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Abstract

Large amounts of copper slag are produced every year and major fractions of it are currently disposed, not withstanding the
multiple ways the material can be used. Application of the slag is often limited by the presence of hazardous elements and
their leaching behavior so they can potentially pollute soil, surface water and underground water. To remove such elements
slag treatment is necessary. However, to implement such treatment industrially it also needs to fulfill requirements for eco-
nomics and environmental friendliness. Thus, implementing technologies of slag treatment is a complex and challenging task.
Within this paper, application options, the environmental behavior, and ways to treat copper slag in order to remove hazard-
ous and recover valuable metals are critically reviewed. As a result, potential slag treatment routes including their benefits
and drawbacks are proposed. Considering the recent progress in developing for utilization options of copper slag as well as
in the development of metal recovery and removal from slag there is potential for application of increasing slag amounts.
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CMC Carboxy methyl cellulose
CS Converting slag

CUS Copper slag (slag from copper industry)

CSFT Converter slag flotation tailings

DTBS Direct to blister slag

DTP Sodium diethyldithiophosphate

EF Electric furnace

EX Ethyl xanthate

F Fraction of solid particles in the melt

FC 4146 Modified thionocarbocarbamate, methyl
isobutyl, carbinol (FC 4146)

FC 7245 Sodium alkyl dithiophosphate, mercapto-
benzothiazole (FC 7245)

FS Floated slag

FT Flotation tailings

g Gravity constant in

GGBFS Ground granulated blast furnace slag

HEC Hydroxy ethyl cellulose

HLE Teniente slag cleaning furnace

HSPC High strength Portland cement

k, First order rate constant for CO,
dissociation

k Rate constant

K Equilibrium constant

MIBC Methyl isobutyl carbonyl

MS Silica modulus of water glass (sodium
silicate)

n Constant relating to particle shape

OPC Ordinary Portland cement

f Fraction of surface area occupied by the
phase

PAX Potassium amyl xanthate

r Radius of the droplet in m

RH Relative humidity

SBX Sec-Butyl Xanthate

SIPX Sodium iso-propyl xanthate

SSL Smelting slag

u Settling rate in

v Reaction rate

ap Activity of oxygen in the slag

oy Density of the droplet

Py Density of the surrounding phase (e. g.
slag)

D Foaming index

u Viscosity of the liquid in Pa - s

n Viscosity of the liquid with solid particles

Introduction

Annually more than 400 Mt of metallurgical slags are pro-
duced worldwide [1-5]. From the annual Cu concentrate
smelter production capacity, which is equal to around 21

Mt of copper metal in 2021, it can be estimated that more
than 45 Mt of CUS were produced from primary sources
assuming a slag to copper ratio of 2.2 [3, 4]. Only 15% of
the CUS worldwide was used as a product, where the rest
was landfilled [4]. In order to minimize the amount of waste
it is necessary to make more use of copper slag as a valuable
resource of minerals, increasing the percentage of utilized
copper slag. More than that, the slag contains a substantial
amount of valuable metals, with the metal value around 60
times higher than the value of the slag as a product itself [3].
In modern times any treatment of the slag needs to avoid
pollution and to follow a zero-waste approach, so that the
entire utilization of all generated products from the process
is a pre-condition.

Several reviews on the topics of characterization, utiliza-
tion and also metal recovery of slag have been made. Bel-
lemans et al. [6] summarized the current understanding on
types and mechanisms of metal losses to slag. The topics of
utilization and recovery of metals from slag were reviewed
by Gorai et al. [7], Shen and Forssberg [8], Shi et al. [9]
and Murari et al. [10]. Because since the release of these
review papers several new studies were published an update
seems to be required. Habib et al. [11] summarized process-
ing techniques for various types of slags giving an excellent
overview about the current state of the art. However, not as
much detail is given in the context of copper slags. Piatak
et al. gave a general overview of environmental aspects of
slag such as the behavior of slag in interaction with aqueous
solution [1]. The topics of slag mineralogy, leaching and
weathering as well as some aspects of metal recovery and
slag utilization from various slags are discussed in the book
“Metallurgical Slags” [5]. The book ‘Sustainable Construc-
tion Materials—Copper Slag’ reviews application options
of copper slag in concrete and cement production, geotech-
nical applications and road pavements [12]. Reijnders [13]
reviewed the feasibility of a zero-waste copper production
with a focus on the recovery of scarce companion elements
but not going into details of slag processing and environ-
mental behavior of CUS or CUS processing residues.

