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Nowadays, a higher demand on a lot of metals exists, but the quantity and purity of the ores decreases. The
amount of scrap, on the other hand, increases and thus, recycling becomes more important. Besides recycling,
it is also necessary to improve and optimize existing processes in extractive and recycling metallurgy. One of
the main difficulties of the overall-plant recovery are metal losses in slags, in both primary and secondary
metal production. In general, an increased understanding of the fundamental mechanisms governing these losses
could help further improve production efficiencies. This review aims to summarize and evaluate the current sci-
entific knowledge concerning metal losses and pinpoints the knowledge gaps.
First, the industrial importance and impact of metal losses in slags will be illustrated by several examples from
both ferrous and non-ferrous industries. Throughout the remainder of this review, the main focus will be put
on the particular issues in copper industry. In a second section, the different types of metal losses in slags will
be discussed. Generally, metal losses in slags can be subdivided into two types: chemical losses and physical
losses. The fundamental insights concerning the responsible mechanisms will be discussed for each type. Subse-
quently, an overview of the most frequently used techniques for research investigations of the losses will be
given. In a fourth section, a more detailed overview will be given on the post-processing treatment of metal-
containing slags, i.e. performing slag cleaning operations. The most frequently applied methods will be discussed.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction [8]: the addition of oxygen to Cu,S yields Cu instead of Cu,0. When

The domain dealing with extraction or refinement of materials/
metals at high temperatures is called pyrometallurgy. The raw materials
for metal production (mined ores) contain less and less of the desired
metal, thus increasing the ratio of produced slag to produced metal.
The slag used to be considered as a waste stream, but is now considered
as a secondary resource, e.g. in road building applications or dike fortifi-
cations [1]. Due to the recent higher demand on a lot of metals, the de-
crease in the quantity and purity of the corresponding ores and the
increase in the amount of scrap, recycling becomes more important.
Besides recycling, it is also necessary to improve and optimize existing
processes in extractive and recycling metallurgy to deal with the
scarcity of natural resources [2].

In a pyrometallurgical process, several phases can be present besides
the liquid metal: slag (mixture of metal oxides), matte (mixture of
metal sulphides), etc. The slag mainly contains the gangue ores, from
which the metal is extracted, and is mostly used to remove certain
impurities. Moreover, it is also used as an isolation layer and prevents
re-oxidation of the molten metal, because in a typical pyrometallurgical
process, the slag floats on top of the molten metal, due to differences in
density. In most pyrometallurgical processes, the slag will finally be
tapped from the furnace [1]. Sedimentation is frequently one of the
last steps (before tapping) in many pyrometallurgical processes,
allowing separation of slag and matte/metal. However, industrial Cu
smelters [3], Pb reduction smelting furnaces [4,5], ferrochrome smelters
[6], etc. still suffer from metal rich droplet losses in slags due to insuffi-
cient phase separation. These losses remain an important issue in metal
extraction and recycling industries and can be reduced by optimizing
the phase separation. The focus in this study lays on Cu smelting, but
it is clear that a fundamental investigation of the problem of metal
losses in slags can yield solutions that are applicable in multiple
industries.

This review is meant to summarize the scientific work performed re-
garding metal losses in slags. Therefore, first, the general aspects of the
different possible metal production routes for the various base metals
are discussed. Then, the different types of metal losses are discussed in
detail, followed by possible experimental set-ups used to investigate
these metal losses. Afterwards, several slag-cleaning operations are de-
scribed to finally conclude with the summary. The emphasis lays on the
scientific investigation of metal losses and some possible suggestions
are made for minimization of metal losses throughout the text. The sub-
sequent practical implementations, however, depend on the process
under consideration and will not be discussed in this manuscript.

2. Base metal production
2.1. Copper smelting

Copper ores commonly consist of a low concentration (0.5-2 wt%
Cu) of copper iron-sulphide or copper-sulphide minerals (e.g. chalcopy-
rite CuFeS; or chalcocite Cu,S) in combination with a large amount of
gangue material (Al,03, SiO», ...). Pure copper metal is produced from
these ores by concentration, smelting and refining [7]. The ores are con-
centrated by e.g. froth flotation, after which they are smelted in a large
hot (£ 1250 °C) furnace. Under oxidizing conditions, Cu tends to form
metallic Cu as well as Cu oxide, as explained extensively by Yazawa

the latter happens, the Cu,0 dissolves in the slag generated during cop-
per making. The large concentration of iron in most copper concentrates
creates a large amount of slag, which could allow for more Cu to be lost
in it. As a result, it is better to eliminate some of the iron from the con-
centrate before final copper making. This is why the Cu ores are smelted
first to produce a Cu-rich matte (45-75 wt% Cu) and a slag (with the
smallest possible concentration of Cu), after which this Cu-matte is con-
verted to form impure molten copper (99wt%Cu) in a separate step. To
keep the concentration of Cu in the smelting slag as low as possible, it is
possible to add a SiO, flux to promote slag-matte immiscibility or to
keep the furnace hot enough to liquefy the slag [7].

The converting step takes place in two sequential stages: the elimi-
nation of Fe and other remaining impurities in the ‘slagging blow’ and
the ‘copper making blow’, which converts the ‘white metal’ (Cu,S) to
metallic Cu. The copper is then refined in further steps. Because condi-
tions in the converter are strongly oxidizing, converter slag inevitably
contains 4-8 wt% Cu. The slag can be treated to recover the remaining
Cu and is then sold or discarded. Another possibility is the reuse of the
converter slag as a starting bath for the next batch [7]. But this may
also affect the final slag loss, because the oxygen potential of the melt
is changed and this influences the composition of the matte and the
slag [9]. The secondary production of copper uses scrap as a source of
copper. High-purity copper scrap can be found in e.g. electronic wires
and electronic waste [7]. It should be noted that the general aspects of
primary copper production and scrap recycling are similar. A major dif-
ference in the case of scrap recycling is the use of copper as a collector
metal for the noble metals, whereas in ore-based production, the prima-
ry aim is to produce the pure metal. The yields of the recycling of noble
metals could be improved by higher collection rates of e.g. e-scrap and
maximizing eco-efficiency.

2.2. Lead smelting

The conventional primary lead production process consists of four
steps: sintering, smelting, drossing and refining. Feedstock mainly
made up of lead concentrate is fed into a sintering machine together
with other raw materials like silica, coke and limestone flux. This is
fed in turn into a blast furnace for reduction with carbon, which also
acts as fuel. Four layers form in the furnace: ‘speiss’ (the lightest mate-
rials, basically arsenic and antimony), matte (copper sulphide and
other metal sulphides), blast furnace slag (primarily silicates) and lead
bullion. Subsequently, all layers are drained off. The speiss and matte
are sold for recovery of copper and precious metals to copper smelters.
The blast furnace slag, which contains iron, zing, silica and lime, is stored
in piles and is partially recycled. The rough lead bullion from the blast
furnace usually requires preliminary treatment, before undergoing re-
fining operations. Then, the bullion is agitated in a drossing kettle and
cooled just above its solidification point, 370 °C-425 °C. A dross com-
posed of lead oxide, along with copper, antimony and other elements
floats on the top and solidifies above the molten lead. The dross is re-
moved and is fed into a dross furnace for recovery of non lead minerals.
The lead bullion is further refined to remove any remaining non lead
materials in a cast iron kettle in five stages, leading to lead with a purity
of 99.9-99.99%. Secondary production of lead uses old lead-containing
scrap as feed. The main scrap source are lead-acid batteries [10].
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2.3. Nickel production

Nickel can be extracted from sulphide ores, where pentlandite
((Ni,Fe)gSg), chalcopyrite (CuFeS,), and pyrrhotite (Fe;Sg) are the
major minerals. Mined sulphide ores contain typically about 1% Ni,
and are concentrated to 7 to 20 wt% Ni by various mineral processing
methods. The concentrate is subsequently dried for further handling.
Molten matte from the smelting furnace is transferred into a converter
for the removal of the final FeS to form a matte with about 0.5 to
2 wt% Fe. This is achieved by blowing air or oxygen enriched air into
the matte. It is during this stage with high oxygen pressures that the
most valuable metal losses to the slag phase occur, as stated by Toscano
and Utigard [11].

