copper (40-46%), antimony
(27-29%) [13] and or other non-ferrous metals as is evident from its general chemical formula
(Cu,Ag)10(Cu,Zn,Hg,Cd,Fe),(Sb,As,Bi)4S13 [14, 15]. Naturally, it is very difficult to find pure

tetrahedrite because its original constituents are always partially substituted by other



elements. Thus, arsenic can substitute for antimony leading to tennantite, while copper can be
substituted by silver, zinc, iron, mercury, cadmium, lead etc., and some sulphur may be
replaced by Se and Te [10, 15, 16]. Apart from the toxic elements (As, Hg) contained in
tetrahedrite mineral, the substantial amount of copper, silver and gold usually present in the
mineral makes its mining economically attractive. Many of such complex sulphide mineral
deposits are largely found in Sweden [5, 7]. However, as a result of their association with the
impurity elements that make it difficult to produce a clean and high grade concentrate, the
deposits have been found quite a long time ago but have so far not been possible to mine
economically. Due to the global increase in demand for base metals, the mining companies
are now giving more attention to these low grade and complex ore deposits to economically
process them.

Table 1: Distribution of impurity elements during smelting [4, 17]

Smelting Matte phase Slag phase Offgas
process As (%)  Sb (%) As (%) Sb (%) As(%) Sb (%)
Outokumpu flash 15-40 60-70 5-25 5-25 35-80 5-25
Noranda 8 15 12 31 80 54
Teniente 6 19 7 30 87 51
Isasmelt 9 40 91% As reported into slag and offgas

60% Sb reported into slag and offgas

The distribution of antimony and arsenic during the smelting of Sb/As-bearing copper
concentrate is given in Table 1. According to the table, arsenic is eliminated relatively easy
into the offgas while antimony is not readily removed during the smelting process due to its
lower partial pressure [4, 17]. In addition, the vaporisation of antimony during copper
metallurgy is low due to the high affinity of antimony to the liquid copper phase. To remove
these harmful impurities from the copper circuit, the offgas solids should not be recycled to
smelting or converting system. Besides, antimony and arsenic have been considered as
undesirable elements that can cause serious toxicological and environmental problems [10,
18] which have forced the mining and metallurgical industry to be conscious of the type of
concentrate to be processed due to stringent environmental laws. It is reported that the
presence of these noxious elements significantly affects both the quality and the physical
properties of the copper product [11, 18, 19]. However, as the global demand for copper
continues to grow resulting in a decline in high-grade copper deposits, the focus is now
directed on the processing of copper ores with high tetrahedrite, tennantite and enargite
contents. Actually, many high-antimony/arsenic ore bodies remain undeveloped due to their

high levels of these elements. A high content of these impurities in copper resources would



significantly reduce their economic values. It is therefore desirable to reduce the impurity
content of the concentrates to a level lower than 0.2% of both antimony and arsenic prior to
the shipment of the concentrates to the smelter without being charged for these elements [4,
17]. Furthermore, it is essential that the antimony and arsenic should be removed by a
technique which minimises pollution control problems and produces arsenic as a stable waste
product suitable for landfill while antimony is recovered as a marketable product; and

consequently upgrades the concentrates for pyrometallurgical treatment.

1.1 Economic importance of antimony

Antimony is relatively rare metal which is significant for the global economy. It is a silvery-
white shining, soft and brittle metal. Antimony is a semiconductor with lower thermal
conductivity than most metal’s conductivities. It is not readily fabricated due to its poor
mechanical properties and has no significant use in its unalloyed state. When alloyed with
lead and other metals, it increases their hardness, mechanical strength, corrosion resistance,
and electrochemical stability or decreases their friction coefficient. Some antimony alloys
expand slightly upon cooling, a valuable property for use in type-metal (Sb-Sn-Pb alloy) and
other castings. Besides, antimony and its compounds have a wide range of non-metallurgical

industrial applications as shown in Fig. 1.
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Fig. 1: Applications of antimony [20, 21]

The principal use of antimony is in flame retardant formulations for textiles, rubber and
plastics, and in catalysts for the manufacturing of polyethylene terephthalate (PET). The use

of antimony in flame retardants will continue in future since there is no effective substitute
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available [21, 22]. It is believed that antimony will be used as compound semiconductors (e.g.
GaSb, InSb) in the future. Antimony-Tin-Oxide will replace Indium-Tin-Oxide used in LCD-
displays, organic light-emitting diodes (OLEDs) or photovoltaic cells in the future due to its
low cost [21]. A significant new use for antimony is the development of a new generation
memory devices which will replace flash drive memory devices presently used in computers,
mobile phones and USB memory devices. These new memory devices use an alloy of
germanium, antimony and tellurium (Ge,Sb,Tes) known as “GST”. These devices are up to
30 times faster than normal flash memory [23].

According to a recent European Union (EU) report on defining the critical raw materials for
the EU, antimony is considered to be of high relative economic importance and high relative
supply risk [24]. The high level of supply risk is mainly due to the fact that China, which has
the largest antimony ore reserves worldwide, has changed the antimony policy which has led
to mine closures, resource conservation, high mine safety, stringent environmental protection,

fewer mining licenses, export quotas etc. [24-27].
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Fig. 2: Price trend for antimony metal (99.65%) (US$/ton) [21]

Antimony’s economic importance is enhanced by its lack of effective substitute for its major
application and low recycling rates due to the dissipative nature of its major usage [24, 25].
The implication of this is that the price of antimony will continue to rise due to the risk of
supply shortage to the global economy (Fig. 2). Prices of antimony were at a very low level in
2001, but have increased gradually in the subsequent years due to the China’s reforms [21, 27,
28].
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Fig. 3: Antimony supply and demand forecasts (kt) [21]

In June 2012, antimony’s price had surged to over $13,100 per tonne [27] due to the usage by
China as a result of its continuing domestic development. Despite dominating world
production, China imported 60,150 tons of antimony placers and concentrates, 3,214 tons of
antimony oxide; and 492 tons of antimony metal and products in 2011 [26, 27]. It has been
forecasted that non-metallurgical markets for antimony will increase by 4.6% per annum
through to 2016, with higher growth for flame retardants and plastic catalysts tempered by
lower growth for heat stabilisers and other applications. However, the metallurgical markets
are forecast to increase by 1.9% per annum [23, 26]. Future supply growth is forecast to keep
pace even with strong growth in demand (Fig. 3). Significant surplus is expected towards the
end of 2020 in consequence of increased exploration interest outside of China driven by the
motivation of much increased prices following China’s efforts to control its own production.

However, the recovery of antimony from copper resources would be advantageous if
antimony can be removed at an early stage of processing as a saleable product instead of
ending-up as a metallurgical waste in copper metallurgy. This will add more values to the

process economy.



1.2 Aim and scope of the thesis

Globally, pyrometallurgical processing of copper concentrates still accounts for about 80% of
copper production [4]. This treatment method can process relatively pure sulphide copper-
concentrates efficiently and economically. Nowadays, many of the copper ores mined are
complex in nature and even contain a number of impurity elements that attract smelter
penalties. Therefore, the present research is aimed at upgrading copper sulphide resources by
selectively dissolving antimony and arsenic content through alkaline sulphide
hydrometallurgical technology; and subsequently recovers antimony as a metallic product via
electrolysis of the pregnant alkaline sulphide leach liquor. Consequently, the complex copper
concentrate can be suitable as a feedstock for pyrometallurgical processing and the dissolved
antimony is recovered from the leaching solution as a marketable product.
The scope of this thesis includes
e [Examination of the mineralogical compositions of various copper resources used for
the study
e Investigation of tetrahedrite dissolution kinetics and the factors influencing its
dissolution in alkaline sulphide media
e Microscopic examination of leach residues to establish the effectiveness of the
alkaline sulphide lixiviant to selective solubilisation of the impurity elements
e Electrolytic recovery of antimony from pregnant alkaline sulphide leach liquor in a
nondiaphragm cell where oxygen generation is maximised at the anode and hydrogen
evolution is limited at the cathode
o Investigation of the parameters that affect the electrolytic process
e Monitoring the change in the chemistry of the electrolytes by analytical determination
of the sulphur species and other components of the solutions

e Characterisation of electrodeposited antimony



2. THEORETICAL BACKGROUND
2.1 Alkaline sulphide chemistry

During sulphide leaching, sodium sulphide dissociates according to reaction 2.1. The
protonation of sulphide ions occurs according to the equilibrium reactions 2.2 and 2.3 [29-31]

which takes place simultaneously during the leaching process.

Na,S & 2Na’ + 8% 2.1)
S* + H,0 < HS + OH log K, =-1.10 (2.2)
HS +H" < H,S log K, =7.04 (2.3)

Fig. 4 illustrates a plot of the molar concentrations of S, HS™ and H,S in the leach liquor as a
function of the solution pH at a total sulphide concentration of 1.0 M. It can be inferred from
Fig. 4 that sulphide ion concentration increases rapidly when the pH is increased beyond 10.
This implies that pH is an important factor to consider during sulphide leaching of antimony
and arsenic minerals. A strong alkaline environment is needed to prevent the hydrolysis of
sulphide ions and therefore shifting the equilibrium of Eq. 2.2 to the left. Thus, the leaching
efficiency of the sulphide solution will be improved. It is evident from the Fig. 4 that at a pH
> 12, the protonation of sulphide ions is less and therefore sulphide ions will be available to

form soluble complexes according to reactions 2.4-2.8 [31, 32].

1.0

0.8

0.6

0.4

Species activity (mol frac)

0.z

0.0 T T T T
11 12 13 14 15

Fig. 4: pH dependence of sulphide speciation

ASZS3(S) + S2_(aq) — 2ASSz_(aq) log K250C =2.00 (24)
szS3(s) + Sz-(aq) — 2Sb82_(aq) log K25°C =0.90 (25)
SbyS36)+ 3% (ag) — 2SbS3” g log Kasec=12.61 (2.6)



SnSa+ S ag — SNS3% (ag) log Kasec = 5.04 (2.7)
HgSe)+ S™ (g — HES2" g log Kasec = 0.58 (2.8)

The solubilities of accompanying compounds of other metal sulphides are shown in Table 2.
By comparing the solubility products of the metal sulphides shown in Eqs 2.4 — 2.8 with those
presented in Table 2, it is evident that all the metal sulphides listed in the table have extremely
low solubility products to the sulphides of antimony, arsenic, tin and mercury. Therefore, it
can be deduced that other metal sulphides are virtually insoluble in sulphide solution. During
sulphide leaching of a complex nonferrous metal concentrate, the sulphides of other metals
apart from Sb, As, Sn and Hg are collected as leach residue. Due to the solubility difference
of the metal sulphides, alkaline sulphide solution remains the best lixiviant to selectively
dissolve antimony and arsenic from copper concentrates.

Table 2: Solubilities of associated metal sulphides in sodium sulphide solution [32]

Metal sulphides Metal ions, (10'5 g/L) Log Kjsoc
PbS-Na,S-H,0 3.31 -3.39
ZnS-Na,S-H,O 32.8 -3.37
CdS-Na,S-H,O 0.89 -3.96
FeS-Na,S-H,0 16.3 -2.56
Cu,S-NayS-H,O 8.80 -3.66
MoS;-Na,S-H,O 3.60 -1.89
Bi,S3-Na,S-H,0 1.90 -2.85

Antimony and arsenic behave similarly in alkaline sulphide solution but the solubility of
arsenic in the reagent is twice higher than that of antimony (Eqgs. 2.4 — 2.5). It is pertinent to
mention that arsenic in form of arsenopyrite is insoluble in sulphide lixiviant [10, 32] but
other arsenic minerals like tennantite (CujpAssS;3) and enargite (CusAsS4) are soluble in
sulphide solution. At a high temperature in alkaline sulphide solution, tetrahedrite
(Cu2SbsS3) decomposes according to equations 2.9 and 2.10 to produce various thioanions —
thioantimonite (SbSs™), thioantimonate (SbS4>), etc., depending on the feed composition and
the reaction conditions [10, 29].

Cu;2SbsSi3(s) + 2NasS (aq) — 5Cu,S(s) + 2CuS(s) + 4NaSbS, (aq) 2.9

NaSbS; (aq) + Na,S (aq) — Na3SbS; (aq) (2.10)



2.1.1 E,-pH diagrams for antimony thioanions system

The stable Ej-pH diagram for the Sb-S-H,O system is presented in Fig. 5. Generally, the
oxidized valence states of antimony are Sb’" and Sb’*, which form soluble sulphide
complexes and binary sulphur compounds [33]. From Fig. 5, in alkaline negative potential
region, the solution contains mononuclear complex ions (SbS;, SbS;* and SbSs),
polynuclear complex ions (SbZS42', Sngs4' and Sb2866') as well as complex ions of partly oxo-

ligand (SbSO™ and SbSO5") and entirely oxo-ligand ( SbO», SbOs>, SbO;” and SbO,>) [32].

Ep (V)

Fig. 5: Ey-pH diagram for the Sb-S-H,0 system at 25°C with (Sb)t = 1 mol/kg and (S)r =3
mol/kg [32, 34]

Along the solid Sb/liquid equilibrium line and with increasing pH, potential will shift to the
negative and the predominance of antimony complex ions of a lower coordination number
(SbSy") will progressively transit to that of higher coordination number (SbSs>, Sb,S¢"); and
simultaneously, some of the sulphur atoms in the antimony complexes will be replaced by
oxygen so that at pH > 13.8, for instance, SbOs> will dominate the solution. The formation of
SbOs™ will occur during the leaching process when there is insufficient amount of sulphide
ions in the solution. Consequently, the NaOH component of the lixiviant will dissolve

antimony according to Eq. 2.11.



Sb,S; + 6NaOH — Na3SbS; + NazSbOs + 3H,0 (2.11)

At a molar concentration ratio (Sb)r / (S)r = 1/3, the stability area for solid Sb,S; is a narrow
strip (Fig. 5). Motang and Tiancong [32, 34] reported that when the ratio was decreased
further to 0.25 or less, the predominant area for Sb,S; in the figure disappeared and the
solution region was enlarged. This implies that leaching of antimony from its mineral (e.g.
stibnite) would be best facilitated when the ratio (Sb)r/(S)r < 0.25. Conversely, by increasing
the ratio, the potential for antimony electrodeposition would be raised, which is desirable for
antimony electrowinning from sulphide electrolytes. The practical implication of these is that
excess sulphide ions are needed to achieve efficient antimony dissolution from its mineral and

on the contrary excess of free sulphide ions is detrimental to the electrowinning process.

2.1.2 Leaching kinetics

The important parameters of the leaching process are the overall rate and the variation in rate
with leaching time. Since, these will determine the size of the reactors needed for a design
criterion of plant capacity, and the degree of extraction that would be experienced in the plant
when it is operated at a selected capacity, above or below, the design capacity. Leaching rates
are usually investigated on a laboratory-scale, and the kinetic data obtained from the study are
used in the scaling-up of the process [35]. Besides, a careful kinetic study is required to
accurately establish the impact of variations in operating rate on metal’s extraction, so as to
make wise choices of operating rates for variations in market conditions.

During leaching, the interaction between a solid and a leaching reagent occurs by the
following steps: (i) diffusion of reacting species to the interface, (ii) adsorption at the
interface, (iii) reaction at the interface, (iv) desorption of the products, and (v) diffusion of the
products from the interface. Any of these steps may be rate-controlling depending on its

relative velocity with respect to the others [36, 37].

2.1.2.1 Chemically controlled process

This occurs when the rate of chemical reaction is much slower than the rate of diffusion and
therefore can be determined using Eq. 2.12 [37, 38].

Rate = — = = kAC 2.12)
Where, dw is the change in the initial mass (W,) and final mass (W) of the mineral particle, k
is the rate constant, the area of the particle with radius r is A = mr?, p is density and C is the
reagent concentration.

Assuming a spherical mineral particle and let X denotes the fraction of the particle leached.
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Therefore,

¥ = WorW
Wo

(2.13)

By substituting, W, = grrnfp and W = gm"3p into Eq. 2.13 and rearranging, the equation
becomes:

r=1,(1-X)/3 (2.14)

Since, A = mr? and W = gnr3p
dW_dder_4 ,ar
TR T TR T:
Substitute for Z—V: in Eq. 2.12, the equation becomes:
4pmr? @ _ amr2kC
prur = 4nr

On integration and substitution into Eq. 2.14, the resulted equation becomes Eq. 2.15, where t

is the time.
T kC t
—J. drz—f dt
To p Jo
1
1—(1—X)5=;‘Tct=kct 2.15)

To experimentally confirm that a process is chemically controlled, the plot of 1 — (1 — X)1/3
against time t should give a straight line. A chemically controlled process is characterised by
independence on the agitation speed since diffusion does not play a crucial role. The process
is strongly dependent on temperature because the rate of chemical reaction increases

exponentially with temperature [36]

2.1.2.2 Diffusion-controlled process

When the rate of chemical reaction at the interface is much faster than the rate of diffusion of
reactants to the interface, the concentration of the reactant (Cs) at the interface becomes zero.
Considering Fig. 6, if J is the number of the reagent molecules diffusing in time t through the

product layer, then the rate is expressed according to Fick’s law:

_ _ap% _ _ 24¢
J =—ADZ = —4Dmr? & (2.16)

Where A is the average area per particle in the reaction zone, D is diffusion through pores to

. dc . . . . .
the reaction zone, o 18 the concentration gradient, r, and r are the initial and final radii.
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Cs = conc. of reactant C = conc. of reactant
at interface SIS ’
~ ’
s
s
F4
unreactedcore N ..o product layer

Fig. 6: A mineral fragment illustrating reacted and unreacted regions (assume pore layer

diffusion) [38]

From Eq. 2.16, we have the following expression:
c ] (Tedr

Co 4nD ). r?
After integration, substitute for C; = 0 for a diffusion-controlled leaching, then,
J =—4mD (=) C
When C is constant, the fraction reacted will be as given in Eq. 2.14, that is
r=r,(1-X)/3
If N is the number of moles of unreacted solid present at any time t, M is the molecular

weight of reactant and p is the density of the reactant, then,

P
N = 4/3nrd—
/ M
dN dN _ dr  4mpr?dr
But, & = 4N dr _ 4mpr? dr
dt  dr = dt M dt

The rate of change of N is proportional to the flux of material J diffusing through the spherical

shell thickness r,-r. Therefore,

J = —4nD (TZ"—_TT) C = a4r % T2 Z—:, rearranging this expression, we obtain
MDC 2
- dt =(r——|)dr
ap )

Where, « is the stoichiometry factor. By integrating the expression as follows:

MDC [t T T2
- f dt = f (r—=—)dr
0 7o To

ap
We have,
MDpC 1?2 1l
— t=——— — —
ap 2 6 3,
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Substitute Eq. 2.14 into this expression, Eq. 2.17 is obtained.