All of the aforementioned books and articles have in
common that they do not deeply focus on up-to-date metal-
lurgical processes to recover metal value from copper slag
and from that link to further utilization potential of the slag
with respect to environmental requirements. Tian et al. [14]
reviewed the options for recycling of CUS. The authors
did not discuss the different paths of slag application in as
much detail, which is required to reach a conclusion on the
preferred route for slag treatment. The authors focused on
the slag treatment routes of leaching and pyrometallurgical
routes, where they emphasize methods targeting the recovery
of iron. However, there are many further possibilities which
are listed and discussed in the present paper. To understand
opportunities, challenges, and bottlenecks of different slag
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treatment strategies it is required to present the entire picture
of slag production, chemical and mineralogical composition
of slag, slag markets, product requirements and economic
drivers. The present review article links information of the
different fields to conclude on slag processing routes which
appear to be suitable for merging economic and ecological
requirements.

Characterization of Copper Slag
Metal Losses to the Slag in Smelting and Converting

80% of the copper produced from ores worldwide originates
from sulfide ores. The copper concentrate which results from
flotation of the ore is typically smelted and converted to
blister copper [15]. During smelting S and Fe are oxidized,
where SiO, is added to form a liquid ferric or ferrous sili-
cate slag. Also gangue minerals dissolve in the slag. During
the first stage of converting the slag forming phase, FeS is
removed from the matte where again iron silicate slag is
produced, however, with a higher copper content than dur-
ing the smelting step. An exception of this is the combined
smelting and converting in a single stage. This type of opera-
tion is used to meet the demand of concentrates containing a
relatively low iron concentration and the operation is sensi-
tive to gangue components in the concentrate. This process
is called Direct-to-Blister Smelting which is practiced much
less often [16, 17]. The issue of solid crust formation in
Direct-to-Blister Smelting and also in continuous convert-
ing processes lead to the development of calcium ferrite or
ferrous calcium silicate slags which are used in due to the
ability to dissolve Fe?* [15, 16, 18, 19]. An extra corrosion
of magnesia chromite, magnesia and olivine based refrac-
tory should be considered when selecting these slag types
[20-22]. Metal losses to the slag occur due to the chemi-
cal dissolution and physical entrainment of metals in slag
[6]. The solubility of copper in fayalite slag was already
described in the 1960’s by several authors [23—-26]. From
that point many studies contributed to an improved under-
standing of metal distribution behavior in smelting and con-
verting processes using fayalite and calcium ferrite slags
[27-30]. Recently, existing data on thermodynamic proper-
ties of slags present in copper smelting and converting was
critically evaluated and optimized [31-37].

Chemical dissolution of copper in slag can be described
by the concept of oxidic and sulfidic copper, which is
expressed by Egs. (1-4) [38], where the sum of the con-
centration of both (%Cu)q + (%Cu)g gives the content of
total dissolved copper in slag (%Cu),, as described in
Eq. (5). According to these equations solubility of oxidic
copper increases with higher oxygen potential or Cu con-
centration in the matte where the solubility of sulfidic
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copper increases with higher sulfur potential and higher
Cu concentration in matte.
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In fact, this concept does not reflect the ionic nature
of slag but serves as a simplified approach to explain
the interrelation between solubility of copper and sulfur.
Meanwhile, by the more complex Modified Quasichemical
Formalism in the Quadruplet Approximation a superior
model was developed which takes into account the ionic
nature [39]. In smelting silica is added to achieve immis-
cibility between slag and matte avoiding the formation of
a single oxysulfide liquid [15]. Accordingly, at low silica
concentration in fayalite slag under smelting conditions,
the solubility of sulfidic copper is increased [38]. When
smelters operate at sufficient silica addition low matte
grades are typical beneficial for low copper losses to the
slag. There are several parameters in smelting and con-
verting affecting metal losses to the slag. In Table 1 a
qualitative overview of the impact of different parameters
on the element concentration in slag and the slag/matte
distribution is provided. It shows that there are several
possibilities to reduce non-ferrous metals and metalloids
contents in slag by adjusting the operation parameters of
the smelting process. Still, adjustment of parameters to
decrease the concentration of one element in the slag may
increase the concentration of other elements and this type
of adjustments cannot replace intensive cleaning of the
slag.