2.4. Steel production

During the production of crude/pig iron in a blast furnace, oxygen
and other impurities are removed from the iron oxide ores by pyromet-
allurgical processes with carbon reducing reagents and fluxes. Most of
the impurities and fluxing agents combine to form a liquid silicate
melt called blast furnace slag. This slag is tapped from the blast furnace
separately from the iron. The crude iron is then transferred to a steel fur-
nace, either BOF (basic oxygen furnace) or EAF (electric arc furnace),
where the iron's residual carbon content of about 4 wt% is reduced
and other impurities are removed. This process involves the use of
lime and silicate fluxes and the formation of steel slag. Steel furnaces,
particularly electric arc furnaces (EAF), also may be fed with scrap
iron and steel, but again the impurities are removed by fluxing agents
which form a slag. Apart from the original furnace feedstock impurities,
slags (especially steel slags) also may contain significant amounts of
entrained free metals [12].

* Ferrochrome production

In the production of stainless steel, ferrochrome is the major chromi-
um source. The chromite ores are smelted using suitable carbonaceous
reductants such as coke, char etc. During the smelting process, slag is
formed and metallic ferrochrome coalesces into droplets, which sepa-
rates from the slag by settling through the slag to the bottom of the fur-
nace. Ferrochrome slag consists mainly of SiO,, Al,03 and MgO in
different proportions, but also smaller concentrations of CaO, chromium
and iron oxides, with significant quantities of chromium in the form of
partially altered chromite and entrained alloy [6].

« Ferrovanadium production

Ferrovanadium alloys are produced commercially by the reduction
of vanadium ore, slag or technical grade vanadium oxide with ferrosil-
icon, aluminium and to a lesser extent by carbon. A charge consisting
of vanadium oxide, reductant, fluxing agents, etc. is fed to an electric
arc furnace that is maintained at temperatures of about 1600 °C, yield-
ing either a 40 or 80% V alloy. The nature of the vanadium oxide used
as input materials governs the choice of the production route. The use
of V,05 as raw material leads to the exothermic reduction, allowing
that both iron and the alloy can melt, which results in an effective sep-
aration of the alloy and the high alumina slag. Therefore, an
aluminothermic reactor can be used. When V,03 and V,0,4 are used
as raw materials, addition of external energy is required to sustain
the less exothermic reactions. Thus, the electro-aluminothermic reac-
tor is used. The trivalent oxide is reduced with aluminium in an elec-
tric arc furnace, adding iron in the form of scrap, and lime (CaO) to
flux the alumina. A high temperature for tapping (1840 °C) is required
because of the high melting point of ferrovanadium and also favours
the settling of entrained metal droplets from the slag after tapping
[13,14].

3. Metal losses in slags

Large bubbles are produced during the gas-blowing stages in
smelting and converting in several metal production processes. After
each stage of gas blowing through the melt, a sedimentation step is nec-
essary before phases can be tapped. The settling time of this step needs
to be long enough to allow the different phases to separate, but this time
also implies a loss of production time and, consequently, insufficient
separations are often encountered in practice. E.g. some metal or
matte droplets are often observed as a suspension in the slag. Several in-
dustries encounter such losses:

* Lead smelting

One of the factors impeding the total recovery of the lead contained
in the sinter is the retention of metal by slag. It is generally accepted that
when these losses exceed 2-3%, the economics of the process are
strongly affected. Excessive losses of lead frequently occur in the slag
of lead blast furnaces which represents a sizeable economic loss for
large scale production furnaces [4,5].

* Nickel production

According to Solar [15], about two thirds of the total loss occurs in
the electric furnace slag, as both dissolved nickel oxide and entrained
metal droplets. These chemical and mechanical losses are reported
equally. The amount of mechanical losses can vary between different
nickel production plants [ 15]. Furthermore, cobalt, selenium and telluri-
um are valuable by-products in nickel sulphide smelting and are eco-
nomically very important. The distribution of these minor elements,
however, also affects the quality of the final product and the revenues
gained from the by-product. For example, there are cobalt losses to
the slag phase during the smelting and converting processes, leading
to a conversion of only 30 to 60% of recovery for the matte phase [16].

* Steel production

Gudim [17] studied the metal losses during steelmaking in arc fur-
naces. Metal enters the furnace slag in the form of a film on CO-
bubbles, originating from carbon oxidation and in the form of droplets
during oxygen blowing. The entrained metal content in the slag can
be at least 10% of the metal mass during oxygen blowing of the bath.
Gravity lets the metal droplets settle down from the slag in the metal
phase. As the slag goes down in the furnace, its temperature decreases,
its viscosity sharply increases, and the conditions for droplet settling de-
teriorate drastically. Therefore, metal droplets smaller than 3 mm are
usually retained in the slag. The average content of iron in oxidizing
steel melting slags is believed to be slightly lower than 20-25%, includ-
ing 10-15% metallic iron [17].

O Ferrochrome production

Losses of metal to slag are observed with a significant amount of alloy
droplets with a size of 30 um up to 2000 pm. Some entrained droplets
(>1 mm) can be recovered back in the metallic phase, but the remainder
stays entrained in the slag. Metal losses to slag can occur throughout the
reduction process in the furnace, as well as during the tapping. Both me-
chanical and chemical losses occur. The slag is further treated to recover
some of the entrained metal. The dissolved chrome can be controlled
through improved redox-basicity control, while the amount of entrained
chrome can be controlled through the control of the slag viscosity [6].

O Ferrovanadium production

As stated by Vermaak [13], the vanadium recovery in the electro-
aluminothermic process is mainly controlled by vanadium losses in
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the slag, which include metal droplet entrainments and unreduced va-
nadium oxides in the slag.

» Copper smelting

Last century, the subject of copper losses in slags was already
reviewed by Aksoy [18] and Yannopoulos [3]. Yannopoulos [3] depicted
the monetary significance of the copper losses by comparing the losses
with other important smelting operational costs, as represented in
Fig. 1.

The amount of losses depends on the industrial processes used, i.e.
which type of furnace. The newer processes produce higher grades of
matte, which results in slags with higher copper content. Sridhar et al.
[19] estimated that for the annual worldwide primary copper produc-
tion of 9 Mt, 181 kt of copper are discarded via the slag, which repre-
sented 400 million dollar at that time. Note that nowadays the yearly
copper production is about 19 Mt [20].

Smelting furnace slag contains roughly 1-2% Cu, which rises as the
matte grade increases according to Davenport et al. 7] Converter slag
contains roughly 4-8% Cu [7] and smelting slags from the Teniente con-
verter contain up to 8 wt¥%, according to Warczok et al. [21]. Based on
compositions of several industrial slags, Shen [22] noted that the copper
content varied between 0.5 and 3.7 wt%. Taking into account the mass of
each produced slag, a significant amount of copper is present in this slag
[7,23]. Tan [24] described the amount of losses of the Xstrata Copper
Smelter process at Mount Isa and concluded that the copper lost to ro-
tary holding furnaces is the single largest loss in the copper smelter.
As stated by Degel et al. [25], metal losses in the copper industry are
one of the main factors determining the overall plant recovery.

In order to make the pyrometallurgical processes more efficient and
minimize metal losses, more knowledge is required on the form and or-
igin of these losses. A small amount of literature can be found on the
influencing factors for the decantation of metals in slags. Nevertheless,
it is generally accepted [3,9,19,26,27] that the metallic losses in slags
have two causes: the chemical dissolution of metals and the mechanical
entrainment of metallic droplets. The chemical dissolution of metals is
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Fig. 1. Copper losses and their economic impact during smelting in seven plants as
summarized by Yannopoulos [3].

inherent in pyrometallurgical processes and governed by the system's
thermodynamic equilibrium. The amount of dissolved metal is correlat-
ed with the thermodynamic state of the furnace [9,27]. The difference
between the actual amount of copper present and the amount that
can be attributed to its dissolution, is usually assigned to the formation
of a mechanical dispersion of matte/copper in the slag [28]. Fig. 2 shows
the copper losses in slags as a function of the matte grade in the Tamano
flash smelter as indicated by the shaded frame. Maruyama et al. [29]
simulated the chemical copper losses within this industrial set-up,
using HSC chemistry. The difference between the simulations and the
actual industrial data were assumed to be attributed to mechanical
losses (indicated by suspension loss).

Apart from the economic losses associated with these droplets, the
process becomes more difficult to handle when Cu droplets are present.
The process aspires to an optimal quantity of Cu-oxide in the slag: the
amount of copper in the slag is determined by analyses and this sets
the oxygen quantity. There is, however, no way to notice the difference
between metallic Cu (in the droplets) and the oxidized form (dissolved
in the slag) in the short time span available during processing, because
the analyses to discover the difference take too long. This indicates that
the process control is not optimal. The copper smelting process at this
moment is controlled based on experience, but a better separation can
probably be obtained when a more fundamental knowledge of the in-
teractions and phenomena in the formation of droplets and decantation
is constructed. The different types of losses will be discussed in more de-
tail in the following sections.