2
1—%—(1—Xﬁ= >t = kqt 2.17)

apr
2
If the plot of 1 — % — (1 —X)3 against time t yields a straight line, it means that diffusion

is the rate controlling the process. This process is characterised by a strong dependence on the
agitation speed since agitation decreases the thickness of boundary layer and slightly
dependent on temperature because the rate of diffusion is only less influenced by temperature

[36, 37].

2.1.2.3 Activation energy

The activation energy is an important parameter to determine the mechanisms of a reaction
and predict the rate of a reaction at a given temperature. A process may be regarded either as
diffusion rate controlled through the porous layer when the activation energy of the process is
from 4 to 12 kJ/mol or chemical rate controlled through the particle surface reaction when its
activation energy is greater than 42 kJ/mol [36, 37]. If the activation energy is between 20 and
40 kJ/mol, it is often interpreted as a mixed control mechanism. The temperature dependence
of the chemical reactions can be expressed by the Arrhenius equation, Eq. 2.18, in a logarithm
form [39].

Ink = InA — 22 (2.18)
RT

Where, k is the rate constant, A is the frequency factor, R is the gas constant (8.3144
J/mol-K), T is the temperature (K) and E, is the activation energy. Plotting Ink against 1/T, a

a

straight line of slope — % is produced and the activation energy is estimated from the slope.

2.2 Electrolytic process

2.2.1 Faraday’s laws

Faraday’s law states that the mass of substance deposited or discharged at an electrode is

proportional to the quantity of electricity passed. Mathematically, the law is given in Eq. 2.19.

m=2t-t_20 (2.19)

v-F F F

Where m is the mass (g) of substance of atomic mass M (g/mol) deposited by the passage of a
current I (A) for a time t (s), v is the valency of the substance, F is the Faraday constant
(96,485 C or A-s), Q is the quantity of current flow (coulomb) and z =M/v is the chemical or

electrochemical equivalent.
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2.2.2 Current efficiency

The current efficiency () is the ratio of the current depositing the substance to the total
current applied to the electrolytic cell. In practice, it is expressed as the ratio of actual mass
(m) discharged to the theoretical mass (m;) discharged by the quantity of current applied.

n= mﬂt X 100% (2.20)

Current efficiency is determined for either cathodic or anodic reactions using Eq. 2.20. A
current efficiency of less or more than 100% does not indicate a failure in the application of
the law, but only that all the electrochemical reactions have not been included in the
calculation. However, the current efficiency of an electrolytic process may deviate from 100%
due to the reasons given below [40]:
e Interaction of anode and cathode products lowers the current efficiency
e Simultaneous electrode reactions e.g. nickel electrodeposition from NiSOy solution is
usually accompanied by hydrogen evolution, and thus, the current efficiency is less
than 100% since the current used for H, evolution is not included in the calculation
e Interaction of the electrode products with the electrolyte usually reduces the current
yield
e Currents leakage — usually occurs if the electrolytic cell is not adequately insulated
from the earth and this affects the current efficiency adversely

e Short-circuiting between the anode and the cathode lowers the current yield

2.2.3 Current density

Current density is the current per unit area of an electrode and has the unit A/m” If the
electrode area were increased current density would decrease without affecting the production
rate, but if the applied current were reduced then production rate would be reduced.
Activation and concentration polarization effects are directly dependent on the current density
and therefore it may be desirable to reduce current density [39]. Activation polarization is
caused by a certain slow step in the electrode process requiring activation energy to overcome
the reaction limitation. The activation overpotential depends strongly on the solution
composition particularly its content of anions and inhibitors. Concentration polarization is
caused by a deviation of the concentration on the electrode surface from that of the bulk
solution [41]. A high current density may be desirable in some cases, for example, during
antimony electrowinning from alkaline sulphide solution, a high anodic current density is

needed to form thiosulphate, sulphite and sulphate ions at the anode which are less harmful to
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the electrolytic process [32]. The applied current density in an electrolytic process will also
affect the morphology of the deposits. If a low cathodic current density is used, the discharge
of ions will be slow therefore a coarse adherent deposit will be produced but if a high cathodic
current density is applied, a fine-grained loosely adhering powder will be formed [40]. The
morphology of an electrodeposited metal depends on the kinetic parameters of the deposition
process as well as the current density applied. At lower overpotentials (current densities),
boulders or spongy or compact deposits are formed while dendritic growth is promoted at

higher current densities [42]. A higher current density decreases the purity of deposited metal.

2.2.4 Specific energy consumption

The specific energy (E;) is usually expressed as the power (W) required to deposit one
kilogram of metal and has the units, kWh/kg. It is mathematically written as in Eq. 2.21.

VIt
Where, V is the average cell voltage in volts, applied current I in ampere, m is the mass of

metal deposited at time t in hour.

2.2.5 Electrode potential and Nernst equation

Oxidation of a substance occurs at the anode while a simultaneous reduction process occurs at
the cathode. The tendency of a substance to be oxidized or reduced, i.e., to lose or gain
electrons is measured in volts and is known as potential. The electrode potential is the
maximum work done by an electrochemical cell [39, 40]. The electrochemical reaction can be
generally written as in Eq. 2.22 in terms of the oxidized (Ox) and reduced (Red) species.

Ox +ne” — Red (2.22)

Nernst equation is given in more general form according to Eq. 2.23.

RT [Red]

— 0 _
E=E nF [O0x]

(2.23)

Where, E and E are cell potential and standard electrode potential respectively, F is Faraday
constant, T is the absolute temperature (298 K), R is the gas constant and n is the number of
electrons participating in the reaction. By changing the natural logarithms, Eq. 2.23 becomes

Eq.2.24

E=E°—

2.303RTl [Red]
nF 09 [0x]

(2.24)

At equilibrium and unit activity of the involved species, E = 0. By substituting the standard
values of R, T and F in Eq. 2.24, Eq. 2.25 is obtained.
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_0.0592 [Red] _ 0.0592
n [0x] n

EO

logK (2.25)

Where, K is the equilibrium constant of a redox reaction. Nernst equation shows that the
electrode potential varies with the concentrations or the activities of the participating species

in the redox reaction.

2.2.6 Metal deposition

According to Faraday’s laws, the rate of metal deposition depends solely on the electric
current applied. Deposited metal is always crystalline which vary from large-grained coarse
adherent deposit to fine-grained loosely adhering powder. Nucleation and crystal growth are
the processes occurring during metal electrodeposition. When the rate of nucleation is much
larger than the rate of crystal growth, the deposit will be fine powder, but when the rate of
crystal growth is much larger than the rate of nucleation, the deposit will be coarse-grained
[40, 42]. Powder formation during electrodeposition occurs when the electrode process is
diffusion-controlled and coarse grain deposits occur when the process is chemically
controlled. The nature of the deposited metal is also influenced by current density, electrolyte

concentration, temperature, stirring and colloidal substances present in the electrolyte [40].

2.2.7 Mechanism of mass transport

The movement of chemical species from the bulk solution to the surface of the electrode
occurs by three principal mechanisms, namely (a) ionic migration, (b) convection and (c)
diffusion [40, 43, 44]. For a given species, the total rate of transfer (R;) in the x-direction per
unit area perpendicular to x (cm) at any point in the fluid is expressed by Eq. 2.26 [45-48].

o _oc

R,=CU r. +VC (gram ions/cm? sec) (2.26)

X
Where, C is species concentration, gram ions/cm’; U = mobility, cm*/sec-volt; ¢ = potential,
volts; D = diffusion coefficient, cm’/sec and V = velocity of bulk fluid movement in direction
of transfer, cm/sec. The three terms on the right of Eq. 2.26 represent the contributions of
migration, diffusion and convection, respectively. Convection, which can be forced or natural
(free), is described by hydrodynamics or density/temperature differences. This is the main
transport mechanism in the bulk of electrolyte and becomes inefficient in the vicinity of the
cathode where the electrolyte movement is restrained by viscous force. The ionic migration is

the movement of charged species through the electrolyte due to an electrical potential gradient

o¢

(6— ). The current of electrons through the external circuit must be balanced by the passage of
X
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ions through the solution between the electrodes (both cations to the cathode and anions to the
anode). This mode of transport can only make a substantial contribution if the potential
gradient is sufficiently large. In most electrowinning practices, this condition is not satisfied,
since the solutions used in electrochemical systems are too conducting and therefore,

diffusion mechanism usually dominates [44-46, 49].
Diffusion is described by a gradient in concentration (aa—c). Due to the discharging process at
X

the cathode, metal ion concentration is decreased at the electrode interface which is
compensated by the diffusion of a fresh supply of metal ions from the bulk of the solution.
However, the driving force for diffusion mechanism is the concentration difference between
the bulk of the electrolyte and the layer adjacent to the cathode surface [40]. The rate of

diffusion is given by:

DA
Rate of dif fusion = 5 AC

Also, the rate at which ions are discharged when current was applied is expressed as:

I
Rat disch d=—
ate of discharge F

Where, 1 is the applied current, n is the valency, F is Faraday’s constant, A is the electrode
surface area, D is diffusion coefficient, J is the thickness of the boundary layer and AC = C —
C; is the difference between the chemical species concentrations at the bulk of the solution (C)
and the electrode interface (C;). At steady state, the diffusion and discharged rates are equal,
therefore, Eq. 2.27 is obtained.

— D,

1
~="2.AC (2.27)

During metal plating, by increasing the current density, % (Eq. 2.27), the difference in
concentration AC of metal ions would increase, since the metal ions at the interface will be
rapidly depleted due to deposition. However, at a constant current density when the
electrolyte is agitated, the thickness of the boundary layer will decrease and AC should also
decrease since the concentration of metal ions at the electrode interface increases [40].

The diffusion layer thickness & is a complex function of various parameters such as bulk flow,
agitation, cell geometry, electrolyte properties and temperature. It is the most important
variable used to characterise the mass transport to the electrode and can be reduced

considerably by agitating the electrolyte [49].
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2.3 Electrolysis of antimony from sulphide solution
2.3.1 The cathode process

The possible chemical reaction processes that do occur at the cathode during antimony

electrodeposition are given in the following sections [32]:
2.3.1.1 Antimony deposition

Usually, the dominating negatively charged antimony complex ions in the leaching solution
are SbS,> and SbS;* ions. These antimony ions migrate to the cathode and get reduced (Egs.
2.28-2.29). During antimony deposition in a nondiaphragm electrolytic cell, SbS4™ ions might
be substantially present in the electrolyte due to SbS;> ions oxidation by the sulphur species

in the solution. Therefore the current efficiency of the process is usually very low [32].
SbS4 +2¢” — SbS;™ + 8* E°=-610 mV (2.28)
SbSs* + 3¢ — Sb” + 38* E°=-900 mV (2.29)
2.3.1.2 Reduction of electrolyte components

All the reduction reactions of the oxidized sulphur species at the cathode as given in equations

2.30-2.32 consume energy to no purpose and hence reduce the current efficiency.

S, +2¢" — 287 E’=-480 mV (2.30)
$,05" +2¢ — S¥ + 805 E’=-631 mV (2.31)
$,05” + 3H,0 + 8¢ — 28* + 60H" E'=-612mV (2.32)

2.3.1.3 Evolution of hydrogen

The hydrogen evolution potential is more negative than the deposition potential of antimony.
However, this process will occur at the cathode if the concentration of antimony is too low in
the solution. In practice, this reaction is reported to occur when the antimony concentration is
less than 20 g/L. Due to low antimony concentration, antimony complex ions may be so
depleted that the antimony deposition potential will shift to the negative, and hence
decreasing hydrogen overvoltage to cause hydrogen evolution at the cathode (Eq. 2.33) [32,
50, 51]. This reaction will adversely affect the current efficiency. The evolved hydrogen may
react with the antimony cathode to form toxic stibine gas (Eq. 2.34). Therefore, this process

needs to be monitored and controlled.
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2H,0 + 2¢" — H, + 20H E’=-828 mV (2.33)

3H' + Sb° + 3¢” — SbH; E’=-510 mV (2.34)

2.3.2 The anode process

Reactions 2.35 and 2.36 are the major anode reactions during the electrolysis of alkaline
sulphide solution. At a higher hydroxide concentration, reaction 2.35 will preferentially take
place at the anode, but at a lower OH" ion concentration, reaction 2.36 will prevail. If reaction
2.36 dominates, the elemental sulphur formed will react further with S* in accordance with
Eq. 2.37 to produce polysulphide in the solution. Formed polysulphide will further oxidize by
the evolved oxygen at anode producing S,05> (Eq. 2.38) in the electrolyte [32].

40H — 2H,0 + O, + 4¢” E° = +400 mV (2.35)
S* > S°+2¢ E°=-476 mV (2.36)
ST +8°— 8, (2.37)
S,* + 60H — S,05% + 3H,0 + 6¢” E’=-353 mV (2.38)

However, the oxidized sulphur species will interact with the electrolyte components (Egs.
2.39 and 2.40) and also redissolve the antimony cathode according to reactions 2.41 and 2.42.

These reactions are energy consuming and therefore lower the process current efficiency.

S,” + 805 — S+ $,05% (2.39)
S,% + SbS;¥ — S* + SbS,> (2.40)
3S,% +2Sb° — 2SbS;* (2.41)
38,057 + 28b° + 38% — 2SbS;> + 3S0;” (2.42)

On the other hand, if the reaction given in Eq. 2.35 dominates the process, the current
efficiency will be enhanced, since the oxygen formed at the anode will react with sulphide ion
to produce sulphite, thiosulphate and sulphate ions (Eqs. 2.43-2.45), and even the sulphite and
thiosulphate ions formed will be oxidized further to sulphate (Egs. 2.46-2.47).

S* + 60H — SO5> + 3H,0 + 6¢° E’=-598 mV (2.43)
S% + 80H — SO, + 4H,0 + 8¢ E’=-679 mV (2.44)
28% +20, + H,0 — $,0:% + 20H (2.45)
SO;* + 20H — SO+ + H,0 +2¢° E’=-920 mV (2.46)
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$,05” + 100H — 2S0,4” + 5H,0 + 8¢” E"=-799 mV (2.47)
8Na3SbS; + 24NaOH — 8Sb” + 21Na,S + 3Na,SO4 + 12H,0 (2.48)

Consequently, the overall process reaction will be according to Eq. 2.48. By forming mainly
sulphate ions at the anode, the process current efficiency will be influenced positively [52].
The problem encountered with the formation of polysulphide and thiosulphate during the
electrolytic process will be prevented. Apart from high hydroxide concentration in the
electrolyte, another crucial factor that would contribute immensely to the formation of chiefly
sulphate ions at the anode is high anodic current density, which can be greater than 1000 A/m*
[32, 52, 53]. At this high anodic current density, more vigorous discharging of hydroxide ions
will be favoured at the anode, and therefore, the discharging of sulphide ions will be limited.
Instead of sulphide sulphur that oxidizes to polysulphide, the oxidation will proceed further

into the formation of SO5>" and SO4> , which are less harmful to the electrolytic process [32].
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3. MATERIALS AND METHODS
3.1 Materials

The materials used in this investigation were a tetrahedrite-rich sulphide concentrate
originated from Casapalca, Departamento Lima, Peru and Rockliden complex copper
concentrate supplied by Boliden Mineral AB, Sweden. The elemental analyses of both

concentrates are shown in Tables 3 and 4. (For details see paper I and II).

Table 3: Elemental analysis (%) of a tetrahedrite-rich sulphide concentrate

Size fraction Cu Fe  Zn Pb Si  Sb As Hg Ag S

-106+75 pum 156 11.1 161 19 34 58 1.9 0.00010 0.08 28.0

-75+53 um 152 142 168 95 25 54 19 0.00013 025 315

-53+38 um 157 133 169 16 1.6 57 1.8 0.00009 0.09 26.5

Table 4: Elemental analysis (%) of Rockliden complex copper concentrate

Cu Fe Pb Zn Sb Sn As Se Hg Ag S

178 27.1 7.1 5.7 169 0.14 042 0.06 0.03 0.08 >15

3.2 Mineralogical characterization techniques

In extractive metallurgy, the study of mineralogical composition of an ore is very important
since it provides detailed information about the associated minerals in the material to be
treated. Consequently, an appropriate processing route for the material can be designed. The
various mineralogical techniques used in this investigation were X-ray diffractometer (XRD),
QEMSCAN (Quantitative Evaluation of Minerals by SCANning electron microscopy) and
scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-

EDS) analyses.