Beside the thermodynamic aspect of metal dissolution,
the physicochemical aspect of matte/metal entrainment
plays a major role in metal losses to slag. The topic of metal
entrainment in slag was comprehensively summarized by
Bellemans et al. in a recent review [6]. Because of that the
present paper focuses on discussing the main conclusions.

Settling of entrained particles can be described by Stoke’s
equation. The equation is only valid for laminar flow condi-
tions and rigid spheres. However, large droplets are not nec-
essarily rigid and if the viscosity of copper droplets is much
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Table 1 Trends of copper and minor elements concentration in slag
and their fractional distribution to the slag during smelting/convert-
ing up to [%Cu]=80 using Fe-Si-O type slag for different param-

eters, where the following expressions are used: 1...increasing, |...
decreasing, <> ... no major impact on

Cu Pb As

Zn

Sb Ni Sn

Incr. Fe/SiO,
ratio

1 (%Cu) at
[%Cu] =50%

< (%Cu) at
[%Cu]=70-80
[38]

1 (%Cu) at
[%Cu] = 10-75
[33, 38]

1 (%Cu) at
[%Cu]=10-70
[33]

| (Wi%Pb) [40] 1 (Wi%As)

(40]

Incr. (%CaO)

Incr.
(%A1,05)

Incr. Oxygen <> (wt% Pb) [41] 1 (Wt% As)

<> (Wt% Zn) [41] 1 (Wt% Sb) [41]

1 (Wwt%Zn) [40]

<> (wt% Ni) [41] <> (wt% Sn) [41]

enrichmt [41]
Incr. Temp 1 (%Cu) [36,40] <« (%Pb) [40] 1 (%As) [40] <« (%Zn) [40] | distribution to 1 distribution to 1 distribution to
slag [42] slag [41] slag [41]
Incr. [%Cu] 1 (%Cu) at 1 (%Pb) and No conclu- | (%Zn) from 1 distribu- 1 distribu- 1 distribu-
[%Cu]=60-80 distribution sion in [%Cu]=50-75 tion to slag tion to slag tion to slag
[38, 43] to slag at literature [40] [%Cu]=20-80 [%Cu]=20-80 [%Cu]=20-80
[%Cul=50-75  [40, 45, 46] [47] [48] (48]
[40, 44]

Furnace type Lower distribution to the slag
by Noranda, Teniente and TSL

compared to FSF [45]

lower than the viscosity of slags, internal tension is created
so that Stokes’ equation should be corrected by Hadamard-
Rybczinski equation [6]:

2
uo o8P ©)
3.-p

It can be concluded from both equations that optimum
settling of particles requires a large droplet size, high den-
sity difference between copper and slag and a low viscos-
ity of the slag. Special importance is on the slag viscosity
because this parameter can be actively adjusted in opera-
tions. To achieve low viscosity of copper smelting slag high
temperature and low Fe,O; concentration in are beneficial
[49]. It can be also seen from the equation that low-grade
mattes, which have lower densities than high grade mattes,
settle at slower rates and metal will settle faster than matte
[50]. Furthermore, viscosity of slag depends on the fraction
of solid particles, which can be expressed by the Einstein
Roscoe equation, where n=2.5 can be assumed for spheri-
cal particles [6]:

n=n"-(1-n-F™ )

The more the particle shape deviates from unit (sphere)
the higher the viscosity will become, where highest viscos-
ity is observed with rod-like particles followed by disk-like

and ellipsoidal. The effect of other aspects like roughness
might also have a non-negligible effect, where the aspect of
particle size has not been fully understood in literature [51].
Understanding viscosity of silicate melts gets even more
complex when considering the fact that non-Newtonian flow
behaviors have been observed when more than 6-50 vol.%
of particles was present [51].