3.1. Dissolved metal

Chemical dissolution of metals in slags has already been investigated
thoroughly in literature [8,30-32]. Initially, copper (and other metals)
were assumed to be dissolved in slags as oxides, called the ‘oxidic’ disso-
lution. The Cu,0 concentration in a slag is related with the thermody-
namic state of the furnace and it can be minimized by controlling the
furnace according to well-studied metal-matte-slag-gas relationships
[27]. The oxidic copper solubility increases with increasing po, and de-
creasing temperature [9,32]. The effect of the temperature can be ob-
served in Fig. 3 and the influence of po, in Fig. 4.

Increasing the matte grade also results in a higher copper content in
the slag [3]. The silica content can also influence the Cu losses. It was
found that the minimum loss of copper due to mechanical entrainment
is found at approximately 35% SiO,. This decrease up to 35% is accounted
for by the predominance of the interfacial tension of slag and matte over
the viscosity of the melt. SiO, addition increases the viscosity and
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Fig. 2. Simulation of copper losses in slag at the Flash Smelting Furnace operation at
Tamano smelter. The oxide and sulphide losses were calculated using HSC chemistry,
the shaded part shows the operation data. The difference between both is attributed to
mechanical losses (referred to as suspension loss) [29,92].
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decreases the surface tension. The silica content also has an influence on
the magnetite formation (the ratio SiO,/FeO is important) [3]. Other
slag constituents also influence the amount of copper lost: increasing
FeO decreases the viscosity, increases the density and enhances the re-
duction of magnetite which in turn enhances the solubility of copper in
slag (by forming SO, bubbles). The solubility of the matte in the slag is
reduced with increasing CaO content, because it reduces the specific
gravity and lowers the melting point and the viscosity. CaO also in-
creases the surface and interfacial tension. Al,O3 increases the viscosity

of the slag, it should, however, be noted that the effect on the copper
losses depends on which other slag constituent the alumina replaces.
MgO acts in the same way as CaO if it is added in small amounts [3].
Cao0 is the most effective in decreasing the copper solubility, followed
by MgO and Al,0s, this order corresponds to that of the basicity of
these additives. The results can be explained by the acid-base theory
of the slags: the ions of the additives (Ca®>", Mg?™" and AI> ™) replace
some of the copper ions and occupy sites in the silica structure [33].
Addition of more basic oxides (Ca0, Na,0) produces an excess of 0%~ an-
ions and thus results in a basic slag. Acidic oxides (P,0s, Al,O5, Fe;053),
on the contrary, behave similar as silica and produce very stable tetrahe-
dral anions with a negative charge of — 3, i.e. a combination of the cation
and 3 or 4 oxygen anions, which are capable of polymerisation to larger
ionic compounds. The ability of an oxide to be acidic or basic can be
measured by the attraction of the cation to an oxygen ion. If this attrac-
tion is larger, the oxide will less likely dissociate into 0%~ anions and
thus a greater acidic tendency of the oxide exists. A measure for this is
the ionic bond fraction (Table 1), i.e. the fraction of the whole bond
that can be considered ionic, as opposed to a covalent bond. For a binary
compound, a higher ionic bond fraction yields a more basic oxide. An-
other measure for the attractive force between the metal ion and oxy-
gen is the ratio Z/a? with Z the charge of the metal ion and a the sum
of the radii of the two ions [34].

Richardson and Billington [35] concluded for sulphur-free slags that
copper can only be dissolved after being oxidized and no solubility of
atomic copper is present. When the slag coexists with a sulphidic
matte phase, the iron silicate slag can dissolve additional copper. Thanks
to the ionic theory, the concept of ‘oxidic’ and ‘sulphidic’ dissolutions of
copper was developed to explain this phenomenon [9]. Sehnalek and
Imris [36] and Nagamori [37] were the first to recognize the sulphidic
dissolution of copper. Nagamori found the copper solubility in his ex-
periments to be far greater than that attributed to oxidic loss according
to previous work (which was performed on sulphur-free slags). The sol-
ubility was related to the presence of sulphur in the slag and the concept
of sulphidic dissolution was developed. The molecular or ionic theory of
a slag states that a sulphur ion may dissolve in the slag as if it replaces a
free oxygen ion, which was originally associated with an iron ion. The
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Table 1

Comparison of character of oxides and measures for this character: ionic bond fraction and ratio of charge of metal ion over the square of the sum of the two ionic radii [34].

Oxide Na,O BaO SrO Ca0 MgO MnO Zn0O Al,03 Cry03 TiO, FeO Fe,03 Si0, P,0s5
Ionic bond fraction 0.65 0.65 0.61 0.61 0.54 047 0.44 0.44 0.41 0.41 0.38 0.36 0.36 0.28
Z/a® 0.18 0.27 0.32 0.35 0.48 0.42 0.44 0.83 0.72 0.93 0.44 0.75 1.22 1.66
Oxide type Basic Intermediate Acidic

sulphur ion may in turn tend to replace some of its coordinating iron
ions with copper in accordance with the activity of copper in the matte.

The total dissolved copper in the slag is the sum of the oxidic and
sulphidic dissolution. The fractions of both kinds of dissolved copper de-
pend on the composition of the slag. The sulphidic dissolution is in gen-
eral important for matte grades up to approximately 60% Cu, while
oxidic dissolution is the significant mechanism otherwise [9], as illus-
trated by Fig. 5 [38]. To decrease the dissolved copper loss in slag, it is
effective to raise the Fe/SiO, ratio to decrease the oxidic loss. In order
to decrease the sulphidic loss, this ratio should be lowered [29].

An increase in Al;03, MgO, CaO or SiO, decreases the mutual disso-
lution between matte and slag, thus the dissolved sulphide content in
the slag and the dissolved oxide content in the matte decreases [8].
Apart from the decrease in copper solubility, the Fe*>*/Fe?* ratio was
also lowered due to the additions of CaO, MgO and Al,0s. This effect,
however, was smaller at lower oxygen potentials [33].

Even though it was universally agreed that dissolved copper in slag
occurs as both copper sulphide and copper oxide, [26] this idea has
been rejected by Gaskell et al. [39] and Sridhar et al. [19]. It was ob-
served that the original data of Nagamori [37] show that the copper con-
tent in slags decreases as the sulphur content increases and Sridhar et al.
[19] also pointed out that normal investigations use a gas-matte equilib-
rium to control the oxygen potential (similar as in plant practice).
Nagamori used metallic iron in equilibrium with 0-55 wt% Cu mattes
to control the oxygen potential. With this method, the oxygen potential
is lower than in copper smelting and this increases the sulphur solubil-
ity. For Cu grades of mattes above 55 wt%, Nagamori used copper metal
in contact with matte to fix the oxygen potential. This results in an oxy-
gen potential close enough to that in copper smelting. It was observed
by Nagamori that in this latter composition range the copper loss is
only oxidic. The observations of Sridhar et al. [19] imply that the copper
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Fig. 5. Schematic diagram of calculated oxidic, sulphidic and total dissolved copper in
commercial reverberatory slag [38].

losses in slags can be explained by the oxidation of copper at different
oxygen potentials present during the production of different matte
grades. No assumption of copper sulphide species in the slag is needed
to explain copper losses. Moreover, according to Sridhar et al. [19], it
is very unlikely that copper sulphide is present, as the affinity of sulphur
for Fe is higher than for Cu. This leads to a higher probability for sulphide
ions to be present in the proximity of iron ions. Victorvitch [40] drew a
similar conclusion in extensive studies on copper smelting slags.

3.2. Mechanically entrained metal droplets

The difference between the actual and thermodynamically predicted
metal content in slags can be attributed to the mechanical dispersion of
metal and matte in the slag. A significant amount of literature deals with
chemically dissolved metal losses to slags, but a large spread on the data
is observed. This can be explained by the amount of physically entrained
matte or metal, which is usually not measured and which is difficult to
calculate accurately. Mechanical losses in the slag can make up to 65-
80% of the total copper loss. Mechanical losses depend on the way the
furnace is operated, slag viscosity, fluid motion in the slag, residence
time, SO, generation in the melt, the presence of solid particles which
can trap matte droplets and the matte-slag separation [9].