3.2.1 X-ray diffractometer (XRD)

XRD analysis of the concentrates, leach residues and antimony deposits was conducted using
a Siemens D5000 automatic X-ray diffractometer equipped with a continuous scanning
device. XRD patterns were collected between 20 angles of 10-90° (at Cu Ko radiation of 40
kV, 30 mA). Mineral phases were identified using the Joint Committee for Powder

Diffraction Standards (JCPDS) file of the instrument.
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3.2.2 QEMSCAN and SEM-EDS analyses

A representative sample was taken from the tetrahedrite-rich concentrate as well as its leach
residue for QEMSCAN analysis. SEM-EDS technique was used to characterise the Rockliden
complex copper concentrate. In both cases, the samples were embedded in epoxy and a
diamond cutting wheel was used to cut the hardened blocks to size and expose the sample
grains. The samples were polished and carbon coated before the analyses were performed on
them. The mineralogy of particles was inferred from data obtained using the QEMSCAN®
advanced mineral analysis system. The particles were examined using the Field Scan method,
involving spot analyses over the surface of the block, collection of the resultant X-ray spectra

and comparison with a spectral data base.

3.3 Leaching

Leaching experiments were performed by dissolving the tetrahedrite-rich concentrate in
alkaline sulphide lixiviant, to determine the effect of the following parameters: sodium
sulphide (Na,S-3H,0) concentration (100 g/L, 150 g/L and 250 g/L), sodium hydroxide
(NaOH) concentration (30 g/L and 60 g/L), leaching temperature (84 °C, 91°C, 98 °C and 105
°C) and particle size (-53 + 38 um, -75 + 53 um and -106 + 75 pm). All the leaching
experiments, each lasting 6 h, were carried out with 0.5% solid, -75 + 53 pm particle size and
105°C reaction temperature (except where otherwise stated) in 500 mL leach solution
containing 150 g/L Na,S-3H,0 + 60 g/L NaOH. A four-necked round bottomed glass reactor
was used which was stirred mechanically with a paddle stirrer at a constant stirring rate of 600
rpm and heated in an auto-regulated system (Fig. 7). The lixiviant was first added to the
reactor and when the desired temperature was reached, the solid sample was added. At
predetermined time intervals, 5 mL sample slurry was taken from the reactor for the analysis
of dissolved metals. All reagents used for leaching and chemical analysis were of analytical
grade and used without further purification. The influence of each variable was determined by
keeping all other variables constant. Leaching results were evaluated by means of chemical
determinations on the leach products using Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES) / Sector Field Mass Spectrometry (ICP-SFMS). Detailed leaching

procedure on Rockliden concentrate is given in paper V.
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Fig. 7: Leaching experimental set-up

3.4 Electrowinning

The electrowinning tests were performed in a 1 L rectangular 316-stainless steel (EN-1.4436)
cell. The cathode was a 7.1 cm x 6.8 cm x 0.2 cm 316-stainless steel plate with a total of 101
cm” exposed plating area on both side of the plate. Two anodes were made from nickel wire
(9 =0.38 mm, 99.8% Ni) which was vertically wound around the anode plastic frames. Three
sets of a double-vertically wound nickel wire, which was approximately 4 cm apart, were
made on each of the anode frames. The cathode plate was placed between the two anodes.
Fig. 8 illustrates the experimental set-up and the arrangement of the electrodes. The total
anode working area (10.1 cm?®) was one-tenth of the cathode area which implies that the
anodic current density was ten times higher than the cathodic current density. The distance
between anode and cathode was 4 cm. The electrodes were connected to a constant digital DC
power supply (PL303QMD AIM-TTI dual output 30V 3A PSU). A stock solution of the
electrolyte was prepared by dissolving analytical grade antimony sulphide (Sb,S;), sodium
sulphide (Na,S-3H,0) and sodium hydroxide (NaOH) in deionized water.

The influence of cathodic current density, electrolyte temperature, the concentration of
sodium sulphide and sodium hydroxide on the current efficiency of antimony deposition and
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specific energy consumption was investigated. The cathodic current density was varied
between 50 and 250 A/m?, while the concentration of sodium hydroxide was varied between
100 and 400 g/L. The electrolyte temperature used was 45, 60, 75 and 90 °C. The hydrated
water in Na,S-3H,0 was compensated for during the preparation of the various concentration
of Na,S (60, 100 and 150 g/L) used in the tests. Each experiment was run for 9 h and the
cathode was changed at time intervals of 1, 2, 4, 6 and 9 h. Deposited antimony was washed

thoroughly in warm tap water, dried and weighed. Current efficiency and specific energy were

estimated from the experimental data using Eqs. 2.20 and 2.21, respectively.

Fig. 8: Electrowinning set-up with electrode arrangement

3.5 Antimony and arsenic analysis

Analysis was performed on the sample solutions obtained during leaching and electrowinning
processes for assaying antimony and arsenic contents using atomic absorption spectroscopy
(AAS) (AAnalyst 100, PerkinElmer). The sample solution was unsuitable for AAS analysis
directly due to its high alkalinity and sulphide concentration which have a negative impact on
the instrument. Therefore, the sample solution was carefully acidified without precipitating
its antimony and arsenic contents before the analysis. The procedure for preparing sample

solutions for AAS analysis is given below:

To 0.5 mL sample solution in a 50 mL beaker, 5 mL deionized water was added and the
solution was continuously stirred and heated at 70 °C for about 5-10 minutes. About 200 uL
of concentrated H,SO4 was added and a reddish/brownish yellow precipitate was formed

(Egs. 3.1-3.2). Then, 2 mL of concentrated HNO; was gradually added to the solution under
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constant heating and mixing. The insoluble precipitate formed earlier dissolved (Egs. 3.3-3.4)
and a clear solution was obtained. The resulting solution was diluted appropriately and used

for antimony and arsenic determination by AAS.

2Na3SbS3(uq) + 3H2S04 — SbyS3(s) + 3Na:SOyaq + 3H2S(g) (3.1)
2Na3AsS3aq) + 3H2S04 — AsyS3( + 3N22S04(aq) + 3H2S(g) (3.2)
3Sb,S3(s) + 28HNO; + 4H,0 — 6SbO4> (o) + 9SO4™ + 36H™ + 28NOy (3.3)
3A8:S55) + 28HNO; + 4H,0 — 6ASO4> (o) + 9S04~ + 36H + 28NOyq (3.4)

The purity of antimony cathode was determined by using atomic absorption spectroscopy and

Inductively Coupled Plasma- Sector Field Mass Spectrometry (ICP-SFMS) methods.

3.6 Thiosulphate, sulphite and sulphate assay

2 mL sample solution was taken from the spent electrolyte and 30 mL of acetate buffer (pH 4)
was added in order to strip off the weak dissociable sulphide ions and precipitate the antimony
content of the solution. By buffering the solution during stripping, the degradation of the
thiosulphate content into HSO; and elemental sulphur is avoided. This process was
performed in a fume hood and nitrogen gas was slowly bubbled through the solution for 2 h at
ambient temperature to quicken the removal of H,S gas from the solution. Thereafter, the
suspension was filtered and diluted with deoxygenated water into a 100 mL flask and the
precipitate was discarded. The filtrate was used for determining the concentration of
thiosulphate, sulphite and sulphate ions in the spent electrolyte. It was assumed that there was
no polysulphides present in the electrolyte, since no yellow colourisation of the solution was

observed during the electrowinning.

To determine the concentration of thiosulphate and sulphite in the filtrate, the iodine-sodium
thiosulphate titration method [54, 55] was used. Two identical samples (10 mL each) were
taken into a separate 100 mL volumetric flask and 5 mL of acetate buffer was added to them.
5 mL of 36% formaldehyde was added to one of the sample in order to mask SO5* ion in the
sample. The same volume of known excess standard solution of I, (0.05 M) was added to both
samples. Then, the resulting solutions were titrated against a standard sodium thiosulphate
solution (0.005 M) in order to react with the excess I, solution. When the colour of the
solution was slightly yellowish, a drop of starch solution was added as an indicator. The

titration was repeated three times to minimize any experimental error. The concentration of
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both thiosulphate and sulphite was calculated based on the stoichiometric requirement in the

chemical reactions 3.5 and 3.6.
28,057 + 1, — S406~ + 2T (3.5)
SO;” + I, + HyO — SO4* +2I' + 2H" (3.6)

A turbidimetric method was used to determine the sulphate concentration in the sample and
the procedure is described elsewhere [56, 57]. A known volume was taken from the filtrate
above and diluted appropriately before sulphate analysis. Sample absorbance was measured at
420 nm wavelength using a spectrophotometer DR 2800 (Hach Lange) and the calibration
plot for this analysis is illustrated in Fig. 9.
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Fig. 9: Calibration plot for sulphate analysis

3.7 Sulphide assay

Total free sulphide concentration of the sample solution taken during leaching or
electrowinning was determined spectrophotometrically at 230 nm using a Beckman Coulter
DU 730 UV/Vis spectrophotometer. Fig. 10a shows the apparatus set-up for sulphide
stripping from the original sample solution containing antimony, arsenic and other species.
The scrubbing unit contained 150 mL of 1 M NaOH to absorb H,S gas removed from the
sample. The reactor was provided with a sintered glass gas diffuser. 40 mL of citric-citrate
buffer (pH 4) solution and 100 mL deoxygenated water were first added to the reactor; the
content was purged with nitrogen gas for 5 minutes at about 50°C. Thereafter, 2.5 mL sample

solution was added to the reactor. The content of the reactor and the scrubbing unit was
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purged by nitrogen for about 2 h until a clear solution and coagulated precipitate was
observed (Fig. 10b). The solution in the scrubbing unit was poured into 250 mL flask and
diluted to the mark with deoxygenated water. | mL sample was taken from this solution and
diluted ten times with deoxygenated water and used for the measurement. The
spectrophotometer was first calibrated before the measurement and a typical calibration plot is

shown in Fig. 11.

1- NaOH scrubber 2- glass reactor 3- nitrogen flowmeter

Fig. 10: Apparatus set-up for sulphide stripping at (a) start and (b) completion of the stripping
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Fig. 11: Sulphide calibration plot
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4. RESULTS AND DISCUSSION
4.1 Mineralogical study

The major mineral phases identified from the XRD analysis of the two concentrates used were
tetrahedrite Cu;,SbsS;3, sphalerite ZnS, galena PbS, chalcopyrite CuFeS,, iron sulphide (FeS)
and pyrite FeS, (Fig. 12).

1800 -

Rockliden concentrate
——Tewrahedrite-rich concentrate

1600

1400 + hd m- Tetrahedrite
= - Chalcopyrite
1200 A - Galena
¥ - Sphalerite
1000 - ¥ .- Pyrite

= Iron sulphide

Counts

800 -

600

2-Theta, degree

Fig. 12: XRD patterns of Rockliden and a tetrahedrite-rich concentrates

In addition to the mineralogical phases previously determined by the XRD analysis,
QEMSCAN analysis identifies a much wider range of minor minerals that were below the
detection limit for XRD technique. The results from this analysis are illustrated in Figs. 13-
15. This confirms that QEMSCAN analysis provides much more mineralogical information

than the XRD method for trace mineralogy [58] .

Minerals
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Fig. 13: Mineralogy of a tetrahedrite-rich concentrate defined by QEMSCAN
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Fig. 14: QEMSCAN micrograph of a tetrahedrite-rich concentrate

By comparing the XRD result of the tetrahedrite-rich concentrate with the results in Figs. 13
and 14, arsenic mineral was not detected by the two techniques meaning that the arsenic in the
concentrate (Fig. 15) was hosted in the tetrahedrite structure. The concentrate is rich in
tetrahedrite (Fig. 13) and also contains silver (Fig. 15). The silver and arsenic found in the

concentrate probably come from the solid solution in the tetrahedrite crystal structure [10].

Elements
B A [ Fe S In
B A E0 Ose
B Cv P i
Tetrahedrite-rich
Cu concentrate

Mass (%)

Fig. 15: Elemental analysis of a tetrahedrite-rich concentrate obtained from QEMSCAN
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The other concentrate studied, Rockliden concentrate, was characterised using a SEM-EDS
technique to verify the mineralogical constituents of the concentrate. The result, as shown in
Fig. 16, corroborates the XRD analysis of the concentrate, but the method further identifies
minor minerals (Table 5) that were not detected by XRD technique. The minerals recorded in
Table 4 were estimated from the atomic weight percent obtained from the SEM-EDS analysis.
Apart from tetrahedrite, SEM result (Fig. 16) shows that antimony was also found as
bournonite (PbCuSbS;) while tin and arsenic was present as stannite (CuFeSnS,) and
arsenopyrite, respectively. It is apparent from Table 5 that silver is bound in the tetrahedrite

structure which may enhance the processing economy of the concentrate.

Table 5: Mineralogy of Rockliden concentrate defined by SEM-EDS analysis (atomic wt %)

Cu Fe Zn Pb Sb As Sn Ag S Mineral
3541 536 30.92 1.31 2699 Tetrahedrite
33.71 577 1.62 31.34 2.03 2555 Tetrahedrite
34.10 6.23  2.00 30.14 1.34  26.19 Tetrahedrite
34.10 6.05 30.08 3.17  26.60 Tetrahedrite
12.48 1.06 38.81 27.11 20.55 Bournonite
13.06 0.84 39.01 26.10 20.99 Bournonite
12.54 1.37 38.35 26.33 21.41 Bournonite
27.23 12.57 29.11 31.09 Stannite
28.62 12.51 27.96 30.92 Stannite
0.99 32.89 44.79 21.32  Arsenopyrite

33.53 46.07 20.40  Arsenopyrite
33.15 30.01 36.84 Chalcopyrite
32.72 30.17 37.11 Chalcopyrite
1.34 83.07 15.59 Galena
8.14 55.58 36.28  Sphalerite
44.17 55.83  Pyrite

e Minerals

‘q, A - tetrahedrite

B - bournonite
C - stannite

D - chalcopyrite
E - galena

F - sphalerite

G - pyrite

H - arsenopyrite
I - pyrrhotite

Fig. 16: SEM micrograph of Rockliden copper concentrate
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4.2 Alkaline sulphide leaching (Papers | - i, V)

The tetrahedrite-rich sulphide concentrate was used in all the leaching studies reported in this
thesis (papers I and II) while the Rockliden concentrate was used for the development of the

process flowsheet (paper V).

4.2.1 The effect of sulphide and hydroxide ions concentration

It is apparent from Fig. 17 that sodium sulphide concentration has a significant effect on the
extraction of antimony and arsenic from the complex sulphide concentrate. After 6 h leaching,
approximately 21% of antimony and arsenic was extracted at a concentration of 100 g/L
Na,S-3H,O and when the concentration of Na,S-3H,O was increased to 150 g/L, the
extraction increased with almost a factor of 3. Further increase in the concentration to 250 g/L

Na,S-3H,0 resulted in an extraction of antimony and arsenic of 87% and 92%, respectively.

100

80 f——

=13
(=]

Metal extraction, %
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Na;S-3H;0 concentration, g/L

Fig. 17: Effect of sodium sulphide concentration

Furthermore, the effect of hydroxide concentration on the extraction of antimony and arsenic
was investigated and plotted in Fig. 18. It is illustrated in the figure that when a low
concentration (30 g/L) of NaOH was used, the rate of extracting antimony and arsenic was
slower and about 25% and 24% of antimony and arsenic were dissolved after 6 h leaching,
respectively. As the concentration of NaOH increased to 60 g/L, the rate of metal extraction
was accelerated and the percentage of metal extracted was enhanced. About 57% antimony
and 60% arsenic was leached by the lixiviant after 6 h. The observed increase in metal

extraction at high concentration of NaOH is due to the higher availability of S* ion for
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dissolution action (as described in Paper II), which is promoted by the increase in the pH .
Consequently, the hydrolysis of sulphide ion is prevented which otherwise would reduce its

leaching efficiency.
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Fig. 18: Effect of sodium hydroxide concentration

4.2.2 Mineral particle size

The influence of particle size on antimony and arsenic leaching from the tetrahedrite-rich
concentrate was studied using three particle sizes (-53 + 38, -75 + 53 and -106 + 75 um) at
105 °C in leach solutions containing 150 g/L Na,S-3H,O + 60 g/L NaOH. 2.5 g of the
concentrate was leached in 500 mL of the solution. It is observed from Fig. 19 that the rate of

dissolving antimony and arsenic decreases with increase in particle size.
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Fig. 19: Effect of particle size
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4.2.3 Reaction temperature

To investigate the effect of reaction temperature on antimony and arsenic dissolution from a
tetrahedrite-rich concentrate, the experiments were performed under the following leaching
conditions: mineral particle size of -75 + 53 pm, 150 g/L Na,S-3H,0, 60 g/L NaOH and
temperatures ranging from 84 °C to 105 °C. The amount of the concentrate leached was kept
constant at 2.5 g/L. Fig. 20 illustrates the results obtained from the tests. It could be inferred
from the figure that the reaction temperatures have a significant effect on the rate of antimony
and arsenic dissolution. The figure reveals that the leaching rate increases rapidly with
increasing time and temperature. After 360 minutes of leaching, about 57% and 60% of

antimony and arsenic were dissolved, respectively, at a reaction temperature of 105 °C.
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Fig. 20: Effect of leaching temperature

4.2.4 Leaching kinetics and activation energy (Paper )

Eq. 2.15 was applied to the experimental data obtained at different reaction temperatures, the
results of this computation were plotted in Fig. 21. The plots in the figure are linear, which
indicate that the rate of the reaction is chemically controlled through the particle surface
reaction. The slopes of the straight lines from each plot in Fig. 21 were estimated which is
equivalent to the rate constants, k,. The temperature dependence of the chemical reactions was
estimated using the Arrhenius equation (Eq. 2.18) [37, 59]. The Arrhenius plot shown in Fig.