Bellemans et al. summarize the main mechanism of drop-
let origination [6]:

e Feeding of the furnace and tapping of the slag, which
generates carryover of droplets from matte/metal to slag
or vice versa. A modification of vessel design might help
to tackle this issue.

e Oxygen potential, concentration or temperature gradi-
ents which lead to metal/matte precipitation. The slag
phase might be inhomogeneous so that in slag zones
with lower copper solubility and hence precipitation of
metal or matte can occur. Furthermore, wherever mass
transfer occurs interfacial tension gradients and diffusion
and stranding mechanism might lead to spreading and
emulsification.

e Gas crossing of the slag phase by SO, bubbles formed
during the reaction of sulfides with magnetite. When the
gas bubble exits the matte/metal phase to the slag a jet
occurring from filling the void causes entrainment of the
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underlying phase in slag. Additionally, the gas bubbles
pick up droplets from the lower phase to the slag.

Attachment of metal/matte droplets to solid particles is a
stabilization mechanism of complex nature. It is associated
in many cases with the presence of spinel and especially
magnetite. However, increasing magnetite content is also
associated with increased Cu losses, due to other mecha-
nisms like promotion of SO, bubble formation when react-
ing with FeS, formation of copper ferrites, increase of the
slag viscosity, disturbance of phase separation due to the
mushy zone formed between slag and matte and association
of presence of magnetite with higher oxygen partial pres-
sure. Nevertheless, metal particles in slag can be often found
in close vicinity to spinel particles [6].

Chemical Composition and Mineralogy of Copper
Slag

Copper Slag is a general term which covers a variety of
slags. Typically, there is smelting slag and converting slag,
where converting slags are typically more oxidized and have
a higher copper content. Floated slags are already cleaned by
flotation. The chemical composition is similar to the original
slag where elements contained in metal or matte particles,
mainly copper, are removed. There are many other types of
slags depending on the process where they originate. For
instance, copper slag from smelting can also be treated in a
settling furnace which will further lower its copper content
[52]. A range of chemical compositions for different types
of slags is shown in Table 2.

Slag can be slowly cooled or quenched in water or air,
which gives granulated slag [52]. The understanding on
the parameters affecting particle size generated in air blast
granulation was improved recently [66, 67]. The main
phases of CUS are fayalite, magnetite and amorphous
glass phase, but there are also several minor phases present
[52, 56, 68]. Magnetite is ferromagnetic other than fayalite
and the amorphous substance [68]. The magnetite content
in converter slags is significantly higher than in smelt-
ing slags [52]. Quenched slag shows a significantly higher
fraction of glass and lower number of crystalline phases
than slowly cooled slags [52, 69]. The cooling rate has a
large impact on the size of copper bearing (e. g. metal or
sulfide) particles also for different rates of slow cooling

[64]. Applying faster cooling from 0.5 to 7 °C/min the
average particle diameter of copper bearing particles can
be reduced by more than 30%, from 5.5 to 3.5 um. It was
found that the particle size of droplets increased during
slow cooling solidification with higher CaO concentration
in the slag [70].

Highly oxidized slags of converting and/or direct to
blister smelting processes contain copper in the form of
iron and copper bearing oxide such as delafossite [61,
71]. The content of copper particles in converter slag
is at> 2 vol.% and higher than in flash smelting (< 1.5
vol.%), where copper containing inclusions in converting
slag mainly consist of high grade matte (~78 wt% Cu)
and Cu metal (~97 wt% Cu) [52]. In flash smelting the
composition of Cu bearing particles in slag is close to the
matte composition in the furnace [52]. The particle size of
entrained matte is 10-20 um or even below [52, 68, 70]. In
case the slag is granulated the size of the entrained metal/
matte particles can be even much lower at around 1.5 um
[52]. The slag can also contain spinel phases like MgCr,0,
(magnesiochromite), FeCr,0, and MgAl,O,, which might
also contain Ni, Co and Zn. At elevated Zn content in
converting slag also Zn-ferrite (ZnFe,0,) can be present
[60]. Depending on the feed material of each plant lead
sulfide, zinc sulfide or metallic lead may be present [52,
68], whereas the particle size of zinc and lead sulfide is
around 10 and 5 um respectively [68]. As crystallization
of slag occurs during cooling Zn and Pb are re-distributed
among several crystalline phases (silicates, oxides, sulfides
or metals) and residual glass. Therefore, the glass phase is
a main carrier of contaminants like Pb, Zn, Cu and As [72,
73]. Mikoda et al. described that Cu droplets can be found
between spinel structures [73]. Zn can be found in mel-
lilite, pyroxene, olivine, spinel or sulfides [72, 74, 75]. In
arsenic rich slags also speiss phases (arsenide or antimon-
ide mixed phases) may be observed, which as well contain
Cu, Ni and Pb [72, 76]. Pb can also be present in melilite,
as sulfide, metallic or even Pb sulfate [61, 72, 75]. Speiss,
sulfide, metallic Pb and Cu structures do not only occur as
single distinct particles but also accompanied and inter-
grown with each other [73]. Historical slags produced in
earlier times of the twentieth century might show different
mineralogical composition than slags form modern cop-
per production [72]. An overview of mineralogical phases
occurring in copper slag is provided in Table 3.