The losses due to the droplets are far less controllable than the dis-
solved metal losses. They are associated with the inadequate decanta-
tion of the droplets. The mechanical losses are particles with varying
sizes from several mm to a few pm [26,41]. In general, settling of drop-
lets of a certain phase in another phase can be described by Stokes'
equation:

2r? (psphere 7pﬂuid) g

u= ou

)

Where u is the settling rate (m/s), Pspnere and ppuiq the density of the
droplets and the surrounding phase respectively (kg/m?), r the radius
of the droplet (m), g the gravity constant (m/s?) and p the viscosity of
the slag (Pa-s). This equation is valid for laminar flow conditions,
which are characterized by a low Reynold number, for rigid spheres or
drops/bubbles and approximately valid for liquid droplets rising or set-
tling in an immiscible medium characterized by an immobile surface
[42]. Larger copper droplets in slags in industrial processes, however,
are not necessarily rigid and do not maintain their spherical shape. If
the viscosity of the copper droplets is much lower than the viscosity of
the slag, internal tensions are created within the droplets and Stokes'
equation should be corrected to the Hadamard-Rybczinski equation
[43,44]:

g-r*-Ap
u= TR (2)
where Ap represents the density difference between the sphere and the
fluid. It was found in early experiments that small drops with a diameter
<0.01 cm behave like rigid spheres as their velocity is described by the
Stokes' equation [45]. On the other hand, drops of a sufficiently large
size fall within velocities described by the Hadamard-Rybczinski equa-
tion [46]. The Stokes and the Hadamard-Rybczynski equation empha-
size the importance of the slag viscosity, the size of the sinking
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droplets and the density difference. To get a fast decantation, the follow-
ing should be aimed for [3]:

« the difference in density as high as possible. The density of iron silicate
slags in copper smelting decreases with the increase in silica content,
a decrease in temperature and also with an increase in basic oxide
levels. Generally, FeO increases the slag density, while SiO, and CaO
have the opposite effect.

the size of the droplets as large as possible. Larger droplets can be
achieved by coagulation or growth of smaller droplets. This increases
the surface/volume ratio, which is related to the interfacial energy be-
tween the droplets and the slag. The droplets can also grow or shrink
due to reduction or oxidation reactions.

the viscosity of the slag should be as low as possible. In the case of high
viscosity liquids, small particles can remain entrapped for long periods
of time [47]. It should be noted that the viscosity of the slag depends
on the fraction solid particles, this is called the “slurry effect” (which
is described by the Einstein-Roscoe model equation:

n=n’(1—af)™" 3)

with 1) the viscosity of the liquid melt with solid particles dispersed in
it (Pa-s), 1 the viscosity of the liquid without solid particles (Pa-s), f
the fraction of solid particles in the melt, a the inverse maximum frac-
tion of solid particles and n a constant related to the geometrical par-
ticles shape, which is assumed to be 2.5 for spherical particles [48]).
The settling rate can be increased by decreasing the viscosity or by
using a more reducing environment, as the Fe30,4 content of the slag
will be decreased [7].

The settling rate has an important influence on the efficiency of the
sedimentation process. Maruyama et al. [29] investigated the influence
of the settling time on suspension losses. As expected, it was confirmed
that the copper content in the slag layer decreases with increasing set-
tling time. The settling of suspended particles using the Stokes' equation
was calculated and is presented in Fig. 6 [29]. For the Tamano Flash
smelting furnace, the average settling time of the slag is 4 to 5 h. Within
this time frame, particles with a size larger than 0.13 to 0.15 mm diam-
eter settled. Longer decantation times only have a limited effect on the
recovery of the smaller particles [29].

It was generally believed that phase separations in slag-metal sys-
tems occur only due to the buoyancy effect (the large difference in den-
sity of the alloy and the slag). Lau et al. [49] checked this hypothesis, by
investigating the influence of different gravity conditions on the prod-
ucts synthesized by combustion phenomena. Different systems were

investigated in a variety of gravity conditions from 10~°G up to 1.7G
(this corresponds to overload gravity and is achieved in a part of the tra-
jectory during parabolic KC-135 flights). The investigation showed that
mechanisms driven by surface energy might also play an important role
in the settling process [49]. Also note that some copper matte or metal
droplets can retain on the surface of the slag due to surface forces,
which was experimentally observed by Fagerlund [50]. Poggi et al.
[47] defined the critical radius of a droplet that can rest on the interface
by equating the upward force due to surface tension and the weight of
the particle (or drop):

1
R— 2- 'YSIag /2 ( 4)
4/3 : ppartide g

With R the critical radius of sphere (m), p the density (kg/m?), g the
gravity constant (m/s®), y the surface tension (N/m). It is expected that
larger drops sink through the slag/metal or matte surface and that
smaller drops float.

Up to this point, the phenomenon of mechanically entrained drop-
lets was described. However, the question remains where and how do
these droplets originate? Mechanically entrained matte or metal drop-
lets in slag can originate from a variety of sources [51,52]:

1. Entrainment due to charging of the furnace or tapping of the slag

2. Precipitation of copper from slag due to temperature or oxygen level
gradients within the furnace or due to chemical reactions

3. Sulphur dioxide gas, produced in the matte phase, or other gas
phases dispersing the matte into the slag as the gas crosses the
matte-slag interface

4, Attachment of matte/metal droplets to solid particles present in the
slag phase which hinder their settling

The different possibilities will be discussed in more detail in the fol-
lowing sections.

3.2.1. Entrainment due to charging of the furnace or tapping of the slag

Liow et al. [53] studied slag tapping operations in the settler re-
gion of a copper flash furnace and their influence on the entrainment
of a two-layer liquid through a tap hole. Paraffin oil was used in the
experiments to resemble the slag, which is more viscous than the
heavier metal or matte phase. Water and salt solutions were used
to simulate the matte or metal layers. It was observed that a simple
ledge can effectively reduce entrainment, due to the formation of a
meniscus by the lower liquid layer on that ledge which inhibits the
flow.
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Fig. 6. Relation between settling time and particle size by Stokes' equation calculated by Maruyama et al. [29].
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3.2.2. Precipitation of copper from slag due to temperature or oxygen level
gradients within the furnace or due to chemical reactions

Regarding the second possibility, it should be noted that the slag
phase in industry might not be homogeneous, and local variations in
temperature or oxygen levels are possible. The dissolution of copper in
the slag is influenced by those parameters, cf. Section 3.1. Thus, certain
zones in the slag might be characterized by a lower copper solubility,
leading to the precipitation of oxidized copper present in the slag as me-
tallic copper droplets. Moreover, a large part of the copper dissolved in
the slag can precipitate as metallic copper from iron-silicate slags, even
in quenching, according to Jalkanen et al. [28]. In quenched slags, copper
is said to be evenly distributed as small size precipitates. The copper
particles in a quenched slag are regularly surrounded by a dark sphere.
The precipitation of copper during the quenching of the slag is said to be
caused by the disproportion reaction of cuprous oxide with Fe? *-jons in
Eq. (5). This reaction yields metallic copper and Fe* " and explains the
rapid disproportion, as supported by the observations of Vehvildinen
and Imris et al. [26,28] who suggest that copper is often surrounded
by magnetite [28].

Cu,0 + 3FeO < 2Cu + Fe304 (5)

Whenever mass transfer takes place at a certain liquid-liquid inter-
face, various transitory phenomena occur [54]:

» hydrodynamic phenomena originating from interfacial tension
gradients,

* lowering of dynamic interfacial tension when mass transfer at the in-
terface is intense,

* spontaneous emulsification by ‘diffusion and stranding’ mechanisms.

These effects are evidenced by the deformation of a metal drop, im-
mersed in a slag, during intense mass transfer between the two phases.
Gaye et al. [54] investigated the influence of mass transfer upon interfa-
cial phenomena with X-ray observations at high temperature. It was
shown that, when very high reaction rates are obtained, the tendency
towards spontaneous emulsification exists and it was pointed out that
part of the reaction takes place in the slag, at some distance from the in-
terface, through a ‘diffusion and stranding’ mechanism. They also found
that for various systems, the interfacial forces seem to disappear when
the oxygen flux is larger than 0.1 g-atom/(m?-s). Dispersion of one
phase into the other may become extremely easy in this case and can
occur without external mechanical energy.