22 was made by plotting the natural logarithm of the rate constant (Ink;) against the reciprocal
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of the temperature (1/T). Hence, the activation energies of antimony and arsenic were
calculated from the slopes of the Arrhenius plots as 81 kJ/mol and 75 kJ/mol, respectively,
which is in agreement with the reported activation energy for a chemically controlled process
[37]. The estimated activation energies are high, it can be concluded that the dissolution rate

of antimony and arsenic from tetrahedrite by alkaline sulphide solution is very sensitive to the

reaction temperature.
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Fig. 21: A plot of 1-(1-X)" vs. time at various reaction temperatures for antimony and
arsenic dissolution in alkaline sulphide solution
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Fig. 22: Arrhenius plot for tetrahedrite leaching in alkaline sulphide solution
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4.3 Examination of leach residues (Papers Il & V)

To identify the mineralogical changes that occurred after leaching of the concentrate, the solid
residues at which the highest metal recoveries were obtained were characterized by XRD and
QEMSCAN analyses. The results were compared with the mineralogy of the original
concentrate as described in section 4.1. The XRD pattern shown in Fig. 23 indicates that a
new mineralogical phase, spionkopite (Cus9S,s) is observed together with other major phases
identified in the original material. Fig. 23 shows that the tetrahedrite peaks found in the
original concentrate have disappeared completely implying that copper content of the

tetrahedrite had been transformed to the new copper sulphide phase observed in the residue.
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Fig. 23: XRD analysis of the leach residue after alkaline sulphide leaching (Paper II)

Additional QEMSCAN analysis results on the leach residue are presented in Figs. 24-25. The
major mineral phases observed in the residue were sphalerite, galena, pyrite and chalcopyrite,
with the newly formed copper sulphide phase. In particular, observation of the polished
sections of the leach residue (Fig. 24) showed a micro-porous structure of the new solid phase
often enclosing a nucleus of untransformed tetrahedrite. The average crystal chemical
formulae of the solid residue determined by QEMSCAN analysis on the transformed phase
proves the conversion of tetrahedrite into a copper sulphide having stoichiometry of Cu; ¢S,
which is close to the stoichiometry of the spionkopite observed by XRD but can also be a
mixture of chalcocite and covellite. This confirms that tetrahedrite would decompose to either
covellite or chalcocite in alkaline sulphide media [10]. However, if the leaching time was
extended, the untransformed tetrahedrite would have been converted completely into the new

copper sulphide phase observed in the residue.
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Fig. 24: QEMSCAN micrograph of leach residue.
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Fig. 25: Mineral assay of tetrahedrite-rich concentrate and leach residue obtained from
QEMSCAN analysis

Furthermore, QEMSCAN analysis provides more interesting information about the selectivity

of the lixiviant to solubilize antimony and arsenic from the concentrate. Comparing the

information given in Fig. 25, one can see that the major phases found in the concentrate were

upgraded and not leached with the exception of the tetrahedrite phase which has diminished

considerably in the residue. This result confirms that other metal sulphides in the concentrate

remains insoluble in the sulphide solution with the exception of antimony and arsenic that
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form soluble sulphide complexes. This analysis shows that the Na,S/NaOH lixiviant is

suitable for pre-treating complex antimony-arsenic-containing sulphide ores.

4.4 Electrowinning (Papers lll - V)
4.4.1 Anode processes
4.4.1.1 The influence of anode current density on anode reactions

Table 6 contains the measured amount of oxidized sulphur compounds during the electrolysis
of antimony from alkaline sulphide solutions. In each test, which lasted for 9 h, the electrolyte
contained a high and constant initial concentration of free sulphide and hydroxide ions (Table
6). The initial antimony concentration and electrolyte temperature were constant at 35 g/L and
75 °C, respectively. The possible overall chemical reactions that occur during the electrolysis

under the present condition of the electrolyte are given in Egs. 2.48, 4.1 and 4.2 [32, 52, 53].

Table 6: Effect of current density on anode reactions

ACD, Molar ratio S,05% SO5™ S04~
A/m® (OH':SZ') formed, formed, formed,

g/L g/L g/L

500 10.3:1 1.21 0.78 0.24

1000 10.3:1 1.21 1.56 0.78

1500 10.3:1 0.97 1.77 3.11

2000 10.3:1 0.00 0.43 6.81

2500 10.3:1 0.00 0.00 7.55
8Na3SbS; + 18NaOH — 8Sb + 3Na,S,03 + 9H,0 + 18Na,S 4.1)
2Na3SbS; + 6NaOH — 2Sb + Na,SO; + 3H,0 + 5Na,S 4.2)

Table 6 illustrates the influential effect of anode current density on the anode process. At an
anode current density less than 1500 A/m” more net thiosulphate ions are formed with a
minute amount of sulphate. The net formation of sulphite is seen to increase with increasing
anode current density up to 1500 A/m” and diminish when the current density increased
further. There is a significant increase in the amount of sulphate formed with little or no
thiosulphate formation when the anodic current density is > 1500 A/m”. This explains that at a
low anode current density, there will be simultaneous discharge of OH™ and S* ions at the
anode but $* ion will be more favoured leading to the formation of unwanted sulphur species
(S2” and S,05™) [53]. At a higher anode current density, the discharging of hydroxide ions
will be dominating at the anode and more oxygen will be formed according to Eq. 2.35, which

will further oxidize any intermediate sulphur species with an oxidation state less than six to
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sulphate [32, 52]. The amount of electrons released during the oxidation process at the anode
is directly consumed at the cathode for metal deposition and/or hydrogen evolution depending
on the prevailing conditions during the electrolytic process. To verify this, the equivalent
amperage-hour required to oxidize sulphide ions (Eqgs. 2.32, 2.43-2.44) to thiosulphate,
sulphite and sulphate at the anode was calculated based on the measured values of 82032',
SO;* and SO,* given in Table 6. The quantity of current flow (Q, A-h) was computed using
Faraday’s Law (Eq. 2.19). The result from this computation as well as the actual input

amperage during the tests is provided in Table 7.

Table 7: Calculated total amperage needed to form the measured sulphur oxyanions and the
actual input amperage during the experiments

ACD Amperage for anode reaction products Actual input
Am* 8,07 SO¥  SO% Total amperage
A-hW/L  AhWL  A-h/L A-h/L A-h/L
500 2.31 1.57 0.54 4.42 4.54
1000 2.31 3.13 1.74 7.19 9.06
1500 1.85 3.55 6.94 12.35 13.60
2000 0.00 0.86 15.20 16.06 18.13
2500 0.00 0.00 16.85 16.85 22.66

It is noted from Table 7 that the total amperage-hour estimated from the measured anode
reaction products was lower than the actual amperage input for each test. This could be due to
the following reasons, (i) at an anodic current density less than 1500 A/m?, there is a
possibility of forming other oxyanions such as tetrathionate at the anode which were not
determined in this test, (ii) since increase in anode current density will increase the rate at
which oxygen is formed at the anode, therefore, there is a possibility that part of the oxygen
formed escaped unreacted at an anode current density greater than 1500 A/m?, (iii) there is a
possibility that polysulphides and a part of formed thiosulphate ions are not accumulated in
the solution since they may be reduced to sulphide ions by interacting with the cathode (Egs.
2.30-2.32, 2.41-2.42) as well as the electrolyte components (Eqs. 2.39, 2.40, 4.3) (refer to
paper III for more details).

$,05> + SbS;> — SbS,* + SO5™ (4.3)
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4.4.1.2 The influence of NaOH concentration on anode reactions

To study the effect of NaOH concentration on the anode reactions as well as antimony
deposition at the cathode, a series of experiments were conducted at 2000 A/m” anodic current
density. The relationship between the molar concentration of free sulphide and hydroxide ions
in the electrolyte for each test is presented in Table 8. The molar ratio between hydroxide and
sulphide ions required to produce sulphate at the anode (according to reaction 2.44) as the
primary sulphur oxyanion was investigated. By so doing, the production of unwanted
oxidized sulphur species will be avoided. However, the free S* concentration used in Table 8
was computed by subtracting the amount of S* that complex with Sb,S; to form SbS;*
according to Eq. 2.6 from the initial S* concentration added to the electrolyte. The
concentration of antimony used was 35 g/L which was added as Sb,Ss. The results from these
experiments reveal that NaOH concentration is important for the formation of sulphate during
the electrolytic process (Table 8 and Fig. 26).

Table 8: Effect of NaOH concentration on anode reactions

NaOH Molar $0;7  SOy” S04~
concentration ratio formed, formed, formed,

g/L (OH:S*) gL g/L g/L

100 2.9:1 3.88 0.52 0.99

200 5.9:1 2.13 1.14 2.09

250 7.3:1 1.84 1.25 2.95

300 8.8:1 0.97 0.52 4.80

350 10.3:1 0.00 0.43 6.81

400 11.8:1 0.00 0.00 7.20

In accordance with Eq. 2.44, the ratio of the stoichiometry requirement between OH™ and S*
ions to form one mole of SO4* at the anode is 8. The experimental results given in Table 8
show that at a molar ratio lower than 8.8, less sulphate with higher thiosulphate were formed.
When the molar ratio was greater than or equal to 8.8, little or no thiosulphate with enhanced
sulphate were produced. This implies that to produce sulphate solely at the anode during the
electrolysis, the stoichiometry requirement between hydroxide and free sulphide ions
according to Eq. 2.44 must be satisfied.

Fig. 26 demonstrates that, as the concentration of NaOH increases, the anode current
efficiency (based on sulphate formation) is correspondingly increasing which implies that
more sulphate are formed (Table 8). The explanation to this observation is that at high anode
current density and high hydroxide concentration, the oxidation of hydroxide ions will be

favoured according to Eq. 2.33 [32]. Consequently, the oxygen formed at the anode will
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further oxidize the sulphide ions and any intermediately formed polysulphide in the solution
to sulphate (Eq. 2.44) and thiosulphate (Eq. 2.38), respectively. At 100 g/L NaOH, anode
current efficiency was 12% and when NaOH concentration was increased to 350 g/L and 400

g/L, the anodic current efficiency was 85% and 90%, respectively.
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Fig. 26: Effect of NaOH concentration on current efficiencies

However, the concomitant effect of this oxidation process is reflected on the cathodic current
efficiency (Fig. 26). As the anodic current efficiency increases, there is a parallel increase in
the cathodic current efficiency; and also, a decrease in the amount of thiosulphate formed
(Table 8). Thus, the reduction of thiosulphate (Eq. 2.31) at the cathode as well as its
interaction with the antimony cathode (Eq. 2.42) or oxidation of Sb*" to Sb>* in the electrolyte
(Eq. 4.3) which can reduce the cathodic current efficiency is avoided. The sulphate formed

was partly attached to the anode wire and the remaining precipitated at the bottom of the cell.
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4.4.2 Cathode processes
4.4.2.1 The effect of polysulphide

The effect of polysulphides on antimony electrodeposition was studied and the results are
reported in Fig. 27. Disodium tetra sulphide (Na,S4) was used as polysulphide (0, 10 and 30
g/L) in this investigation. Na,S4 was prepared based on the stoichiometric requirement of the

reactants according to the chemical reaction shown in Eq. 4.4. Each test lasted for 6 h.

NayS + 3S° — Na,S, (4.4)
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Fig. 27: Effect of polysulphide on antimony deposition

Fig. 27 indicates that increase in polysulphide concentration causes a decrease in the current
efficiency and also results in higher energy consumption. At 0 g/L polysulphide, current
efficiency was 83% and when polysulphide concentration was increased to 10 and 30 g/L, the
process current efficiencies were 62% and 32%, respectively. The reason for this behaviour is
due to the polysulphide oxidation and reduction processes that occurred during the
electrowinning process. According to Eq. 2.30, polysulphide reduces at the cathode and
consumes part of the energy supplied to the process. This adversely decreases the current
efficiency. Besides, polysulphide is a strong oxidizing agent, it will oxidize Sb>* to Sb*" (Eq.
2.40); and more energy will be consumed when depositing antimony from Sb*>". Polysulphide
is also capable of redissolving the cathode antimony into the electrolyte solution (Eq. 2.41).

Re-dissolution of antimony cathode can be observed in Fig. 28b when it is compared with Fig.
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28a. This occurrence will consequently lead to a decrease in the current efficiency of the

process.

Fig. 28: Effect of polysulphide on antimony deposit (a) 0 g/L and (b) 30 g/L polysulphide

4.4.2.2 The effect of thiosulphate

The influence of thiosulphate on antimony electrolysis was investigated by adding various
concentrations of sodium thiosulphate in the tests, which lasted for 6 h. The experimental
results are presented in Fig. 29. Increase in thiosulphate concentration reduces current
efficiency and also increases the specific energy consumed. It can be stated from Fig. 29 that
at 0 g/L NayS,0s3, the specific energy consumed was 1.7 kWh/kg; and when the concentration
of thiosulphate was raised to 10 and 30 g/L, the specific energy required was increased to 2.0
and 2.8 kWh/kg, respectively. Explanation to this observation is that thiosulphate in the
electrolyte can be reduced at the cathode (Egs. 2.31 and 2.32) or redissolve antimony cathode
into the solution (Eq. 2.42) or oxidize Sb** to Sb”" according to Eq. 4.3. All these processes
reduce the cathodic current efficiency and will consequently increase the energy consumption

of the process.
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Fig. 29: Effect of thiosulphate on antimony deposition

4.4.2.3 The effect of sulphite

The effect of sodium sulphite on antimony electrodeposition was studied using 0, 10 and 30
g/L of Na,SO; concentration. The plot in Fig. 30 shows that increase in sodium sulphite does
not have significant influences on the Faradaic current efficiency of the process, but a slight
increase in specific energy was noticed. By comparing Fig. 30 with the information presented
in Figs. 27 and 29, it can be concluded that addition of sulphite to the electrolyte does not
have negative effect on the current efficiency and specific energy of the process. This is
because sulphite is capable of reducing SbS,> to SbS;® (Eq. 4.5) and polysulphide to
thiosulphate (Eq. 4.6), which is beneficial to the process. This finding is in good agreement
with results previously reported in the literature [32, 50, 60].

SbS,> + S0;> — SbS;¥ + S,05% (4.5)

S, + (n-1)S05* — S§* + (n-1)S,05™ (4.6)
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Fig. 30: Effect of sulphite on antimony deposition

4.4.2.4 The effect of initial antimony concentration

The influence of change in initial antimony concentration on current efficiency was
investigated at Na,S and NaOH concentrations of 100 g/L and 350 g/L, respectively. The test
was conducted at 200 A/m* cathodic current density and 75°C electrolyte temperature. The
results of these tests on antimony deposition are presented in Fig. 31. The current efficiency
of depositing antimony from alkaline sulphide solution increases with increase in the initial
antimony concentration. Fig. 31 shows the effect of initial antimony concentration on the
specific energy consumed during the electrolytic process. The specific energy needed to
deposit a kilogram of antimony was seen to decrease with increasing initial antimony
concentration. The decrease in specific energy may be attributed to the increase in the
electrochemical conductivity of the electrolyte due to the increase in Sb concentration. This
probably facilitates the easy movement of antimony complex ions to the cathode. The average
cell voltage of the electrolytic process was slightly increased from 2.30 V to 2.51 V and 2.53

V at 25, 35 and 45 g/L initial antimony concentrations, respectively.
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Fig. 31: Effect of initial antimony concentration

4.4.2.5 The effect of gas sparging

Gas sparging is an effective method for enhancing mass transfer in the electrowinning
process. The diffusion layer thickness decreases considerably in consequence of the turbulent
conditions generated by the sparging [49, 61-63]. The rate of mass transfer at both the cathode
and anode is enhanced by the turbulence developed by sparging with a concomitant reduction
in concentration polarization which tends to slow down the rate of anodic and cathodic
reactions [61]. To verify the influence of gas sparging on the current efficiency of antimony
deposition, several experiments were carried out. The investigation was performed by
sparging nitrogen gas at different flow rate (0, 2, 5 and 10 ml/min) from the bottom of the cell
through a sintered-glass disperser. The molar concentration ratio between NaOH and Na,S
concentrations was 6.8 and the experiment was conducted at 75°C electrolyte temperature for
9 h. Initial antimony concentration was kept at 35 g/L. The influence of sparging on current
efficiency and specific energy of antimony deposition is plotted in Fig. 32. It was noticed that
there was no significant effect of gas sparging on the current efficiency as well as the specific
energy of antimony deposition. At no sparging condition, the current efficiency was 85% after
9 h; and when the electrolyte was sparged at 5 and 10 mL/min, respectively, the current
efficiency remained at 87% in both cases. Although, the average cell voltage decreases with
increasing gas sparging rate. It was noticed during the experiment that deposited antimony

under this condition was smooth and adherent to the cathode.
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Fig. 32: Effect of gas sparging on antimony deposit

The effect of gas sparging on sulphate formation is illustrated in Table 9. It is observed from
the table that as the sparging rate increases the amount of sulphate formed decreases. This
may be attributed to the purging effect of nitrogen gas on the formed oxygen at the anode
which may leave the solution unreacted. At no sparging, the anode current efficiency (based
on sulphate formed) is 84%, but when the sparging rate was increased to 5 and 10 mL/min,
anode current efficiency decreases to 35% and 27%, respectively. During these tests,
thiosulphate and sulphite ions were not found in the spent electrolytes.