Table 2 Chemical composition of different types of Cu slag in wt% [8, 53-65]

%Fe %Si0,  %Cu %Ca0 %A1, 0; %MgO %K %Na  %Pb %Ni %As  %Co %Zn %S
SSL 3750 24-37 0.6-25 159 2585 07-35 05 025 0025 006 0902 0-0.4 0-0.8 0-0.4
CS 7-52 1940 1.2-11  1-12 3-11 0-6 02-5 0-12 0.3-0.7 0445 1-5
FS 3543 21-35 03-08 5 4 0.6 0.1 0.2 0.1-0.2 2647 0.1-14
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Table 3 Presence of elements in various mineralogical phases

Element Smelting slag/slag cleaning slag

Converting slag References

Fe Glass, Fe,Si0O,, CaF62+SiO4 (kirschteinite), FeCr,0,, CuFeO, (delafossite), Fe,Si0, (fayalite), Fe;0, [61,71,73,77]

Sphalierite (magneite), CusFeS,
(bornite)

Si Glass, Fe,Si0,, CaFe?*SiO, (kirschteinite) SiO,, Fe,Si0, [73,77]

Ca Glass, Mg,SiO, (monticellite), CaFez+SiO4 (kirschteinite), Ca(Fe, Mg)Si,O¢ [59, 73]
(augutite)

Mg MgCr,0O, (magnesiochromite), MgAl,O,, Mg,SiO, (monticellite), [73]

Al Glass [73]

Cu Cu,S, CuySs, CusFeS,, CuFeO, (delafossite), Speiss, intermetallic compounds (e.g. Cu,S [61,71,73,76,77]
Cu-Ni-Fe—Cu—As), Cu metal, glass, Sphalerite

Pb Speiss, Pb metal [73, 76]

Zn Fayalite, glass, ZnS (sphalerite), spinel phases [73, 78]

Ni Speiss, intermetallic compounds (e.g. Cu—Ni—-Fe—Cu—As), spinel phases [73, 76]

As Speiss, intermetallic compounds (e.g. Cu—Ni-Fe—Cu—As) [73, 76]

Sb Speiss [76]

Sn Intermetallic compounds [73]

Co Intermetallic compounds, spinel [73]

Leaching and Elution Properties of Copper Slag

Leaching and elution stability is important for the further
application of the slag because release of hazardous ele-
ments to the environment should be avoided. Weathering
of metals strongly depends on the conditions and the com-
position of the metal. Authors found significant difference
between leaching under biotic and abiotic condition [79-81].
Typical secondary phases which can be found due to the
weathering impact are oxides, hydroxides or sulfates and
especially sulfate ions are present in the surrounding solu-
tion [5]. However, if soluble phases are enclosed by phases
which are not mobilized, leaching will only occur as long as
the phase is exposed to the surface [75].

Potysz et al. [82] investigated historical copper slags
where they found pH dependent behavior of weathering of
the phases. At inorganic acidic conditions the weathering
susceptibility sequence is ranked as follows: Cu-bearing
phases > crystalline phase (leucite, plagioclase, wollastonite,
pyroxene) > glass. Under alkaline conditions this shifts to
Cu-bearing phases (sulfidic > metallic) > glass > crystalline
phases. It needs to be mentioned that the type of crystal-
line phases is very different from modern slags. In terms of
modern slag consisting of fayalite, glass and sulfides Potysz
et al. [79] identified that ARE, as occurring in soil, increase
weathering compared to demineralized water. At pH 3.5
under ARE conditions weathering occurs by the order
fayalite > glass > sulfides and with demineralized water the
order is sulfides > silicate > glass. Under neutral conditions
glass becomes more stable than silicate. This highlights that
stability of phases is strongly dependent on the conditions.
Spinel type of phases resist weathering over long term where