Afterwards, Rhamdhani et al. [55] investigated reactions between
liquid iron alloy droplets and a liquid slag at high temperature. The ob-
served phenomena include droplet flattening or spreading (a decrease
in apparent interfacial tension of the droplet), interfacial turbulence
and spontaneous emulsification (the droplet breaks up into numerous
smaller droplets). The first and the last of these possibilities can be ob-
served in Fig. 7. This figure represents the sequence of steps encoun-
tered by Rhamdhani et al. [55,56] during their experiments: in the
early stage of the reaction, the droplet has a nearly flat shape, but
when the reaction is the most intense in the intermediate stage, numer-
ous droplets, mm and pm in size, were obtained. Apart from this macro-
scopic emulsification, some microscopic emulsification was also
observed in the stage prior to emulsification, some microdroplets can
be found near the interface of the single droplet. But although many
microdroplets can be observed, they do not change the interfacial area
significantly.

It should be noted that both metal and slag emulsification are ob-
served. Rhamdhani et al. [55] also observed the initiation of emulsifica-
tion: an interfacial instability causes a protrusion of slag into the metal
phase, as the tip goes further into the metal phase it will tend to become
spherical to decrease its interfacial area; once necking occurs, detach-
ment of the droplet is favourable in order to decrease its interfacial
area; an emulsified slag droplet in the metal phase is then formed. The
same mechanism may apply for metal protrusion into the slag leading
to metal emulsification in the slag. The first emulsified droplets are in
the um size range, further they may coalesce to form bigger droplets
(in the order of a few tens of um). A perturbed interface is only observed
in the first stages of the reaction.

3.2.3. Gas phases dispersing the matte into the slag as the gas crosses the
matte-slag interface

The third possibility (SO, gas bubbles crossing the interface) has
been investigated thoroughly [47]. Any type of gas bubbles can have
the same effect of taking matte or metal with it into the slag phase
when the interface between the different phases is crossed [57]. Rising
SO,-bubbles can find their origin in the reaction between iron sulphides
and magnetite. This reaction is thought to take place near the furnace
bottom and the charge banks [47]. Cuprous oxides dissolved in the
slag can also react with either Cu,S (in the matte) or a combination of
solid SiO, and FeS (in the matte) to produce SO, gas bubbles [58].

This was also illustrated by Holappa et al. [57] for steel production.
When gas bubbles pass through the iron/slag interface, small iron drop-
lets burst into the surrounding slag (Fig. 8(a)). When the gas bubble
exits the interface to the slag phase, a jet is formed to fill the cavity

Slag

Original shape Droplet flattening/
(a) spreading
(b) Original droplet = 5 minutes . 10 minutes

Spontaneous
emulsification

40 minutes

30 minutes 45 minutes

Fig. 7. Droplet shape changes during high temperature reactions (a) schematic representation [54]; (b) shape and droplet changes during the reaction between Fe —4 wt% Al (2.34 g) and

Ca0-Si0,-Al,05 at 1650 °C [93].
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(a)

(b)

Fig. 8. (a) X-ray images showing bursting and detaching of a gas bubble from the iron-slag interface (b) X-ray images showing the mechanism of iron droplet entrainment into slag [57].

with metal. This jet collapses and produces metal droplets into the slag
phase, as illustrated in Fig. 9(c and d) and Fig. 8(b). It is interesting to
note that they observed that with larger bubble size the mass of the
entrained metal in the slag increases strongly and that smaller bubbles
cause practically no entrainment of metal into slag. They also noted
that an increase in the interfacial tension of the metal or in the viscosity
of the slag reduced the metal entrainment.

Thus, the ability of gas bubbles to pick up droplets from the underly-
ing phase into the upper phase is governed by the surface and interfacial
tension of the involved liquid phases and gas. Three situations are pos-
sible, as shown in Fig. 10, where L, represents the underlying liquid
phase and L; the upper phase [51,52,59].

It was suggested that possibility (a) (formation of a film coating on
the gas bubble) will occur if the spreading coefficient is positive. The
spreading coefficient ¢ is defined as:

b= Vg =Yg~ YL, (6)

where ;1 is the surface energy of the upper liquid phase, 2/, the sur-
face energy of the lower liquid phase and 4,1, the interfacial energy
between both liquids. The metal or matte coating of the bubble can sub-
sequently rupture and scatter smaller droplets into the slag phase. The
small droplets are scattered by the rupture of the film, they tend to
sink to the lower liquid surface under gravity, but they may become
entrapped as rafts of droplets, which float on the top surface of the
slag due to surface tension forces or they can be suspended as droplets
below small supporting gas bubbles or they may become entrapped in

the slag due to the fact that they are extremely fine, hereby settling ex-
tremely slowly [47].

Situation (c) (flotation of the droplet by a gas bubble with contact)
will occur if the flotation coefficient (defined in Eq. (7)) is greater
than zero.

A=Yn/eVi/e T Y, (7)

Situation (b) (flotation of droplets without contact with the gas
bubble) will take place only if this flotation coefficient is less than zero.

The flotation behaviour can alternatively be investigated by the de-
velopment of a ternary interfacial energy diagram based on the balance
between surface and interfacial tension forces acting on a droplet rest-
ing on a liquid-liquid interface [51]. The conclusions of this and the
abovementioned method are identical [52]. Ip and Toguri [51] made
such a ternary interfacial energy diagram for the matte-slag-gas,
copper-slag-gas, copper-matte-gas and copper-slag-matte systems at
1473 K. They used it to show that matte droplets with >32 wt% Cu
will not form a film on rising gas bubbles when they collide in the slag
phase. The matte droplets will attach themselves to the gas bubbles
upon collision and can rise together with the gas bubbles, i.e. are floated,
over the whole range of matte composition. Thus, matte flotation in the
slag phase cannot be eliminated by altering the matte grade [51].

Spreading of metallic copper on bubbles is not possible at oxygen
pressures between 10~ 2 and 102 atm. Flotation of copper by gas bub-
bles is possible at oxygen pressures higher than 10~° atm. Therefore, to
avoid the entrainment of metallic copper, the oxygen pressure inside

M

Fig. 9. Proposed mechanisms for the formation of jet and film droplets in the slag when a gas bubble passes through the iron/slag interface [57].
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Fig. 10. Interactions between a gas bubble and liquid droplets in a continuous phase: (a) a film of the underlying phase (L) is formed on the gas bubble, (b) droplets of the underlying
phase (L,) are scattered in the upper liquid (L;), and (c) attachment of the droplets of the underlying phase (L) to the bubble through contact [59].

the furnace should be kept below 109 atm. It should be noted that the
possibility exists that copper droplets attach themselves to matte drop-
lets and are floated by rising gas bubbles, irrespective to the matte grade
[51].

3.2.4. Attachment of matte/metal droplets to solid particles present in the
slag phase which hinder their settling

The rather small amount of literature available on the fourth possi-
bility (attachment to solid particles) mainly focusses on the observation
of the phenomenon. Only recently, De Wilde et al. [60-62] investigated
the phenomenon in more detail. The phenomenon is observed in indus-
try as the attachment of Cu rich droplets to spinel particles present in
the slag. The processes in the Cu smelter take place on temperatures
ranging from 1180 to 1250 °C. Processing temperatures beneath 1200
°C typically produce a subliquidus slag. Due to this subliquidus temper-
ature, the slag contains solid particles, which influence the viscosity of
the slag and can even cause entrainment of matte or metal droplets [7].

Observation of Cu entrainment by solid particles has shown that
these solid particles often possess a spinel structure. Investigation of
the lead losses in the slag of a reduction smelting furnace by Calvo
et al. [4] showed a relation between the amount of metal losses and
the magnetite content. Microscopic investigation showed that the mag-
netite appeared to be associated with the lead particles, as illustrated in
Fig. 11. The amount of magnetite present in the slag is determined by
the reduction potential of the furnace, which can be indicated by the
sulphur content of the slag (an adequate reduction potential increases
the sulphur content).

An investigation of the slag of a ferrochrome smelter [6] shows the
presence of (Fe,Mg)(Cr,Al),04 spinel and these microstructural

Fig. 11. Slag with 3.8 wt% lead: (M) magnetite, (P) metallic lead (magnification x400) [4].

elements can be linked to the entrainment of metallic droplets, as
shown in the pictures of Appendix B of reference [6]. Two of them are
shown in Fig. 12.
The dependency of the amount of entrained Cu drops on the amount
of spinel particles (and on the temperature) can be observed in Fig. 13.
Magnetite has different effects on the viscosity and settling of Cu
droplets [3]:

» Magnetite can be reduced by FeS which produces SO, bubbles, which
in turn promote the flotation of matte or copper droplets into the slag,
as described above.