Table 9: Effect of gas sparging on sulphate formation

Sparging rate, mL/min 0 2 5 10
SO,” formed, g 681 463 283 221
Anode current efficiency, % 84 57 35 27

4.4.2.6 The effect of current density

Fig. 33 illustrates the influence of current density on the current efficiency and specific energy
required for antimony deposition. The tests were performed for 9 h at a temperature of 75°C
and the concentrations of Na,S and NaOH were 100 g/L and 350 g/L, respectively. Cathodic
current density varied from 50 to 250 A/m? and 35 g/L initial Sb was used. It is evident in
Fig. 33 that the current efficiency is steadily increasing with increasing cathodic current
density up to 150 A/m’, but after this, current efficiency decreases. Measured antimony

concentration in the electrolyte after 6 h, at 200 and 250 A/m? cathodic current densities, was
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17.6 and 16.0 g/L, respectively which decreased further to 10.8 g/L and 9.2 g/L, respectively
after 9 h. This suggests that hydrogen evolution might be the reason for the reduction in
current efficiency experienced for the tests conducted at 200 and 250 A/m” current densities.
The experimental results from this investigation show that the current efficiency obtained is
better than what has been reported in the literature [50, 60]. In addition, due to the current
concentration and more abundant availability of antimony ions at the edges of the cathode, the
antimony deposit at the edges became progressively powdery; and dendritic growth was more
pronounced at the edges of the cathode as the current density increased beyond 150 A/m?

[64].
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Fig. 33: Effect of current density on antimony deposition

It is observable from the figure that an increase in the current density resulted in a
progressively increase in the specific energy consumed during the process. The specific
energy consumed per kilogram of antimony deposited increased from 0.61 kWh at current
density of 50 A/m’ to 2.32 kWh at current density of 250 A/m’. The average cell voltage of
this process ranged from 0.75 V to 2.64 V.

4.4.2.7 The effect of Na,S concentration

The effect of Na,S concentration on the current efficiency and specific energy was studied by
using 35 g/L initial antimony, 350 g/L NaOH, 200 A/m* current density, 75°C electrolyte
temperature and 9 h deposition time. The initial concentrations of Na,S used in these tests
were 60, 100 and 150 g/L. The experimental result is described in Fig. 34. The figure

indicates that the current efficiency decreased with increasing sodium sulphide concentration.
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Current efficiency decreases from 88% to 87% and 77% after 9 h when 60 g/L, 100 g/L and
150 g/ of Na,S were used, respectively. This implies that by increasing the free Na,S
concentration of the electrolyte, the oxidation of sulphide to Szz’ and 82032’; and reduction of
these species at the cathode (Egs. 2.30-2.32) as well as their interaction with antimony (Egs.
2.40-2.42) will be promoted. Consequently, the current efficiency of the process was
significantly decreased. To prevent this problem from occurring, the excess sulphide ions
should be removed prior to the electrolysis by for example adding oxidized copper powder to
the pregnant leach liquor and precipitate the excess sulphide ions as insoluble copper sulphide

(Eq. 4.7) [52].

2. -
Cu,0 + Hy0 + $2 — Cu,S + 20H (4.7)
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Fig. 34: Effect of Na,S concentration on antimony deposition

The specific energy of the process was not significantly influenced when Na,S concentration
was increased. This could probably be due to the increase in solution conductivity as a result
of increasing sulphide addition which might reduce the solution resistance to ions flow. The
average cell voltage decreased from 2.48 V to 2.14 V when Na,S concentration was increased

from 60 g/L to150 g/L, respectively.

4.4.2.8 The effect of NaOH concentration

A number of tests were performed to investigate the influence of increasing concentration of
NaOH on antimony electrolysis from alkaline sulphide solution. NaOH concentration was
varied from 100 g/L to 400 g/L and the tests were run for 9 h. Results from these experiments
are contained in Fig. 35. The test indicates that an increase in NaOH concentration increases

the current efficiency of antimony deposition progressively. The figure also shows a
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decreasing trend in the power consumption for antimony deposition as the concentration of
sodium hydroxide increases from 100 g/L to 250 g/L, but after this concentration, the power
consumption is almost constant when NaOH concentration was increased further. This
observation may be attributed to the preferential discharge of hydroxide ions at the anode over
the sulphide ions as provided in Eq. 2.35. Thus, the oxygen formed will oxidize sulphide ions
to thiosulphate, sulphite and sulphate, which are less harmful to the process [32]. Another
reason could be that at high alkalinity, disproportionation of Szz' and 82032' to S*" and SO42' as

shown in Egs. 4.8-4.11 may occur since S* and SO4* are thermodynamically more stable at

high alkalinity.

48, + 80H — SO,* + 7S* + 4H,0 (4.8)

48, + 60H — S,05” + 6S8* + 3H,0 (4.9)

38,05 + 60H” — 4S05* + 28> + 3H,0 (4.10)

28,05 + 40H” — 2S04* + 28> + 2H,0 (4.11)
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Fig. 35: Effect of NaOH concentration on antimony deposition

The average cell voltage of the process was noticed to slightly increase with an increase in
sodium hydroxide concentration. This might be due to the fact that increase in sodium
hydroxide will increase the electrolyte viscosity and resistance which consequently increases

the average cell voltage. The cell voltage ranges from 2.12 V to 2.54 V.

4.4.2.9 The effect of electrolyte temperature

The temperature of the electrolyte has a significant influence on the current efficiency of the
electrolytic process. Fig. 36 depicts the effect of the electrolyte temperature on the specific

energy and current efficiency. The current efficiency of the process remains unchanged at
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93% when the electrolyte temperatures were 90°C and 75°C, but when the electrolyte
temperature was decreased further to 60°C and 45°C, the current efficiency was observed to
decrease gradually to 90% and 81%, respectively. The plot also demonstrates a decreasing
trend of the specific energy with increasing electrolyte temperature. The average cell voltage
decreases from 2.78 V to 2.21V when the temperature increases from 45°C to 90°C,
respectively. This is attributable to the decrease in the electrolyte viscosity as a result of
increasing the temperature of the electrolyte, leading to a decline in the solution resistance;
and consequently lowering the cell voltage. However, to reduce the cost of heating, it will be

practically advisable to use a temperature between 50°C and 75°C.
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Fig. 36: Effect of electrolyte temperature on antimony deposition

4.4.3 Purity and crystallographic orientations of antimony deposits

To ascertain the purity of the deposited antimony cathode, elemental analysis was carried out
on eight antimony cathodes under various conditions and the result of the analysis is given in
Table 10. The baseline experimental conditions for the selected antimony deposits were 100
g/L Na,S, 350 g/L NaOH, 35 g/L initial Sb, 200 A/m® cathodic current density and 75°C
electrolyte temperature with the exception of the condition stated in Table 10 for each sample.
Table 10 shows that the purity of antimony deposits decreases with increasing NaOH
concentration and cathode current density. Also, sparging of the electrolyte during the
deposition enhances the purity of the deposit. At no sparging, the purity of antimony deposit
is 99.2% but when the electrolyte was sparged at 10 mL/min, the purity increases to 99.6%.
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Table 10: The purity of antimony cathode

Condition Antimony cathode purity, %
Sb As Fe Na S Ni
100 g/ NaOH 99.8  0.008 0.026 0.09 0.103 0.002
250 g/L NaOH 99.3 0.004 0.026 0.53 0.090 0.003
350 g/ NaOH 99.2  0.004 0.055 0.64 0.126 0.014

50 A/m’ cathode current density ~ 99.9 0.002 0.049 0.04 0.049 0.002
150 A/m?” cathode current density ~ 99.3 0.003 0.048 0.68 0.111 0.008
200 A/m? cathode current density ~ 99.2  0.004  0.055 0.64 0.126 0.014
250 A/m?® cathode current density ~ 99.2  0.003  0.081 049 0.125 0.045

10 mL/min N sparging 99.6 0.137  0.067 0.09 0.047 0.004

Furthermore, the antimony deposits obtained under varying NaOH concentrations and current
densities were examined by X-ray diffraction to determine the order of preferred crystal
orientations. The results are given in Figs. 37 and 38. The preferred crystallographic
orientations of the antimony deposit obtained at 100 g/L NaOH concentration are in the order
(012) (202) (110) (104) (Fig. 37). The peaks are narrow and prominent, meaning that the
antimony deposit at this concentration has a high degree of crystallinity. When the
concentration of NaOH increased to 250 g/L, the most preferred crystal plane changes and the
order becomes (012) (110) (104) (202). Further increase in NaOH concentration (250 — 400
g/L) does not change the crystal growth significantly and the (012) (110) planes remain
preferred orientations throughout. It is noticed that the (202) plane becomes broadened and
suppressed as NaOH concentration increased above 100 g/L. This corroborates what was
observed during the experiment that as the concentration of NaOH increased, more antimony
powder was noticed at the floor of the reactor. It can be said that increase in the concentration
of sodium hydroxide leads to more dendritic growth and powder formation. Moreover, from
Fig. 38, the order of crystal orientations for antimony deposited at 50 A/m” is (012) (110)
(104) (202). With the increase of cathode current density to 100 A/m?, the order of crystal
orientations still remained the same but the growth of (110) (104) (202) crystal planes is
suppressed. Further increase in cathodic current density broadens the peaks at (110) (104)
(202) crystal planes but the order of crystal orientations still remains at (012) (110) (104)
(202). This supports the claim that an excessive high current density gives rough and nodular

cathode deposits [32].
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Fig. 38: Effect of current density on antimony deposit

4.5 Process flowsheet development (Paper V)

The combined hydro- and electrometallurgical processes of recovering antimony from a
sulphide concentrate rich in antimony is presented in Fig. 39. To achieve an effective leaching
of antimony from its minerals (e.g. tetrahedrite), it would be beneficial to finely grind the
concentrate prior to the leaching step [10, 29, 65]. Moreover, high concentration of the
alkaline sulphide lixiviant and high reaction temperature are necessary to maintain high
extraction rates in the leaching circuit. After leaching, the pulp is thickened and filtered. The

purified concentrate is washed thoroughly and dried before it is fed as a feedstock in copper
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making process. It is important to state that copper concentrates containing arsenic minerals
as enargite (CuszAsS,), tennantite (CujpAssS;3) and others, apart from arsenopyrite (FeAsS)
which is inert to the leaching solution, can be treated in this process with a significant removal
of arsenic from the concentrate.

During leaching, it is impossible to prevent a small degree of oxidation of the lixiviant as a
result of the effect of the oxygen in the air in accordance with Eqs. 4.12 — 4.13. These
oxidation products (S,* and S,05%) are reduced at the cathode during the electrolytic process

and consequently decrease the current efficiency of the electrolytic process.

2- 2- -
48% + 0, + 2H,0 — 2S,* + 40H (4.12)
2- 2-
S,> +3/20, — SO; (4.13)
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Fig. 39: Process flowsheet for antimony extraction from impure copper concentrate

However, the polysulphide and thiosulphate formed due to sulphide oxidation can be
eliminated by adding iron chips to the pregnant leach solution prior to the electrolysis (Egs.
4.14-4.15) [52, 53]. Addition of iron chips will also reduce Sb>" to Sb** (Eq. 4.16) which is
beneficial to the electrowinning process since less electrical energy is needed to reduce Sb**
to metallic antimony in comparison to Sb”". Eq. 4.14 shows that more sulphide ions will be

formed during this process and therefore increases the sulphide concentration.
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Fe + S,> — FeS + % (4.14)
Fe + S,05 — FeS + SO;” (4.15)
Fe + SbS,>™ — FeS + SbS;™ (4.16)
If the sulphide concentration is higher than what is needed for the electrolytic process, the
excess sulphide can be reduced by adding, for example, zinc oxide or copper oxide powder to
the solution (Eq. 4.17). This is because excess free sulphide ions are harmful to the
electrolytic process. The precipitation products are separated.
Cu,0 + H,0 + S* — Cu,S + 20H 4.17)
In addition, the mercury content of the concentrate will also be dissolved by the lixiviant
which should be removed prior to the electrolysis. Mercury removal can be performed by
cementation with antimony powder [53]. From Eq. 4.17, it is evident that hydroxide ions are
generated, but if the concentration of the hydroxide is not up to what is required for the
electrowinning process further addition needs to be made before pumping the solution into a
nondiaphragm electrolytic cell for antimony deposition. Generally, during the alkaline
sulphide leaching of antimony mineral (e. g. tetrahedrite) and antimony electrodeposition
from the pregnant leach solution, the major parameters consumed during these processes are
sodium hydroxide and electrical energy. The overall reaction of these processes can be
summarised as given in Eq. 4.18.
2Cu;5SbySi3) + 24NaOH — 8Sb” + 9Na,S + 3Na,SO4 + 12H,0 + 10Cu,S(s) + 4CuS,
(4.18)
However, at high ionic strength of the electrolyte, high hydroxide concentration and anodic
current density greater than 1500 A/m?, sulphate and sulphide ions will be released into the
electrolyte as antimony gets deposited at the cathode (Eq. 4.18). Under this condition of the
electrolysis, sodium sulphate will be the main dominating oxidised sulphur species in the
electrolyte and is collected as a solid anodic product. It is crucial to state that the antimony
content of the electrolyte should not get lowered beyond 15-20 g/L during the deposition
process to avoid hydrogen evolution at the cathode [32, 50]. This would affect the electrolysis
process adversely and also lead to a dangerous working environment due to the possible
evolution of stibine (SbH3) or arsine (AsHj3) gas. This implies that a proper monitoring of
antimony concentration in the electrolyte should be taken into consideration during the
electrolytic process. A strict bleed management is required to prevent the accumulation of
oxidized sulphur species, sulphide ions, arsenic and other species. The bleed can be treated by
either crystallization to recover antimony as solid NasSbS4 [51, 66] or by acidifying it to

recover antimony as Sb,S; and the evolved H,S is absorbed in NaOH solution for Na,S
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recovery. However, even though the technical practicability of the process has been
demonstrated, critical hydro- and electro-metallurgical process parameters to be used for the
development of the process flowsheet and plant design should be investigated in a continuous

testing process at both laboratory and pilot-plant scale levels.
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5. CONCLUSIONS

Alkaline sulphide dissolution of tetrahedrite from complex copper concentrates has been
investigated. Antimony was recovered as a metal from synthetic pregnant leach liquors by
electrolysis in a nondiaphragm cell. The specific technical conclusions derived from this study

can be summarized as follows.

Mineralogical studies of the concentrates revealed that tetrahedrite, chalcopyrite, galena,
sphalerite and pyrite were the common mineralogical phases present in the two concentrates

used. Silver and arsenic were found as solid solution in the tetrahedrite crystal structure.

Leaching recovery of antimony from tetrahedrite was increased by approximately 280% when
the reaction temperature was increased from 84°C to 105°C. By raising the concentration of
Na,S from 60 g/L to 100 g/L, the extraction of Sb was raised by a factor of 3 while increase in
NaOH concentration from 30 g/L to 60 g/L enhanced the recovery by 140%. It was found that
the leaching yield decreased by about 37% when the mineral particle size of the concentrate
was increased from -53+38 pum to -106+75 um. Under the selected leaching conditions, the
estimated activation energy of tetrahedrite dissolution in the leaching reagent was 81 kJ/mol,
which is indicative of a chemically controlled leach process. Characterisation of the leach
residue by XRD and QEMSCAN proves that the alkaline sulphide lixiviant is selective and
effective to dissolve the antimony and arsenic from the complex concentrate. The average
crystal chemical formulae of the solid residue determined by QEMSCAN indicate the
conversion of tetrahedrite into a new copper sulphide having stoichiometry of Cuj¢4S.

Tetrahedrite in the concentrate was reduced from 30.2% to 1.1% in the purified leach residue.

Moreover, the results of electrowinning tests showed that the initial Na,S concentration had a
significant influence on Sb deposition from this specific system. Current efficiency decreased
remarkably when Na,S concentration was increased to 150 g/L. The test results indicated that
the desired Na,S concentration should be less than 100 g/L. Faraday efficiency increased with
increase in current density provided that the residual Sb concentration in the electrolyte
remained above 20 g/L. Increase in NaOH concentration from 100 to 400 g/L raised the
current efficiency from 60% to 90% while the specific energy requirement was reduced from
2.3 to 1.9 kWh/kg. Experimental results demonstrated that the specific energy decreased by

almost 38% as the electrolyte temperature increased from 45 to 90°C and the optimum
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temperature should be between 50 and 75°C to reduce the heating cost. It was noted that
polysulphide and thiosulphate had an adverse effect on Sb deposition. Current efficiency of
the process decreased sharply from 83% to 32% when the polysulphide concentration was
increased from 0 to 30 g/L; and at this polysulphide concentration, the specific energy was
raised from 1.7 to 4.9 kWh/kg. Sparging of the electrolyte facilitates a smooth and adherent

antimony deposit with an improved purity.

The results from these experiments demonstrated that the anodic reactions were influenced by
anodic current density and NaOH concentration. The molar concentration ratio between
hydroxide and free sulphide ions must be > 7.3 to produce appreciable amounts of sulphate in
the electrolytic process. The amount of sulphate formed increased from 0.5 to 16.9 g/L when
the anodic current density was increased from 500 to 2500 A/m’. By raising NaOH
concentration from 100 to 400 g/L, the production of sulphate at the anode was enhanced by
6.2 g/L increment. However, the concentration of thiosulphate formed during the electrolysis

decreased with increasing anode current density and NaOH concentration.