almost no metal is released [72]. Ettler et al. [75] report
leaching of glass phase due to weathering leaves behind a
skeleton of mainly crystalline olivine, so that contaminants
contained in the glass phase are mobilized. The study shows
that crystalline oxides and silicates are very stable. In fact,
no weathering of silicates was observed. However, this type
of investigation was a post-mortem analysis, where the con-
ditions such as pH or biotic/abiotic environment during the
weathering process were not controlled or logged [75]. Ettler
et al. observed an increased leaching of Pb from metal and
sulfides. Weathering depends most importantly on the type
of sulfide but also on the size, texture and presence of trace
elements. They are mostly leached by oxidizing reactions
leading to acid generation [5].

There are several studies investigating elution behavior
of the elements contained in the slag. Takebe et al. found
that Pb and As are dissolved ten times more from a water
quenched amorphous slag compared to a slow cooled crys-
talline slag at acidic conditions using HCI1 aqueous solution
[69]. Increased leaching of Pb from CUS from pH 8 to pH 3
was observed by Kemper and Lim et al. under abiotic condi-
tions [83, 84]. Schmukat [81] carried out leaching tests at
static pH where additional to CUS also river sediment was
placed in the flask in which the elution test was conducted.
Significantly more Pb was leached at pH 10 compared to pH
4-7. According to the author this is due to the organic matter
contained in the sediment which affects the elution behavior.

It should be considered that leaching of Pb can be mini-
mized by formation of carbonates, sulfates or oxides due to
their limited solubility in water [72, 85]. Kawahara et al. [86,
87] found that with increasing silica content of CUS elution
of Pb and As is reduced. They also found that As leaching
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increased with increasing the lime content of slag. Authors
conclude that this can be attributed to the network structure
of silica. The concentration of As is strongly depended on
the pH where it is minimum at pH 4-8. Significant increase
of As leaching can be found below pH 4 and slight increase
of the elution concentration occurs from pH 10 [86, 87].
Amphoteric behavior of As was also confirmed by Kemper
[83] and Schmukat [81] who found minimum As elution at
pH 7-8 using static pH during the elution test, where in the
latter study organic matter was present in the test.

Shanmuganathan et al. [88] investigated leaching of gran-
ulated CUS from an ISASMELT process after slag cleaning
in a holding furnace using the TCLP, the multiple extraction
and the sulfuric acid leaching test. It was found that leach-
ing of Cu, Fe and Zn increases towards lower pH in a pH
range of 7 to 5. Increasing concentrations of Cu and Zn with
decreasing pH in static elution test of CUS was also found by
Kemper [83] and Lim et al. [84], where at pH > 7 minimum
elution of both elements occurred. Schmukat [81] found
similar behavior of Zn when organic matter was present in
the system but different behavior of Cu. Significantly more
Cu was leached at pH 10 compared to pH 4-7.

In studies of Kemper [83], Schmukat [81] and Lim [84]
also the behavior of Ni during elution of CUS was investi-
gated, where all studies found increased leaching at acidic
conditions from pH 8 to pH 3. Different behavior was found
for Mo which is released at alkaline conditions of pH > 8
[83].

In [74] the impact of alumina on elution of copper-zinc
slag was studied. It is reported that with increasing alumina
addition (up to 15 wt%) larger undercooling before solidi-
fication of the slag occurs, which causes formation of more
metastable phases. It was found that the spinel concentra-
tion could be doubled and that cations which may occupy
octahedral or tetrahedral sites like Fe, Zn and Cu are immo-
bilized. However, elements which tend to be concentrated
in metastable phases become more reactive such as Pb, As
and Cr [74].