* The presence of magnetite promotes the formation of copper ferrites.

« The presence of magnetite increases the viscosity of the slag, which
reduces the settling of droplets, cf. Stokes' equation.

 The disturbance of the phase separation between the slag and matte
or alloy through the formation of a magnetite false bottom between
the slag and the matte or alloy layers (called a “mushy” zone).

Barker et al. [63] investigated the correlation between magnetite
and copper amounts in slags and found a direct connection between
the two. Afterwards other investigations delivered the same conclusion:
Imris et al. [26] observed the correlation between magnetite content
and copper losses in slags, as can be seen in Fig. 14(a) and by Barker
et al. [63] in an industrial experiment as shown in Fig. 14(b).

Due to the combination of all interacting influences of magnetite, it
is difficult to define a quantitative relationship between magnetite and
copper content in the slag [3,58,63,64]. Moreover, it should be noted
that most industrial papers consider the magnetite content as a sign of
the oxidation state of the slag and report the ferric oxide content of
the slag, due to the fast precipitation of spinel solids during cooling.
For other (spinel) solids present in slags, similar conclusions can be
drawn: an increase in solids in slags will increase the viscosity of slags
and lead to slower settling of entrained droplets, which subsequently
leads to higher mechanical losses. Furthermore, the phase separation
can be disturbed due to the presence of solids in different zones in the
smelter [3,26,65]. In addition, it is believed that the phenomenon of
copper droplets attached to spinel particles is an important reason for
spinel solids hindering the settling process. The presence of spinel
solids can be explained by the operation temperature that must be
subliquidus.

Nevertheless, it is not clear when or where the attached droplets
originate. Are the Cu droplets formed together with the magnetite, ac-
cording to the disproportion reaction or do the Cu droplets attach them-
selves to the already present spinel particles or a combination of both?
No specific attention had been given to this phenomenon and no knowl-
edge was available concerning the fundamental mechanisms responsi-
ble for it, until recently published work of De Wilde et al. [61,62,66,
67]. They were able to reproduce the attachment in a synthetic slag
[61], as illustrated in Fig. 15.
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Fig. 12. SEM backscattered electron images of slag containing metallic droplets [6] (the scale bar in the figure represents 10 um).

After which they also investigated how this attachment influences
the settling time [62] with a model based on the Hadamard-
Rybczynski formula and experiments. In the experiments (Fig. 16), a
clear decrease of the amount of mechanical entrained droplets was no-
ticed in the upper slag layer as a function of time, together with a vari-
ation of the amount of mechanically entrained droplets as a function
of slag height. Similar observations could be made for the spinel solids
present in the slag. The settling rates calculated with the model were
of the order of 1 mm/min, which corresponded with the experimentally
obtained values. It was observed that the attachment hindered the com-
plete settling towards the underlying copper phase, because the average
density of the ‘Cu-droplet - spinel’ entity is lower than that of the un-
derlying copper. Additionally, the presence of attached spinel particles
can obstruct the coagulation of smaller droplets, which also lowers the
settling rate.

The origin of the attachment was also investigated by sampling at
different moments during smelting experiments. Moreover, a more
fundamental approach was used to investigate the interaction:
sessile-drop experiments of slag and/or metal on a spinel substrate
at high temperatures [66,67] showed that slag exhibits a better
wetting than copper on spinel. This is in contrast with the observa-
tion that attached droplets remain attached and settle down. Thus,
as slag exhibits a better wetting than copper on spinel, an energy
barrier should be overcome by the copper droplets to expel the slag
layer.

From these observations, De Wilde et al. [62] proposed two different
ways to explain the origin of the attachment. Firstly, extensive stirring
can be sufficient to induce the attachment. Secondly, a chemical reac-
tion taking place during the evolution towards a thermodynamically
more stable state can be responsible for the attachment. While the

first assumption seems to be less likely as sticking droplets are also ob-
served in experiments without any stirring, the second option was ex-
plored in more detail: a slag that is initially free of any Cu droplets
was prepared. After the insertion of a steel bar in the system, the forma-
tion of sticking droplets was observed [68].

A reaction scheme was proposed, including two possible pathways
where the spinel solids form together with the copper droplets or
form around the copper droplets, depending on the local conditions of
the system. In both pathways, redox reactions involving copper
(oxides) are essential and within the applied synthetic system, Fe and
Fe-oxides play a crucial role. Within the slag system, two different
types of spinel phases were present: an Al-rich spinel and an Fe-rich spi-
nel. Throughout all experiments, it was observed that copper droplets
were only attached to Fe-rich spinel solids. Furthermore, it was also ob-
served some copper droplets were completely surrounded by spinel
solids present in the slag system. Both observations, together with the
fact that the attachment occurs even though the slag exhibits a better
wetting than copper on spinel, support the explanation of the reactive
origin of the attachment [62,67,68].

These observations together with the observations of Durinck et al.
[69] suggest a final experiment to confirm the reactive origin of the at-
tachment. The addition of a more noble metal to the copper phase
would give the opportunity to reveal whether the droplets present in
the slag originate from a redox reaction of the slag (typically not con-
taining the oxide corresponding to the more noble metal) or from the
mixing of the slag and metal phase (which results in typically larger
droplets containing the more noble metal). Durinck et al. [69] also
found that a small concentration of iron oxide in the slag has an impor-
tant effect on its ‘reactivity’, which might be linked to the fact that iron is
a multivalent cation.

Fig. 13. Left: slag at 1200 °C contains 2% spinels (with Fe and Zn); right: slag at 1140 °C contains 10% spinels which entrain some Cu drops [94].
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Fig. 14. (a) Copper content in slag and matte versus magnetite content in slag at 1250 °C [25]. (b) Special 24 h industrial test in la Oroya smelter [3,63].

4. Experimental methodologies

Metal losses in slags can be studied with a variety of methodologies.
A first common approach is the use of water-based systems at room
temperature. The dispersion of one liquid into another was studied by
the use of several liquid combinations, resembling different density
ratios ((pheavier - plighter)/plighter): Oil/Water [70,7] ]v oil/mercury [47]-
kerosene/water [53,72], mercury/water-glycerine [47] and paraffin-
wax/water [53] systems were already investigated in literature. This
type of experiments is very useful to gain information regarding tem-
perature independent processes. Poggi et al. [47] made qualitative
high speed photographic observations of transport and entrapment
mechanisms of argon bubbles carrying a mercury film into the water-
glycerine mixture. Liow et al. [53] used this type of experiment to deter-
mine the conditions for the entrainment of a second liquid during the
withdrawal of the first liquid. The drawback of this type of procedures
is that only mechanical types of losses can be studied, and influences
of or chemical reactions at high temperatures cannot be included.

A second frequently used approach is to study metal losses in slags
by industrial and/or lab scale sampling procedures using industrial
and/or synthetic slags [26,28,58,73,74]. This approach allows to monitor
the copper losses (both chemical and mechanical) within processes tak-
ing place at high temperature by taking samples of the slag, matte or
alloy are taken at high temperature. Profound analyses of the samples,
combined with mass balances and thermodynamic analyses have pro-
vided valuable insights. Note that attention should be paid to the fact
that slow cooling of the samples can influence the microstructure of
the samples, as illustrated by the observations by Jalkanen et al. [28]:
even when the slag is quenched properly, a major part of the dissolved
copper in the slag precipitates as metallic copper from the slag, present

as finely dispersed copper droplets. Imris et al. [26] studied copper
losses in slags of the smelting and converting process by comparing
thermodynamic calculations with microscopic examination and indus-
trial data. Genevski et al. [74] studied slag melts obtained from flash
smelting furnace operations and these industrial slag samples (air and
nitrogen cooled) were used to determine copper losses using micro-
structural analysis combined with material balance calculations. Takeda
[73], on the other hand, used synthetic slag and matte, for which the
matte grade was varied. Both phases were melted in a silica or magnesia
crucible, which was positioned in a reaction quartz tube under a con-
trolled atmosphere. After the required reaction times, the crucibles
were cooled and microscopic analyses and chemical analyses were per-
formed. This approach is very widely applicable and accessible and the
use of both industrial and synthetic systems has advantages. However,
dynamic phenomena will be more difficult to observe and a critical eval-
uation of the microstructure is an absolute prerequisite.