The main factors influencing the purity of the antimony deposits were current density and
NaOH concentration. Antimony purity was lowered from 99.9% to 99.2% when the current
density was increased from 50 to 250 A/m’. Sparging of the electrolyte during the

electrodeposition enhanced antimony purity by 0.4%.

A potential hydro/electrometallurgical processing route of antimony removal and recovery
from Rockliden complex copper concentrate was developed. The results from this study
confirmed that different concentrations of Na,S and NaOH were needed at leaching and

electrowinning stages to achieve an efficient process.
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RECOMMENDATIONS

The following recommendations were provided for further investigations:

To improve the quality of the antimony deposits and enhance sulphate formation at the
anode, further studies should be conducted by using an anode to cathode area ratio less
than 1:10. This will maximise oxygen generation at the anode and simultaneously
limit hydrogen formation at the cathode

Further studies should be performed to ascertain the tolerable limit of arsenic and tin
in the electrolyte at which the quality of deposited antimony will not be impaired

Addition of organic or inorganic additives that could improve the morphology of
electrodeposited antimony should be studied

Gas sparging enhances smooth deposition of antimony but reduces sulphate formation,
other method of mixing should be investigated

The developed process flowsheet should be investigated on a continuous leaching and
electrowinning processes both on lab and pilot scale levels in order to extract data for

plant design

More robust analytical techniques to determine the concentration of sulphur species
should be looked upon

59



60



REFERENCES
[17 ICSG world copper factbook 2012, International Copper Study Group (2012) 54.

[2] F. Habashi, Metals from ores : an introduction to extractive metallurgy, Métallurgie
Extractive Québec, Sainte Foy, Québec, 2003.

[3] R.R. Moskalyk, A.M. Alfantazi, Review of copper pyrometallurgical practice: today and
tomorrow, Minerals Engineering. 16 (2003) 893-919.

[4] W.G. Davenport, M. King, M. Schlesinger, A K. Biswas, Extractive Metallurgy of copper.
Fourth edition, Elsevier Science Ltd., Oxford, UK, 2002.

[5] T. Wagner, E. Jonsson, Mineralogy of sulphosalt-rich vein-type ores, Boliden massive
sulfide deposit, Skellefte district, Northern Sweden , The Canadian Mineralogist. 39, Is.3
(2001) 855-872.

[6] R.L. Allen, P. Weihed, S. Svenson, Setting of Zn-Cu-Au-Ag massive sulfide deposits in
the evolution and facies architecture of a 1.9 Ga marine volcanic arc, Skellefte District,
Sweden, Economic Geology. 91, Is. 6 (1996) 1022-1053.

[7] F. Minz, N. Bolin, P. Lamberg, C. Wanhainen, Detailed characterisation of antimony
mineralogy in a geometallurgical context at the Rockliden ore deposit, North-Central Sweden,
http://dx.doi.org/10.1016/j.mineng.2013.04.017, Minerals Eng (2013).

[8] L. Curreli, C. Garbarino, M. Ghiani, G. Orru, Arsenic leaching from a gold bearing
enargite flotation concentrate, Hydrometallurgy. 96 (2009) 258-263.

[9] P. Lattanzi, S. Da Pelo, E. Musu, D. Atzei, B. Elsener, M. Fantauzzi, A. Rossi, Enargite
oxidation: A review, Earth-Science Reviews. 86 (2008) 62-88.

[10] D. Filippou, P. St-Germain, T. Grammatikopoulos, Recovery of metal values from
copper-arsenic minerals and other related resources, Mineral Processing and Extractive

Metallurgy Review. 28 (2007) 247-298.

[11] P.J. Gabb, K.E. Sutliff, B.A. Wells, J.P. Evans, Hydrometallurgical processing of
impurity streams generated during the pyrometallurgy of copper (1995).

[12] W. Tongamp, Y. Takasaki, A. Shibayama, Arsenic removal from copper ores and
concentrates through alkaline leaching in NaHS media, Hydrometallurgy. 98 (2009) 213-218.

[13] P. Balaz, M. Achimovicova, J. Ficeriova, R. Kammel, V. Sepelak, Leaching of antimony
and mercury from mechanically activated tetrahedrite Cu;2SbsS;3, Hydrometallurgy. 47

(1998) 297-307.

[14] M. Ukasik, T. Havlik, Effect of selected parameters on tetrahedrite leaching by ozone,
Hydrometallurgy. 77 (2005) 139-145.

[15] R.J. King, The tetrahedrite group, Geology Today. 17 (2001) 77-80; 77.

61



[16] M.J. Neiva Correia, J.R. Carvalho, A.J. Monhemius, Study of the autoclave leaching of a
tetrahedrite concentrate, Minerals Engineering. 6 (1993) 1117-1125.

[17] P. Larouche, Minor elements in copper smelting and electrorefinning. Master Thesis,
Mining and Metallurgical Engineering, McGill University, Montreal, Canada. (2001).

[18] P. Grez, R. Schrebler, R. Henriquez, R. Cisternas, M. Orellana, R. Coérdova,
Characterization of natural tetrahedrite/aqueous solution system by electrochemical
techniques, Journal of Electroanalytical Chemistry. 628 (2009) 134-143.

[19] S. Wang, Impurity control and removal in copper tankhouse operations, JOM Journal of
the Minerals, Metals and Materials Society. 56 (2004) 34-37.

[20] W.C. Butterman, J.F. Carlin, Mineral commodity profiles: Antimony. 03-019 (2004) 35.
[21] "Study into the feasibility of protecting and recovering critical raw materials through
infrastructure in the south east of England", http://www.environment-agency.gov.uk/static/

documents/Business/EPOW-recovering-critical-raw-materials-Annex-T5v2.pdf.

[22] S. Uysal, Minor, critical and strategic: Antimony, Mining and Earth Science Magazine. 2
(2013) 48-51.

[23] "Antimony" http://www.nw-resources.com.au/project_information/blue_spec_shear
gold antimony_project/antimony.phtml.

[24] "Critical raw materials for the EU",
http://ec.europa.eu/enterprise/policies/rawmaterials/documents/index_en.htm.

[25] S.A. Awe, A. Sandstrom, Upgrading of an impure copper concentrate for
pyrometallurgical processing. Proceedings of the Sixth European Metallurgical Conference on
Resource efficiency in the nonferrous metals industry - optimisation and improvement.
Dussedorf, Germany. 1 (2011) 15-31.

[26] "Ancoa Ltd Study of the antimony market, Roskill Consulting Group Ltd."
http://www.ancoa.com.au/RoskillCRT.pdf.

[27] "Antimony supply, demand and price", www.adroitresources.ca/antimony/supply-
demand/.

[28] J.F. Carlin, Antimony (Advance release), USGS (December 2012) 6.1-6.8.

[29] S.A. Awe, A. Sandstrém, Selective leaching of arsenic and antimony from a tetrahedrite
rich complex sulphide concentrate using alkaline sulphide solution, Minerals Engineering. 23
(2010) 1227-1236.

[30] M. Delfini, M. Ferrini, A. Manni, P. Massacci, L. Piga, Arsenic leaching by Na,S to

decontaminate tailings coming from colemanite processing, Minerals Engineering. 16 (2003)
45-50.

62



[31] D.J. Vaughan, J.R. Craig, Mineral chemistry of metal sulfides, Cambrige University
Press, UK, 1978.

[32] Z. Tian-cong, The metallurgy of antimony, Central South University of Technology
Press Changsha, ISBN: 7-81020-152-2, The People's Republic of China, 1988.

[33] R. Raudsepp, The alkaline sulphide leaching of tetrahedrite concentrate. Master thesis,
Department of Metallurgical Engineering, The University of British Columbia (1981) 129.

[34] T. Motang, Z. Tiancong, A thermodynamic study on the basic and negative potential
fields of the systems of Sb-S-H,O and Sb-Na-S-H,O, J. Cent. South Inst. Min. Metall. 19
(1988) 35-43.

[35] S.A. Awe, Hydrometallurgical upgrading of a tetrahedrite-rich copper concentrate.
Licentiate Thesis. Process Metallurgy, Luled University of Technology, Sweden. (2010).

[36] F. Habashi, Textbook of hydrometallurgy. Second Edition, Metallurgie Extractive
Quebec, Canada, 1999.

[37] F. Habashi, Principles of Extractive Metallurgy, Second ed., Gordon & Breach, New
York, 1980.

[38] S. Wang, Aqueous lixiviants: principle, types and applications, JOM Journal of the
Minerals, Metals and Materials Society (2007) 37-42.

[39] J.J. Moore, Chemical Metallurgy, Butterworth & Co Ltd, United Kingdom, 1981.

[40] F. Habashi, Principles of extractive metallurgy - Amalgam and electrometallurgy.
Volume 4, Metallurgie Extractive Quebec, Canada, 1998.

[41] G. Wranglen, An introduction to corrosion and protection of metals, Chapman and Hall
Ltd, New York, USA, 1985.

[42] K.I. Popov, S.S. Djokic, B.N. Grgur, Fundamental aspects of electrometallurgy, Kluwer
academic publishers, U. S. A, 2002.

[43] N.T. Beukes, J. Badenhorst, Copper electrowinning: theoretical and practical design.
Hydrometallurgy Conference 2009, The Southern African Institute of Mining and Metallurgy
(2009) 213-240.

[44] E.O. Vilar, E.B. Cavalcanti, I.LL. Albuquerque, A mass transfer study with electrolytic
gas production. Advance topics in mas transfer, Prof. Mohamed El-Amin (Ed.), ISBN: 978-
953-307-333-0 (2011).

[45] C.H. Hamann, A. Hamnett, W. Vielstich, Electrochemistry, second edition, Wiley-VCH,
Germany, 2007.

[46] D. Pletcher, F.C. Walsh, Industrial electrochemistry, second edition, Blackie Academic
and Professional, Glasgow, UK, 1993.

63



[47] C.W. Tobias, M. Eisenberg, C.R. Wilke, Diffusion and convection in electrolysis: a
review, Electrochemistry of ionic crystals. 99, No. 12 (1952) 359C-365C.

[48] H. Wendt, G. Kreysa, Electrochemical engineering science and technology in chemical
and other industries, Springer, Germany, 1999.

[49] V.A. Ettel, A.S. Gendron, B.V. Tilak, Electrowinning copper at high current densities,
Metallurgical and Materials Transactions B. 6B (1975) 31-36.

[50] S.M. Nordwick, C.G. Anderson, Advances in antimony electrowinning at the Sunshine
mine. Proceedings of the Fourth International Symposium on Hydrometallurgy Fundamentals,
Technology and Innovations, 1107-1128 (1993).

[51] C.G. Anderson, S.M. Nordwick, L.E. Krys, Processing of antimony at the Sunshine
mine., The Minerals, Metals and Materials Society (1991) 349-366.

[52] N.R. Lindstrom, Method for the electrolytic recovery of Sb, As, Hg and/or Sn, US Patent
4,017,369 (1977).

[53] N.R. Lindstrom, Elektrolys av sulfidlosning frén lakning av antimon eller
kvicksilverhaltiga smiltmaterial: Undersokning av frimmande kopparmaterial. Internal report
Boliden Mineral AB, Sweden (1959).

[54] G.H. Jeffery, J. Bassett, J. Mendham, R.C. Denney, Titrimetry and gravimetry, in:
Vogel's textbook of quantitative chemical analysis, Longman Limited, Singapore, 1997, pp.
257.

[55] T. Koh, Analytical chemistry of polythionates and thiosulfate a review. 6 (1990) 3.

[56] American Public Health Association, Standard methods for the examination of water and
wastewater (14th edition), APHA, Washington, DC, 1975.

[57] A. Kolmert, P. Wikstrém, K.B. Hallberg, A fast and simple turbidimetric method for the
determination of sulfate in sulfate-reducing bacterial cultures, J. Microbiol. Methods. 41
(2000) 179-184.

[58] W.R. Goodall, P.J. Scales, A.R. Butcher, The use of QEMSCAN and diagnostic leaching
in the characterisation of visible gold in complex ores, Minerals Engineering. 18 (2005) 877-
886.

[59] H.S. Ray, Kinetics of Metallurgical Reactions, Oxford and IBH publishing, New Delhi,
1993.

[60] C.G. Anderson, S.M. Nordwick, L.E. Krys, Antimony separation process, US Patent
5,290,338 (1994).

[61] M.A. Daous, A.H. El-Shazly, Enhancing the performance of a batch electrocoagulation

reactor for chromium reduction using gas sparging, Int. J. Electrochem. Sci. 7 (2012) 3513-
3526.

64



[62] A.Y. Hosny, T.J. O'Keefe, J.W. Johnson, W.J. James, Effect of gas sparging on mass
transfer in zinc electrolytes, Journal of Applied Electrochemistry. 22 (1992) 596-605.

[63] G.D. Rigby, P.E. Grazier, A.D. Stuart, E.P. Smithson, Gas bubble induced mixing in
electrowinning baths, Chemical Engineering Science. 56 (2001) 6329-6336.

[64] L.G. Sharma, P. Alex, A.C. Bidaye, A.K. Suri, Electrowinning of cobalt from sulphate
solutions, Hydrometallurgy. 80 (2005) 132-138.

[65] S.A. Awe, C. Samuelsson, A. Sandstrém, Dissolution kinetics of tetrahedrite mineral in
alkaline sulphide media, Hydrometallurgy. 103 (2010) 167-172.

[66] R.M. Nadkarni, C.L. Kusik, Hydrometallurgical removal of arsenic from copper
concentrates., The Metallurgical Society (1988) 263-286.

65



66



PAPER1

Dissolution kinetics of tetrahedrite mineral in alkaline sulphide media
Samuel A. Awe, Caisa Samuelsson and Ake Sandstrom
Hydrometallurgy, 103 (2010), 167-172






Hydrometallurgy 103 (2010) 167-172

journal homepage: www.elsevier.com/locate/hydromet

Contents lists available at ScienceDirect

Hydrometallurgy

hydrometallurgy

Dissolution kinetics of tetrahedrite mineral in alkaline sulphide media

Samuel A. Awe, Caisa Samuelsson, Ake Sandstrom *

Division of Extractive Metallurgy, Department of Chemical Engineering and Geosciences, Luled University of Technology, SE-971 87 Luled, Sweden

ARTICLE INFO ABSTRACT

Article history:

Received 16 February 2010

Received in revised form 16 March 2010
Accepted 17 March 2010

Available online 30 March 2010

The present study investigates the dissolution kinetics of tetrahedrite in aqueous alkaline sodium sulphide
solutions. Effect of reaction temperature, mineral particle size, sodium sulphide and sodium hydroxide
concentrations on antimony and arsenic dissolution rate from tetrahedrite were studied. It was found that
the rate of reaction increases with increase in reaction temperature, sodium sulphide concentration, and

sodium hydroxide concentration and with decrease in mineral particle size. The kinetic study indicates that
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the rate of tetrahedrite leaching in the lixiviant under selected conditions is chemically controlled through
the particle surface reaction. The estimated activation energies were found to be 81 kJ/mol and 75 kJ/mol,
respectively, for antimony and arsenic dissolution from tetrahedrite, which are in agreement with the values
of activation energies reported for the chemically controlled reaction process.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Tetrahedrite (Cu;,SbsS;3) is a complex sulphide of copper and
antimony which can be an interesting and important resource of
copper (40-46%), antimony (27-29%) (Balaz et al., 1998) and/or other
non-ferrous metals as is evident from its general chemical formula
(Cu,Ag)10(Cu,Zn,Fe,Cd,Hg),(Sb,Bi,As)4S13 (Ukasik and Havlik, 2005;
BaldZ, 2000). Tetrahedrite belongs to a family of minerals usually
called “fahlore” which is often described as the “sulphosalts” which
indicates a certain type of un-oxidized sulphur mineral that is
structurally distinct from a sulphide (King, 2001). The tetrahedrite
group is notable for the variety of elements which are stable in its
structure. The formula may be written as A;,B4Cq3, where A= Ag, Cu,
Fe, Hg, and Zn; B=As, Sb, and Bi; C=S§, Se, and Te. Naturally, it is very
difficult to find pure tetrahedrite because its original constituents are
always partially substituted by other elements. Thus, arsenic can
substitute for antimony leading to tennantite (Cuj,As4S;3), while
copper can be substituted by silver, zinc, iron, mercury, cadmium, lead
etc, and some sulphur may be replaced by Se and Te (King, 2001;
Filippou et al., 2007; Neiva Correia et al., 1993). Apart from the toxic
elements (As, Hg) contained in tetrahedrite mineral, the substantial
amount of copper, silver and gold (Havlik et al., 1999) usually present
in the mineral makes its mining to be more economically attractive.

It has been documented that in acidic oxidative leaching of
tetrahedrite mineral, e.g. in acidified ferric chloride solutions, copper
and iron enter into solution, while antimony is partially precipitated as a
compound with the composition similar to the mineral tripuhyite

* Corresponding author. Tel.: +46 920 491290; fax: +46 920 491199.
E-mail address: ake.sandstrom@Itu.se (A. Sandstrom).

0304-386X/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.hydromet.2010.03.014

(FeSbO4) and the overall leaching reaction proceeds slowly with
complicated kinetics (Balaz, 2000). Havlik et al. (1999) conducted a
leaching investigation with native tetrahedrite concentrate in acidic
ferric chloride in the temperature range of 40-90 °C. The result reveals
that the leaching rate shows a slow behaviour exhibiting apparent
parabolic kinetics. It was observed that increased temperatures improve
the metal extraction and the apparent activation energy was estimated
to be approximately 38 kJ/mol, which indicates that the process occurs
in the mixed regime of both the diffusion and chemical reaction control.
Also, it is reported (Correia et al., 2000) that the leaching of tetrahedrite
with ferric chloride, sodium chloride and hydrochloric acid solutions
involves the breakdown of the tetrahedrite crystal structure with the
simultaneous liberation of all of its components without the formation
of sulphate in the leaching reaction. Antimony precipitates were
observed at chloride concentrations less than 3 M and the leaching
rate was controlled by a surface reaction. They found that the apparent
rate constant is proportional to the inverse of the mean particle size.