A third method is the use of models like phase field models [75,76],
computational fluid dynamics [24] or other numerical models [77], sim-
ulating the process. Tan [24] used computational fluid dynamics to gain
understanding on the importance of the slag layer thickness for the en-
trainment during skimming. These data were compared with physical
models. Pirker [77] applied different numerical models (volume of
fluid simulations, superimposed Chimera grids, Lagrangian slag
droplets) to study the slag entrainment in liquid metal during tapping
processes. The use of models and simulations allows to model processes,
in which different important parameters are variable to a very large ex-
tent. The combination of models with experimental insights can be a
powerful tool.

A fourth method is the use of in-situ X-ray imaging, to monitor the
behaviour of slag and alloy at higher temperatures. Some examples of

Fig. 15. Detailed microstructures (LOM) of sticking droplets (Cu-Pb) onto (Fe-Zn-Al-O) spinel particles present in slag obtained by melting a mixture of 1.4 wt% Al,03-2 wt% Ca0-17.2 wt%
Fe0-45.6 wt% PbO-8.4 wt% Zn0-10.1 wt% Cu-15.2 wt% SiO, at 1200 °C under a po of 10~ 7 atm [61].
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5 min 10 min 20 min

Fig. 16. Representative LOM pictures of the upper slag layer at 5, 10, 20, 30, 60 and 90 min after bubbling in slag obtained by melting a mixture of 7.3 wt% Al,03-9.8 wt% Ca0-19.4 wt%
Fe0-39.3 wt% Pb0-6.5 wt% Zn0-3.9 wt% Cu-13.8 wt% SiO; at 1200 °C under a po, of 10~ atm. (SL = slag, SP = Al-Fe-Zn-O spinel solids, Cu-dr = copper lead alloy droplets) [61].
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such set-ups are shown in Fig. 17. Holappa et al. [57] studied the bubble
bursting at the iron-slag interface with such a set-up, as explained pre-
viously. This technique is very valuable, as the behaviour of the liquid
phases can be monitored at high temperatures. It is, however, not appli-
cable for all liquid compositions. The condition to be fulfilled is that one
of the liquids present should not absorb the X-rays completely (mostly
the slag phase, which will result in light grey colour on the images),
while the second liquid should absorb the X-rays (mostly the metal
phase), resulting in a black colour on the X-ray images. Therefore, not
all slag-compositions can be used. The slag, for example, can only con-
tain limited concentrations of Pb. Furthermore, this technique is not
widely accessible.

A more recent non-destructive technique is 3D X-ray computed
tomography (CT) with short analysis time and limited sample prepara-
tion [78]. The opaque materials sample, positioned between a X-ray
source and a detector, is scanned 360° around in small steps and in
every step, a projection of the linear attenuation coefficients is mea-
sured. The reconstruction of the samples is based on a mathematical for-
malism known as the Radon transform and its mathematical framework
[79]. The different mineral phases in the sample have a different linear
attenuation coefficient i (cm™ ), which depends on the electron densi-
ty, the effective atomic number of the material and the energy of the X-
ray beam. Wang et al. already used this technique to characterize copper
slags [80,81]. This technique, however, as it uses X-rays, cannot charac-
terize slags with a high lead concentration.

Despite the large efforts and the big variety in developed experimen-
tal techniques, no specific experimental methodology or set-up
was available previously to study the phenomenon of the attachment
of copper droplets to spinel solids in slags. Recently, however, De
Wilde et al. [43,60] developed a specific methodology to study this
type of metal losses in slags. They approached the industrial problem
with two complementary experimental methodologies. On the one
hand, the interaction between the copper droplets and spinel particles
was investigated separately with sessile drop experiments between a
spinel substrate and copper and/or slag phases. On the other hand, a
method was developed to study the attachment of the droplets in the
presence of a surrounding slag system with the use of an industrially
relevant synthetic slag system. The latter type of experiments gives
the opportunity to obtain a better insight on factors like settling time
or slag height and verify the observations with those obtained with
the first method.

5. Slag-cleaning operations
From the previous sections, it can be concluded that the main

strategies for minimizing the amount of metal lost in the disposal of
the slag are [7]:

Minimizing the mass of slag generated (minimizing the mass of the
slag generated, can be achieved in practice by fluxing as little as pos-
sible or not at all.)
Minimizing the percentage of metal in the slag can be reached by [7,
33]:
O Maximizing slag fluidity (avoiding excessive solid particles and
keeping the slag warm enough)
O Maximizing the surface tension of the slag
O Minimizing the density of the slag
O Providing enough SiO, (increasing the immiscibility between slag
and matte)
O Providing a settling zone inside the furnace
O Avoiding tapping of the matte with slag, ...

* Processing the slag in a separate step to recover the metal as much as
possible (by pyrometallurgical processing and settling or minerals
processing of solidified slag). Some of the possible slag-cleaning
operations will be summarized in this section [28].

The metal extraction from slags during slag-cleaning demands time
and additional processing costs which should be minimized [82].

In certain cases, however, metal losses can be inevitable due to fur-
nace operations [52]. Especially if one considers the fact that producing
higher-grade mattes in the smelter increases heat generation, reducing
fuel costs. It also decreases the amount of S to be removed during subse-
quent converting, hereby decreasing converting requirements. The only
drawback of this way of working is the fact that when the matte grade
rises (above 60 wt%), the Cu concentration in the slag increases rapidly
[7]. Slags are usually used for construction purposes, road construction
and dike fortifications. But it is also used as an aggregate in hydraulic ce-
ment and concrete. Several other opportunities are available for clean
slags: granulated fayalite slags are widely used for abrasive cleaning of
steel in ships and bridges, granulated forsterite slags are used as
mould sand in producing aluminium castings and finely ground granu-
lated slag has been found to have pozzolanic properties and has been
used for consolidation of mine backfill [83]. However, as leaching of
any metals by rain would have serious consequences, it is necessary to
use ‘clean’ slags for these construction purposes. Moreover, the metal
value in these slags is too high to justify the common practice of
discarding them.

To encourage suspended droplets to settle, conditions such as a low
viscosity slag, low turbulence, a long residence time and a thin slag layer
are required. These conditions are often difficult to obtain in a smelting
vessel; the necessary residence time, in particular, is hard to acquire [7].
This is why slag cleaning is often carried out in a separate operation [9].
The slag cleaning furnaces have two purposes: allowing suspended
droplets to finish settling and facilitating the reduction of dissolved Cu
oxide. After pyrometallurgical settling, the amount of Cu in the slag is
reduced to 0.7-1 wt¥% [7].

Several possibilities exist for treating the slag, such as milling,
pyrometallurgical treatment (contact the slag with carbonaceous re-
ductant), electric furnace cleaning (traditional slag cleaning processes
based on gravitational settling) [2,9], froth flotation (no recovery of dis-
solved valuable metals) [28], vibratory settling of metals from the slag,
centrifugation of the slags, recovery by addition of molten FeS or CaS,
addition of cast iron rich in carbon, fuming (blowing the molten slag
with a coal-air mixture, reducing the nonferrous elements by the CO
formed and collecting the volatile elements), electrolysis of copper
slags, hydrometallurgical treatments of slags and magnetic separation
of slags [3]. All these slag cleaning processes can be divided into two
types: pyrometallurgical reduction and settling (performed in an elec-
tric or fuel fired slag-cleaning furnace) and minerals processing of solid-
ified slag (including crushing, grinding and froth flotation, to recover Cu
from the slag) [7]. The following paragraphs discuss some of these treat-
ments in more detail.

5.1. Mineral processing

Itis possible to remove Cu from convertor slags by slowly solidifying,
crushing and grinding it. Due to the slow cooling, a lot of the dissolved
Cu (oxidic form) reacts with FeO, forming Fe30,4 and metallic Cu. This re-
action can lower the dissolved Cu content of the converter slag to below
0.5 wt%. After the slag has solidified, the exsolved copper and suspended
matte particles can be removed from the slag by froth flotation. Success-
ful minerals processing of slags depends on whether or not the precip-
itated grains of matte and metallic Cu are large enough to be liberated
by crushing and grinding. This can be accomplished by cooling the
slag slowly to about 1000 °C and then naturally to ambient temperature.
Afterwards, the same processing can be used as for manipulating ores

[7].

5.1.1. Froth flotation

Froth flotation separates hydrophobic materials from hydrophilic.
The ore mixture or milled slag is mixed with water, forming a slurry.
A surfactant is added to make the desired mineral hydrophobic. In the
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frotation cells or tanks, the slurry is aerated to produce bubbles, to
which the hydrophobic particles attach. The bubbles and attached par-
ticles rise to the surface, forming the froth, which is removed and thus
a concentrate of the mineral is obtained [84].