The heterogeneous fluid-solid reaction systems have a number of
applications in chemical and hydrometallurgical processes. Many
studies have been conducted on these types of reactions and a lot of
mathematical models have been proposed and developed (Lapidus
and de Lourdes Mosqueira, 1988; Ray, 1993). The shrinking particle
model and the shrinking core model are the most commonly used.
The shrinking core model considers that the leaching process is
controlled either by the diffusion of reactant through the solution
boundary layer, or through a solid product layer while the shrinking
particle model considers that the leaching process is controlled by the
rate of the surface chemical reaction (Aydogan et al., 2005).

Besides, during the leaching process, dissolution rate decreases with
time and it is directly dependent on the activation energy. Habashi
(1980) stated that if the rate of reaction in the bulk of the solution was
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fast, the solution would be governed by the rate of diffusion of the ions
from the surface of the solid through the boundary layer. On the other
hand, if the rate of reaction is slow, it will control the overall process and
the process will be chemically controlled, thus, diffusion through the
boundary layer will not play any critical role (Aydogan et al., 2005). It is
reported that a diffusion-controlled heterogeneous process was
characterised by being slightly dependent on temperature, while the
chemically controlled process was strongly dependent on temperature
which is attributed to linear dependency of diffusion coefficients and
exponential dependency of chemical velocity constants on temperature.
However, the activation energy of a diffusion-controlled process is
characterised as being 4-12 kJ/mol, while it is usually greater than 42 kj/
mol for a chemically controlled process (Aydogan et al., 2005; Habashi,
1980).

Recently, Riveros and Dutrizac (2008) performed a series of leaching
tests on tetrahedrite (Cu;,Sb,S3) in acidic media using Fe,(S04)3, FeCls
or O, as oxidizing agents. At temperatures <100 °C , the dissolution
kinetics of disks of synthetic iron-bearing tetrahedrite in Fe,(SO4)3—
H,S04 media were linear; the leaching rates were slow but increased
significantly with increasing temperature with an apparent activation
energy of 120 k]/mol. The dissolution of sized particles of natural Ag-
bearing tetrahedrite in FeCl;-HCI solutions proceeds according to the
shrinking core model and both Cuand Ag dissolve at about the same rate
provided that the total chloride concentration of the solution is
sufficiently high to solubilize the AgCl reaction product. The leaching
rates were slow and the apparent activation energy is 116 kj/mol. The
addition of sulphate ions to the FeCl;-HCl system reduces the
tetrahedrite leaching rate to values similar to those realized in the Fe,
(SO4)3-H,S04 system.

Similarly, Anderson and Krys (1993) leached an argentiferous
tetrahedrite concentrate from the Sunshine mine in sodium sulphide
lixiviant produced by dissolving elemental sulphur in sodium hydroxide
at temperatures close to the solution boiling point for 4-12 h. The
chosen variables investigated were agitation rate, concentrate regrind,
temperature, percent solids, caustic concentration, carbonate concen-
tration, and individual sulphur species concentration. Their findings
show that the process is sensitive to the amount of regrind performed on
the concentrate, reaction temperature and sulphide concentration. They
also concluded that polysulphide, increased levels of thiosulphate and
hydroxide, and increased percent solids enhance the process but
the reaction is independent of sulphite, sulphate or carbonate
concentration.

In addition, alkaline sulphide leaching of copper-antimony-arsenic
sulphide minerals has been extensively studied and documented in the
literatures (Balaz et al., 1998, 1992; Awe, 2008; Balaz and Achimovicova,
2006a,b; Balaz et al,, 2001; Delfini et al., 2003; Frohlich and Miklos,
2001; Yang et al., 2005; Tongamp et al,, 2010; Ackerman et al., 1993;
Coltrinari, 1977; Dayton, 1982) but no detailed study was found
regarding the dissolution kinetics of natural tetrahedrite in alkaline
sulphide solutions. However, in the present study, the dissolution
kinetics of tetrahedrite in aqueous alkaline sodium sulphide solution
was investigated. The effect of the reaction temperature, mineral
particle size, and the concentration of sodium sulphide and sodium
hydroxide on the dissolution rate have been evaluated. The dissolution
kinetics of tetrahedrite was examined according to the heterogeneous
reaction models. The activation energies of antimony and arsenic
dissolution from tetrahedrite by alkaline sulphide solution were
determined from the experimental data.

2. Material and methods
2.1. Material
The tetrahedrite used in this investigation was prepared from the

tetrahedrite crystals bought from Gregory, Bottley & Lloyd Company,
United Kingdom, which originated from Casapalca, Huarochiri,

T -tetrahedrite
S -sphalerite
C-chalcopyrite
G-galena

P -pyrite

0 10 20 30 40 50 60 70 80 20
2-Theta

Fig. 1. XRD pattern of the mineral sample.

Departamento Lima, Peru, containing mainly sharp tetrahedrite
crystals accompanied by an excellent brilliance and striation growth
of sphalerite and partially covered by quarts. The tetrahedrite mineral
was crushed, ground and sieved into the following size fractions:
—150+106, —106+75, —75+53, —53+38 and —38+20 um.
The particle size fractions of — 106 + 75, — 75+ 53 and — 53 4+ 38 pm
were used in this study.

2.2. Analytical and instrumentation techniques

X-ray powder diffraction (XRD) was used to characterise the
tetrahedrite mineral using a Siemens D5000 automatic diffractometer
equipped with a continuous scanning device. CuKo radiation of 40 kV
and 30 mA with a sample rotation of 30 rpm was used. Diffraction
patterns (Fig. 1) for the sample were measured in the 2-theta range
from 5 °C to 90 °C and crystalline phases were identified using the
Joint Committee for Powder Diffraction Standards (JCPDS) file of the
instrument. The tetrahedrite mineral and the leach solutions were
chemically analysed by Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES)/Sector Field Mass Spectrometry (ICP-SFMS).
The chemical composition of the fractions used in the study is shown
in Table 1.

2.3. Experimental procedure

The leaching experiments were conducted in batch-wise mode in a
four-necked round bottomed glass reactor which was stirred
mechanically with a paddle stirrer at 600 rpm and heated with an
autoregulated device. The leaching solution (500 mL) was added to
the reactor and when the desired temperature was reached, 2.5 g of
solid sample was added in all the leaching experiments. At
appropriate time intervals, 5 mL sample of the leach solution was
collected for the analysis of the metals dissolved in the leach liquor. All
reagents used for leaching and chemical analysis were of analytical
grade and used without purification. The experimental leaching
conditions used were: sodium sulphide (Na,S-3H,0) concentration
(100 g/L, 150 g/L and 250 g/L); sodium hydroxide (NaOH) concen-
tration (30 g/L and 60 g/L); leaching temperature (84 °C, 91 °C, 98 °C
and 105 °C), mineral particle size (—53 438 um, —75+53 pm and
—106 + 75 pm) and reaction time of 360 min in all cases.

Table 1

Chemical composition (%).
Size fraction Cu Fe Zn Sb As S
—106+ 75 pm 15.6 11.1 16.1 5.8 19 28.0
—75+53 pm 152 14.2 16.8 54 i) 315
—53+438 im 15.7 133 16.9 57 18 26.5
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Fig. 2. Effect of leaching temperature on tetrahedrite dissolution rate.
3. Results and discussion
3.1. Effect of temperature

The effect of reaction temperature on the rate of antimony and
arsenic dissolution from tetrahedrite at different reaction times are
plotted in Fig. 2 using mineral particle size fraction of —75+ 53 pm,
and concentration of sodium sulphide and sodium hydroxide of 150 g/
L and 60 g/L respectively at temperatures ranging from 84 °C to
105 °C. The amount of solid leached was kept constant at 5 g/L. The
obtained results reveal that the reaction temperatures studied have a
significant effect on the rate of antimony and arsenic dissolution from
tetrahedrite. It can be seen from Fig. 2 that the leaching rate increases
rapidly with increasing time and temperature. After 360 min of
leaching, about 57% and 60% of antimony and arsenic were dissolved
respectively at a reaction temperature of 105 °C.

3.2. Kinetic model

3.2.1. Rate control by diffusion through the product layer
If the rate of the reaction is controlled by diffusion through the
product layer, the integrated rate equation is described as follows:

" _ 2MsDCy , _

2
1-2X—(1-X)
PP

5 kat M
where X is the fraction reacted, k. is the kinetic constant, Ms is the
molecular weight of the solid, C is the concentration of the dissolved
lixiviant A in the bulk of the solution, ps density of tetrahedrite, (3 is
the stoichiometric coefficient of the reagent in the leaching reaction,

—+—Sb84°C —=—sbo1’C P

—+—S5b98°C —+—Sb105°C /

~o-As84°C --m--As91°C

--a--As98°C —e—As 105°C

1-2/3X-(1-X)23
o
3

0 50 100 150 200 250 300 350 400
Leaching time, min

Fig. 3. A plot of 1—2/3X— (1—X)*? vs. time at various reaction temperatures for
tetrahedrite dissolution in alkaline sulphide solution.
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Fig. 4. A plot of 1— (1—X)' vs. time at various reaction temperatures for antimony
and arsenic dissolution from tetrahedrite in alkaline sulphide solution.

To is the initial radius of the solid particle, t is the reaction time, D is the
diffusion coefficient in the porous product layer, kq and k; are the rate
constants which are calculated from Egs. (1) and (2), respectively. An
attempt was made to fit the obtained experimental data to the model
equation described in Eq. (1), and this is presented in Fig. 3 for both
antimony and arsenic dissolution from tetrahedrite. It is observed that
the data do not correlate to this model, since neither a straight line nor
a zero point intercept was obtained in both figures.

3.2.2. Rate control by chemical reaction
When surface chemical reaction is rate controlling, the kinetics
may be correlated graphically using Eq. (2).

s kMG
1—(1-X) " = "5 A p = kr 2
a-x"="pte=k @)

Application of Eq. (2) to the experimental data obtained, at
different temperatures, resulted in linear plots presented in Fig. 4. It is
observed, from both plots, during the whole reaction time that the
data in these figures are linear, which indicate that the rate of the
reaction is chemically controlled through the particle surface reaction.
The slopes of the straight lines from each figure were estimated which
is equivalent to the rate constants, k;.

3.2.3. Calculation of the activation energy

A process may be regarded either as diffusion rate controlled
through the porous layer when the activation energy of the process is
from 4 to 12 kJ/mol or chemical rate controlled through the particle
surface reaction when its activation energy is greater than 42 kJ/mol
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Fig. 5. Arrhenius plot for tetrahedrite leaching in alkaline sulphide solution.
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Fig. 6. Effect of mineral particle size on tetrahedrite dissolution rate.

(Habashi, 1980). The temperature dependence of the chemical
reactions can be given by the Arrhenius equation (Ray, 1993; Habashi,
1980) as follows:

k. = Aexp (—E, /RT) (3)

where A is the frequency factor and E, is the apparent activation
energy. The Arrhenius plot shown in Fig. 5 was made by plotting the
natural logarithm of the rate constant (Ink;) against the reciprocal of
the temperature (1/T). Hence, the activation energies of antimony and
arsenic were calculated from the slopes of the Arrhenius plots
presented in Fig. 5 as 81 kJ/mol and 75 kJ/mol respectively, which is
in agreement with the reported activation energy for a chemically
controlled process (Habashi, 1980). Since the calculated activation
energies are high, it can be concluded that the dissolution rate of
antimony and arsenic from tetrahedrite by alkaline sulphide solution
is very sensitive to temperature.

3.3. Effect of particle size

The effect of particle size on the leaching of antimony and arsenic
from tetrahedrite mineral was studied using three particle sizes
(—53+38, —75+53 and —106+75pm) at 105°C in leach
solutions containing 150 g/L Na,S-3H,0 and 60 g/L NaOH. 2.5 g of
tetrahedrite was leached in 500 mL of the solution and maintained
throughout the tests. It was observed from Fig. 6 that the rate of
antimony and arsenic dissolution increases with increase in time
and decreases with increase in particle size. The smaller the particle
size, the faster was tetrahedrite leaching by the lixiviant. Lineari-
zation of the kinetic curves for antimony and arsenic dissolution
from tetrahedrite was performed by means of Eq. (2) and presented

+ Sb-53+38 um
0.351 = sb-75:53um =
0.3 & Sb-106+75pm

© As -53+38 um
o As -75+53 um
& As -106+75 pm

0 50 100 150 200 250 300 350 4000
Leaching time, min

Fig. 7. A plot of 1 — (1 —X)"/? vs. time at various mineral particle sizes for antimony and
arsenic dissolution from tetrahedrite.
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Fig. 8. Dependence of rate constant on the reciprocal of mineral particle radius.

in Fig. 7. The rate constant values increased with the decrease in the
particle size, which may be attributed to the increase in surface area
with the decrease in particle size. The values of the rate constants
were plotted against the reciprocal of the mineral particle radii
yielding a linear relationship with correlation coefficients of 0.99
and 0.98 (Fig. 8) respectively for antimony and arsenic dissolution
from the tetrahedrite. In addition, the linear dependence of the rate
constant on the inverse particle radius, Fig. 8, is further evidence in
support of the surface reaction shrinking particle model proposed
for this process.

3.4. Effect of sodium sulphide concentration

Antimony and arsenic form complex compounds with sulphide ions,
therefore, the influence of sodium sulphide concentration on tetrahe-
drite leaching is an important parameter to investigate. When
tetrahedrite is leached in alkaline sulphide solution, a variety of reaction
products may result. This includes chalcocite (Cu,S) or covelite (CuS),
while arsenic and antimony are dissolved as thioanions: thioarsenate
(AsS3 ™), thioantimonite (SbS3™), thioantimonate (SbS3™) etc depend-
ing on the feed composition, sulphide ion concentration and the
reaction conditions (Filippou et al., 2007). The dissolution reaction of
tetrahedrite in alkaline sulphide solutions is expressed as follows:

CupSbyS15() + 2Na,S g —5Cu,S ) + 2CuS ) + 4NaShS, o) (4)

(aq)

NaSbSy(q) + NayS ) —NaySbSy g - (5)

Leaching tests were conducted to investigate the effect of varying the
initial concentration of sodium sulphide in the range of 100-250 g/L at
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Fig. 9. Effect of sodium sulphide concentration on tetrahedrite dissolution rate.
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Fig. 10. A plot of 1— (1 —X)' vs. time at various sodium sulphide concentrations for
antimony and arsenic dissolution from tetrahedrite.

105 °C in solutions containing 60 g/L sodium hydroxide. During the
tests, the amount of solid leached was kept constant at 5 g/L taking from
— 75+ 53 pm mineral particle size fraction. It is apparent that the rate of
dissolving antimony and arsenic from tetrahedrite (Fig. 9) by the
lixiviant increases steadily with increasing sodium sulphide concentra-
tion, and the dissolution rate at Na,S concentration of 250 g/L is much
higher than that at 150 and 100 g/L Na,S-3H,0. The results show that
tetrahedrite leaching depends strongly on the concentration of sodium
sulphide in the leach liquor. When the data from the experiment was
substituted into Eq. (2), Fig. 10 was constructed. By plotting the natural
logarithm of the slope of each line (Ink;) in Fig. 10 against the natural
logarithm of initial concentration of sodium sulphide (In[Na,S]), Fig. 11
can be drawn. Itis indicated from Fig. 11 that Ink; is a linear function of In
[Na,S]. The kinetic equations about the effect of the initial concentration
of Na,S on the leaching rate of antimony and arsenic can be written as
Egs. (6) and (7), respectively.

Ink, = 2.2In[Na,S]—7.77 (6)

Ink, = 2.3In[Na,S|—7.76 (7)

Therefore, the apparent reaction order for dissolving antimony and
arsenic from tetrahedrite by the lixiviant was estimated to be
approximately equal to 2, which implies that both elements reacted
similarly with the lixiviant as should be expected since they were
present in the same mineral.
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Fig. 11. Determination of the reaction order with respect to [Na,S].
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Fig. 12. Effect of sodium hydroxide concentration on tetrahedrite dissolution rate.

3.5. Effect of sodium hydroxide concentration

Fig. 12 presents the influence of sodium hydroxide concentration
on the leaching of tetrahedrite mineral. The tests were carried out
under the following leaching conditions: 150 g/L Na,S-3H,0; particle
size of —754 53 pm; 2.5 g of tetrahedrite leached in 500 mL of the
lixiviant; reaction temperature and time of 105°C and 360 min
respectively. It is evident from this figure that tetrahedrite dissolution
in the lixiviant is strongly dependent on the concentration of NaOH.
This can be observed from the plot that the percentage of antimony
and arsenic (Fig. 12) reported into the leach liquor after 360 min at a
concentration of 60 g/L NaOH is greater than that obtained at sodium
hydroxide concentration of 30 g/L. It is also found that increase in
NaOH concentration accelerates the rate at which antimony and
arsenic solubilise in the leach solution. The kinetic data obtained from
the tests are plotted in Fig. 13. This plot shows a linear relationship
and therefore supports that tetrahedrite leaching by the lixiviant is
controlled by the shrinking particle model for reaction-controlled
process.