Metallic and sulphide particles can be flotated from ground slag.
However, metals dissolved in slag are not recoverable by froth flotation.
Moreover, too small particles not exposed in the grinding of slag are lost
with flotation residue. The concentrate from slag flotation can then be
re-circulated back to the smelting stages [28].

5.1.2. Leaching

Another option to extract metals from copper slags is leaching. Fre-
quently applied leachants are ferric chloride with or without prior re-
duction, sulphuric acid, hydrochloric acid, ammonia, cyanide and so
on. At first, cyanide was the most frequently used leachant, but it was
replaced by other leachants due to environmental issues [22]. A lot of re-
search has been performed in order to optimize leaching conditions
such as temperature, the concentration of sulphuric acid, the leaching
time, particle size and so on [85-88]. In general, higher molarities of
the leaching acid, higher interaction times and higher temperatures in-
crease the recovery. For the recovery of copper, Basir et al. [85] observed
a plateau at 10 M (acid molarity) for hydrochloric acid. For sulphuric
acid and ammonia, a steep increase in recovery was noted until 4 M, a
further increase in acidic molarity caused a much smaller improvement
in efficiency. For hydrochloric acid and ammonia, a strong increase in
the amount of extraction was visible for a temperature up to 90 °C
[85]. Banza et al. [87] observed a significant improvement in the
leaching recovery for copper using HSO4 when a temperature increase
from 24 °C to 60 °C and a 60 min interaction time was applied. Addition-
al measures such as the addition of hydrogen peroxide (H,0,), pressure
leaching or leaching in Cl,/CI™ system have proved to be able to signif-
icantly raise the efficiencies of leaching [85,89,90]. The addition of hy-
drogen peroxide to leachants increases the rate of copper dissolution.
The decomposition reaction of hydrogen peroxide in water and nascent
oxygen is catalyzed by the metal to be dissolved. Subsequently, metal
oxide is formed, which reacts with the acid or ammonia [85]. Herreros
et al. [89] proved that chlorine leaching (Cl,/Cl~ from reaction of
NaOCl and HCl) of copper from slags containing metallic copper, copper
sulphide minerals and complex sulphides with very small sizes was
successful.

5.1.3. Roasting

Roasting is also applied to clean industrial copper slags. Roasting is
used to convert the metals in copper slag into a desired form which
can be separated from the slag. A possibility is reductive roasting of
metals in the slags into free metals. Afterwards, this is combined with
flotation or leaching for separation of the metals from the slag. Another
more effective method is sulphating roasting, in which copper in vari-
ous forms is converted into soluble sulphates through a series of chem-
ical reactions at 200-600 °C by addition of sulphide or sulphate agents.
The soluble sulphates are dissolved in water and separated from the
slag. Altundogan et al. [91] yielded a high copper recovery of 93% due
to roasting of a converter slag with ferric sulphate and subsequently
leaching with water.

5.2. Pyrometallurgical treatment

The El Teniente slag cleaning furnace process for example, reduces
the magnetite and copper content in molten slag (with 7-10 wt% Cu
and 12-16 wt% Fe30,4 in it) by injection of solid, liquid or gaseous reduc-
tants directly into the molten slag through specially designed tuyeres,
followed by a sedimentation stage. The reduction of the magnetite de-
creases the viscosity of the slag and enhances the settling of the created
copper enriched phase. Copper matte inclusions are formed with
sizes varying between pm and mm. Bigger inclusions settle down, and
collect smaller inclusions due to collisions and coalescence. However,

gravitational coalescence only enables partial removal of small
inclusions and overall metal recovery is usually not satisfactory [25].
The settling of these inclusions is strongly influenced by the slag
motion, which is mainly induced by convection due to temperature
gradients in the molten slag. The copper concentration in the slag is
decreased to <1 wt%, thus the slag can be discarded [26].

The reduction of magnetite can be performed by skimming the con-
verter slag into a ladle containing coal or placing green timber on top of
the skimmed slag before returning the converter slag to the smelting
stage [3,29]. An even better alternative is the reduction with CaC, pro-
posed by Zander et al. [2]: it has a five times higher rate of reduction
compared to cokes and the dissolution of CaO decreases the slag viscos-
ity and improves the settling velocity of the copper containing droplets.
The influence of additives is not significant, unless the bath is also
stirred. Without the bath movement the reduction reactions with the
slag take more time compared to adding the reductant under stirring
conditions [2].

5.2.1. Additional stirring

Zander et al. [2] investigated the influence of different stirring condi-
tions on the settling behaviour of metallic/matte droplets. It was con-
cluded that heating up the slag to above 1500 °C (overheating of the
slag) with moderate stirring achieves a maximum decrease of 50% of
the copper content. Without stirring a cleaning rate of 18% Cu was ob-
tained. Marginal stirring yields a cleaning rate of 18% Cu compared to
the feedstock. Turbulent stirring conditions lead to a cleaning of 23%
Cu. Strong turbulence in the melt, by flushing gas injection, hinders
the settling of the copper particles. In contrast to that, the gas injection
has a positive effect on the lead cleaning, this is due to partial evapora-
tion. By using CaC, as a reducing agent under optimal stirring condi-
tions, a maximal cleaning rate can be achieved. Zander et al. [2] also
observed that the addition of CaO, MgO and CaF; as fluxes decreased
the viscosity a lot and decreased the copper content. On a larger scale,
the slag stirring can be produced by an electromagnet on the outside
of the reactor.

5.2.2. Electrical fields

The settling of mechanically entrained droplets in liquid slags can be
affected by electric fields. This is due to electrocapillary motion
phenomena and it can be used to enhance the recovery of suspended
droplets [44]. The speed generated by electrocapillary motion is of
the order of cm/s, which yields high processing rates compared to
traditional gravitational settling [52]. The drop migration rate due to
electrocapillary motion is proportional to the electric field strength
and the drop radius [44].

Warczok and Riveros [44] found that an electric field can increase
the settling rate of 5 mm-diameter copper drops up to 3 times. It can
even cause levitation of the droplets. It should be noted, however, that
the enhanced settling due to electric field decreases with increasing
drop size or increasing Cu,0 content of the slag (because this affects
the surface charge density of the drop) [44]. It should also be noted
that the migration rate of solid phase inclusions differs from those of lig-
uid phase inclusions. It seems that the droplets of matte or metal follow
a migration path that is not obvious. By determining the interfacial ten-
sion of the metals or matte droplet-electrolyte as a function of electric
potential, it is possible to predict the direction of migration of these
droplets. Drop motion is driven by the interaction between the interfa-
cial tension and the electric field. The interfacial tension is a function of
the droplet and slag composition and of the electro-kinetics of the redox
reactions on the surface [52]. Choo and Toguri [52] also observed that
droplets can migrate to either electrode. Different droplets even migrat-
ed past each other across the surface of the slag. Such independent mo-
tions suggest the possibility of specific control of the droplet's migration
behaviour which can be used in slag cleaning operations.
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6. Summary

It was illustrated that metal losses in slags are a widely occurring
problem in different metal industries, both ferrous and non-ferrous. At
this moment, it is generally accepted that there are two types of losses:
chemical losses and mechanical losses. Chemical losses refer to the dis-
solution of metal in the slag. Mechanical losses are entrained metal
droplets which do not settle and do not end up in the underlying
matte or metal phase.

The amount of chemical losses is thermodynamically determined, but
there is no clear consensus on the form of the dissolved metal in the slag.
For the mechanical entrainment of metals in slag, on the other hand,
three main reasons have been discussed in previous reviews already:

1. Entrainment due to charging of the furnace or tapping of the slag

2. Precipitation of copper from slag due to temperature or oxygen level
gradients within the furnace or due to chemical reactions

3. Sulphur dioxide gas, produced in the matte phase, or other gas
phases dispersing the matte into the slag as the gas crosses the
matte-slag interface

A fourth reason, however, has only been studied recently in a funda-
mental way to obtain knowledge regarding the mechanisms responsi-
ble for the interaction: the attachment of matte/metal droplets to solid
particles present in the slag phase which hinder their settling. The re-
sults of a combined approach of experiments and modelling work
point towards a reactive origin of the attachment of the metal droplets
to the solids spinel particles.

An overview of the several experimental set-ups to investigate metal
losses in slags was also presented, as well as an overview of the existing
slag-cleaning operations. These slag-cleaning operations remain opera-
tional in industry at present, because it is not possible to completely
avoid metal losses, either chemical or mechanical.
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