4. Conclusions

The dissolution kinetics of tetrahedrite in aqueous alkaline
sulphide solution was investigated. It was found that the rate of
reaction increases with increase in reaction temperature, sodium
sulphide concentration, and sodium hydroxide concentration and
with decrease in mineral particle size. The kinetic study indicates that
the rate of tetrahedrite leaching in the lixiviant under selected
conditions is chemically controlled through the particle surface
reaction. The activation energies were found to be 81 kJ/mol and

0.3

4 Sb 30 g/L. NaOH
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Fig. 13. A plot of 1 — (1—X)' vs. time at various sodium hydroxide concentrations for

antimony and arsenic dissolution from tetrahedrite.
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75 kJ/mol, respectively, for antimony and arsenic dissolution from
tetrahedrite, which are consistent with the values of activation
energies reported for the chemically controlled reaction process.
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Removal of impurity elements in copper metallurgy is one of the major problems encountered today
since pure copper ore reserves are becoming exhausted and the resources of unexploited ores often con-
tain relatively high amounts of impurity elements like antimony, arsenic, mercury and bismuth, which
need to be eliminated. The present work is aimed at pre-treating a tetrahedrite rich complex sulphide
concentrate by selective dissolution of the impurities, therefore, upgrading it for pyrometallurgical pro-
cessing. To accomplish this, dissolution of antimony and arsenic by an alkaline sulphide lixiviant from the
concentrate were investigated. The lixiviant proved selective and effective to dissolve these impurity ele-
ments from the concentrate with good recoveries. Further investigations on the factors influencing the
leaching efficiency of the lixiviant were studied. The parameters considered were sulphide ion and
hydroxide ion concentrations, mineral particle size, reaction temperature and leaching time. Analysis
of the leach residue indicates that copper content of tetrahedrite has transformed into copper sulphides
with the average chemical formula Cu;g4S. The grade and economic value of the concentrate were
improved greatly after sulphide treatment, and therefore, suitable as a feedstock for smelting. The impu-
rities have been reduced to low levels which are tolerable in the smelting furnace and consequently
reduce both the treatment and environmental problem encountered when such concentrate is processed
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pyrometallurgically.
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1. Introduction

Copper extraction through pyrometallurgical processing of con-
centrate relies heavily on copper sulphides; and to a lesser degree
on copper oxides, which are processed hydrometallurgically. The
majority of copper sulphide mineral deposits mined today are
complex in nature. These minerals are often found in association
with tetrahedrite (Cu;,Sb,S¢3), enargite (CuszAsS,) and tennantite
(Cuy,As,4S;3) minerals (Riveros and Dutrizac, 2008), which render
them less appropriate as a feed material for smelting due to their
antimony, arsenic and mercury contents that can create serious
processing and environmental problems (Curreli et al., 2009;
Filippou et al., 2007; Lattanzi et al., 2008). These minerals are eco-
nomically attractive due to their substantial contents of silver and
copper (Balaz et al, 1998; Havlik et al., 1999); however, the
content of antimony and arsenic effectively reduces their economic
value due to requirements for further treatment options for the
containment of hazardous emissions from pyrometallurgical pro-
cessing. Also, the presence of these noxious elements will signifi-

* Corresponding author. Tel.: +46 920 491290; fax: +46 920 491199.
E-mail address: ake.sandstrom@Itu.se (A. Sandstrém).

0892-6875/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.mineng.2010.08.018

cantly affect both the quality and the physical properties of the
copper product (Filippou et al., 2007; Mihajlovic et al., 2007; Tong-
amp et al., 2009; Viiials et al., 2003; Wang, 2004). Besides, arsenic
and antimony have been considered as undesirable elements that
cause serious toxicological and environmental problems (Filippou
et al., 2007) which have forced the smelters to be selective of the
type of concentrate to process due to the stringent environmental
laws. Wang (2004) explained further that during copper smelting,
most of the undesirable impurities such as antimony, arsenic, bis-
muth and lead are only partially removed by oxidation. When
white metal and blister copper are in equilibrium, these impurities
are partly distributed into the copper phase, from which their
removal is difficult. Furthermore, Navarro and Alguacil (2002)
explained that during electro-refining of impure copper, the
impurity elements would gradually increase in concentration to
their solubility limits if no electrolyte was eliminated from the
electro-refining circuit. However, they would passivate the anodes
and also contaminate the cathodes which cause a decrease in the
efficiency of the electro-refining plant. Consequently, the electro-
lyte is usually treated conventionally by withdrawing a bleed from
the stream to recover its copper content and isolate, and recover
the impurities afterwards. But, this conventional method of treat-
ment has some disadvantages which include; difficult materials



1228 S.A. Awe, A. Sandstrom/Minerals Engineering 23 (2010) 1227-1236

handling, energy consumption, possibility of toxic arsine gas for-
mation, and loss of high copper in a low value recycle product
(Navarro and Alguacil, 2002).

As a result of the global increase in demand for base metals,
mining companies are now paying more attention to the low grade
and complex sulphide ore deposits to economically process them.
However, this necessitates pre-treatment operations to be con-
ducted to selectively remove the impurities prior to the smelting
of the copper concentrates. Therefore, this paper reports and dis-
cusses the studies carried out on the selective leaching of antimony
and arsenic under various experimental conditions from a tetrahe-
drite rich complex sulphide concentrate in alkaline sulphide
media.

2. Methods of pre-treating As/Sb rich sulphide ores/
concentrates

In an attempt to upgrade sulphide concentrates rich in arsenic
and antimony for pyrometallurgical processing, selective flotation
of enargite, tetrahedrite and tennantite from other copper sulp-
hides such as covelite (CuS), chalcopyrite (CuFeS,), chalcocite
(Cu,S) and bornite (CusFeS,;) has been studied (Curreli et al.,
2005; Filippou et al., 2007). The outcome showed that these miner-
als are difficult to separate from other sulphide minerals (Filippou
etal., 2007) because they exhibit similar flotation properties as cop-
per sulphides and therefore report to copper concentrates.

Apart from this, a more cost effective and environmentally
friendly process for the removal of antimony and arsenic from
the so called “dirty concentrates” prior to pyrometallurgical pro-
cessing has been considered to be achieved through hydrometal-
lurgical process (BaldaZ and AchimoviCova, 2006b; Balaz et al.,
1998; Nadkarni et al., 1975). The discussions about the possibility
of leaching antimony-arsenic bearing minerals in copper resources
are available in literature. It is reported that the amphoteric nature
of antimony allows the use of both acidic and basic media for its
solubilization (Anderson, 2001; Balaz et al., 2001). In reality, only
two lixiviant systems are utilized in antimony hydrometallurgy:
acidic chloride (Correia et al., 2001; Correia et al., 2000; Guy
et al., 1983; Havlik et al., 1999; Havlik and Kammel, 2000; Padilla
et al., 2005) and alkaline sulphide (Awe, 2008; BaldZ and Achim-
ovicova, 2006a; Baldz and Achimovicova, 2006b; Baldz et al.,
2001; Frohlich and Miklos, 2001). Previous studies have shown
that arsenic and antimony containing minerals dissolve slowly in
acidic media below 100°C (Correia et al., 2001; Padilla et al.,
2005). Significantly faster leaching rates have been obtained in
alkaline media containing sulphide (Awe et al., 2010; Awe and
Sandstrom, 2010; Balaz et al., 2000; Balaz et al., 2001) or sodium
hypochlorite (Vifials et al., 2003) as well as in acid media at ele-
vated temperatures (Neiva Correia et al., 1993; Riveros and Dutri-
zac, 2008). Due to the refractoriness of tetrahedrite, enargite and
tennantite to most lixiviants; concentrated leaching agents, high
reaction temperatures and long leaching times are required to effi-
ciently dissolve antimony and arsenic (BaldZ, 2000). In a recent
study conducted by the authors, it was shown that the rate of
leaching tetrahedrite in alkaline sulphide lixiviant was chemically
controlled through the particle surface reaction (Awe et al., 2010).
Filippou et al. (2007) reported that alkaline sulphide solution is
selective in dissolving antimony and arsenic; and the copper prod-
uct obtained after sulphide leaching may be chalcocite or covelite,
while arsenic and antimony are dissolved as thioanions: thioarse-
nite (AsS3~), thioarsenate (AsS;~), thioantimonite (SbS3~), thioan-
timonate (SbSi’ ), etc. depending on the feed composition and the
reaction conditions. The chemical reactions occurring during sul-
phide leaching are briefly described as follow (Filippou et al.,
2007):

CuypSbsSi3(s) + 2NayS(aq) — 5Cu,S(s) + 2CuS(s)

+4NasSbS;(aq) (1)
NaSbS;(aq) + Na,S(aq) — Na3;SbSs(aq) 2)
Sb,Ss3(s) + 3Na,S(aq) — 2NasSbS;(aq) 3)
2Cu3AsS4(s) + 3Na,S(aq) — 3Cu,S(s) + 2NaszAsS4(aq) (4)
As,S3(s) + 3Na,S(aq) — 2NazAsSsz(aq) (5)

Balaz et al. (1998) disclosed that sulphide lixiviant reacts with
mercury to form a soluble salt complex which could easily be
hydrolyzed if the alkali concentration is very low.

Furthermore, alkaline sulphide leaching processes have been
utilized industrially at operations in Russia, China, the Sunshine
antimony refinery, Idaho, USA (Anderson and Krys, 1993), and also
at Equity Silver Mines Ltd., British Columbia, Canada (Dayton,
1982; Filippou et al., 2007). At Sunshine, the lixiviant was pro-
duced on site by dissolving elemental sulphur, a major product
of the silver refinery, in sodium hydroxide and the resulting solu-
tion contains the following chemical species; sodium sulphide,
thiosulphate and polysulphides according to reactions (6) and (7)
(Ackerman et al., 1993).

45°(s) + 6NaOH(aq) — 2Na,S(aq) + Na,5,05(aq) + 3H,0 (6)

(X —1)S°(s) + NayS(aq) — NaySy,

In addition, the leach processes at Sunshine Mining and Equity
Silver Mines are somehow similar while the solution purification
processes are different. Antimony was electrowon from the leach
solution at Sunshine Mining (Nordwick and Anderson, 1993)
whereas Equity Silver Mines entirely recovered antimony in auto-
claves as sodium hydroxyl antimonate and arsenic was converted
to calcium arsenate to be impounded at a site far from the mine
(Dayton, 1982; Filippou et al., 2007).

Due to the widespread occurrence of antimony and arsenic con-
taining minerals in copper concentrates, a suitable pre-treatment
process to selectively remove antimony and arsenic from such con-
centrates is a necessity. If the impurity content is reduced to an
acceptable limit the penalties charged by the smelters would be
alleviated. Thus, antimony can be recovered as marketable prod-
ucts while arsenic can be precipitated as a stable material (e.g. fer-
ric arsenate) suitable for landfills. By so doing, pyrometallurgical
treatment of the so called “dirty ore/concentrate” will be made
possible with more economical viability and environmental
friendliness.

wherex =2 to 5 (7)

3. Materials and methods
3.1. Material characterization

The antimony-bearing sulphide material used in this investiga-
tion was bought from Gregory, Bottley & Llooyd Company, United
Kingdom and originated from Casapalca, Departamento Lima, Peru.
The coarse material was first crushed and part of its associated
quartz was removed by handpicking prior to grinding. The ground
sample was sieved into the following size fractions: —106 + 75,
—75+53, =53 +38 and —38+20 pm, which were used in the
study. The concentrate contains 5.43-5.78% Sb and 1.77-1.87%
As and other elements as shown in Table 1.

X-ray powder diffraction (XRD) patterns were collected from
pulverised solid samples using a Siemens D5000 Automated Pow-
der Diffractometer equipped with a continuous scanning device.
Patterns were collected between 20 angles of 5-90° (at Cu Ko radi-
ation of 40 kV, 30 mA). Mineral phases were identified using the



S.A. Awe, A. Sandstrom /Minerals Engineering 23 (2010) 1227-1236 1229

Table 1
Chemical analysis of a tetrahedrite rich sulphide concentrate.
Size fraction (%) —106 + 75 um —75+53 um —53+38 um
Cu 15.6 15.2 15.7
Fe 11.1 14.2 133
Zn 16.1 16.8 16.9
Sb 5.78 543 5771
As 1.87 1.86 1.77

Joint Committee for Powder Diffraction Standards (JCPDS) file of
the instrument.

A representative sample was taken from the antimony-bearing
sulphide concentrate and also from the leach residue, at which the
highest recovery of antimony was obtained, for QEMSCAN (a scan-
ning electron microscope with four energy dispersive X-ray detec-
tors and a microanalyser) analysis. The samples were mounted in
epoxy and a diamond cutting wheel was used to cut the hardened
blocks to size and expose the sample grains. The samples were pol-
ished and carbon coated prior to QEMSCAN analysis. The mineral-
ogy of particles was inferred from data obtained using the
QEMSCAN® advanced mineral analysis system. The particles were
examined using the Field Scan method, involving spot analyses
over the surface of the block, collection of the resultant X-ray spec-
tra and comparison with a spectral data base.

3.2. Leaching

Antimony and arsenic selective removal tests were performed
by dissolving the antimony-bearing sulphide concentrate in alka-
line sulphide solutions, to determine the effect of the following
parameters: sodium sulphide (Na,S-3H,0) concentration (0.76 M,
1.14M and 1.89 M), sodium hydroxide (NaOH) concentration
(0.75M and 1.5 M), leaching temperature (357 K, 364K, 371K
and 378 K) and mineral particle size (—53 + 38 um, —75 + 53 um
and —106 + 75 pm). All experiments, each lasting 6 h, were carried
out with 0.5% solids, —75 + 53 pm particle size and 378 K reaction
temperature (except where otherwise stated) in 500 mL leach

solution containing 1.14 M Na,S-3H,0 +1.5M NaOH. A 500 mL
four-necked round bottomed glass reactor was used which was
stirred mechanically with a paddle stirrer at a constant stirring rate
of 600 rpm and heated in an auto-regulated system. The lixiviant
was first added to the reactor and when the desired temperature
was reached, the solid sample was added. At predetermined time
intervals, 5 mL sample solution was taken from the reactor for
the analysis of dissolved metals. All reagents used for leaching
and chemical analysis were of analytical grade and used without
further purification. The influence of each variable was determined
by keeping all other variables constant. Leaching results were eval-
uated by means of chemical determinations on the leach products
using Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES)/Sector Field Mass Spectrometry (ICP-SFMS).

4. Results and discussion
4.1. Mineralogical composition

The mineralogical composition of the antimony-bearing sul-
phide concentrate was investigated using XRD and QEMSCAN
methods of analysis. Fig. 1 shows the result obtained from XRD
analysis performed on the concentrate. The major mineralogical
phases identified in the diffractogram were tetrahedrite, sphaler-
ite, galena, chalcopyrite, pyrite and iron sulphide.

QEMSCAN analysis was conducted on the concentrate sample to
confirm the mineralogy previously determined by the XRD
technique. The result from this method is shown in Fig. 2 and
Table 2. This result compares well with the XRD identification of
the major phases present in the concentrate, but the method iden-
tifies a much wider range of minor minerals (Table 2) that were be-
low the detection limit for XRD. This confirms that QEMSCAN
analysis can provide much more mineralogical information than
the XRD method for trace mineralogy (Goodall et al., 2005). No
arsenic mineral was detected by the two techniques meaning that
the arsenic in the mineral is hosted in the tetrahedrite structure.
Also, QEMSCAN result shows that the concentrate is rich in tetra-
hedrite (Table 2) and silver is found bonded in the tetrahedrite
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Fig. 1. XRD diffractogram of antimony-bearing sulphide concentrate.
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Fig. 2. QEMSCAN micrograph of Sb-bearing sulphide concentrate.

Table 2
Material mineralogy defined by QEMSCAN.

Mineral Mass fraction (% w/w)
Tetrahedrite 30.2
Sphalerite 20.6
Galena 19.0
Pyrite 15.7
Chalcopyrite 134
Quartz 0.4
Tetrahedrite with Ag 0.1
Andalusite (Al,SiOs) 0.1
Total 99.5

(Fig. 2). This confirms the presence of silver and arsenic as a solid
solution in the tetrahedrite crystal structure as widely reported
in the literature (Filippou et al., 2007).

4.2. Ep-pH and speciation diagrams

In order to study the behaviour of sulphide ions during leaching
in relation to the solution pH, an equilibrium E,-pH diagram for
S-H,0 system was constructed using FactSage 6.1 computer soft-
ware at the temperatures of 298 K and 378 K (Fig. 3a and b),
respectively. The equilibrium diagram (Fig. 3) obtained shows that
at lower redox potential, S*~ ion is the dominant ion in the solution
at pH > 13 at 298 K (Fig. 3a) and at pH > 11 at 378 K (Fig. 3b). This
implies that higher concentration of sodium hydroxide will be re-
quired at 298 K than at 378 K in order to prevent the protonation of
$2~ to HS™ in the solution and therefore, making it available to sol-
ubilize antimony by forming soluble sulphide complexes. During
sulphide leaching of tetrahedrite, sodium sulphide dissociates
according to reaction (8) and antimony forms the complexes thi-
oantimonite and thioantimonate (Filippou et al., 2007) with sul-
phide ions as shown in reactions (1) and (2). Many other species

Fig. 3. Ey—pH diagram of the S-H,0 system at (a) 298 K and (b) 378 K. The dashed
line represents Hx(g)/H>0.

such as polysulphides, thiosulphates and sulphates (Fig. 3) may
form if the leaching is performed under an oxidising environment.