Potysz et al. [80] investigated leaching of slag under
biotic and abiotic conditions. During abiotic trials the con-
ditions were acidic to neutral with pH 5.6—7.6 where during
biotic experiments pH ranged from 7.8 to 9.2, so that there
were overlapping effects of biotic/abiotic conditions and
variation in pH. At biotic conditions for both slags more Fe,
Si Cu, Zn and Pb was leached compared to abiotic condi-
tions [80]. Considering the pH in these tests this behavior
is in contrast to experiments conducted by other authors at
abiotic conditions where increased leaching of Cu, Zn and
Pb would be expected at pH <7 [83, 84, 86, 87]. Similar to
the work of Schmukat [81] and Potysz [79] it was identified
that when organic matter is present pH is not the predomi-
nant parameter controlling the elution behavior.
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Piatek et al. [1] compared leaching results of various
authors with different types of non-ferrous slags and differ-
ent leaching tests. They identified that the concentrations in
the leachate correlate with the bulk slag for trace elements
especially at large bulk concentration difference. This means
highest amounts of Cu leached could be found for Cu slag,
highest amount of Pb for Pb slag and highest amount Co
and Cd for Cu and Zn slags. However, they also found for
samples within a given study and the same type of slag the
concentration of the element in the slag and in the eluate did
not correlate. The authors conclude that especially for low
concentrations of some elements in the leachate the elements
are hosted by phases which are relatively insoluble.

Morrison et al. [89] showed how the accessibility of non-
ferrous metals containing phases depends on the particle size
in an iron silicate slag. The authors defined that phases were
liberated when >90%, accessible when > 9% and locked
when < 9% of the reaction surface were exposed. Where in
the investigated slag with a particle size of > 500 um more
than 90% of Pb containing particles were locked or acces-
sible, 40-90% of the Pb containing phases were liberated or
accessible at a grain size below 250 um.

An interesting aspect for the further utilization of the
residue from slag leaching is that it shows significantly
decreased solubilization of most elements [90]. However,
washing and filtration of the material are required to remove
residual leach solution [71].

In literature also leaching of inorganic polymers is
described which is important for this special type of appli-
cation of copper slag. It was found that there is no depend-
ence of the leaching behavior of As, Cu, Pb and Ni on the
curing temperature of the inorganic polymer mortar [78].
However, for Cr an elevated release was observed at higher
curing temperature [78].

Application of Copper Slag

The properties of copper slag make it an interesting mate-
rial for different applications. A concern of the utilization
of copper slag is that hazardous metal concentrations of the
slag will be released to the environment. The large num-
ber of research papers on the use of copper slag in cement
and concrete production indicate a large interest to increase
the use of copper slag in this application. There is limited
number of research work done on other applications such as
blasting abrasives and geotechnical applications. This does
not indicate limited interest to use the material in this type
of application. However, there might be limited research
interest in already well-established fields of application and
potentially also if there is a smaller market especially in
terms of abrasives.
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Construction of Roads and Pavements

Copper Slag can be used for construction of the top layer,
base course and substructure of roads where it can be used
as soil or aggregate, unbound, bituminous or hydraulically
bound. Technical reports in the United States reviewed the
use of copper slag unbound, base aggregate and bituminous
bound applications, where technical suitability was con-
firmed but also environmental concerns were expressed [12].
Results of concrete mixtures tested for the purpose of use in
pavements indicate constant or increasing compressive and
flexural strength with higher copper slag content. Abrasion
resistance is an important parameter for top layers of roads,
as car tires polish the surface which will lead to a slippery
surface. Available results on abrasion resistance tests indi-
cate that concrete mixtures with higher content of copper
slag are worn more easily. The Marshall Stability test is used
to determine plastic flow of a bituminous bound specimen
containing aggregate under traffic conditions. With higher
content of copper slag in the mixture the stability of the
mixture decreases, which is surprising as the angular shape
of copper slag provides a good particle interlocking effect
[12]. Lidelow et al. [91] investigated the environmental
behavior of fayalite slag originating from copper-zinc pro-
duction in Sweden used for road construction over several
years. The authors found that elevated concentration of Cu,
Zn and Ni can be found in the first five years. By time elu-
tion of non-ferrous elements decreases. Authors concluded
that after 9—10 years leaching a geochemical equilibrium
was approached.

In the 90’s it was reported that CUS aggregates were
used in hot mix asphalt for construction of pavements in the
USA. However, it is reported as a rare use of CUS [7]. It is
described that non-ferrous slag was used for construction of
highways in Germany such as Al near Hamburg, A7, Al4,
A10, A24 and also at the airport of Hamburg [92], which
confirms the use of copper slag in this application in a large
scale. It is further reported that slags from copper smelters
at Hamburg and Huelva are used for granular layers in con-
struction [93, 94].

Blasting Abrasive

Granulated CUS is suitable for sandblasting, due to their
high hardness which is around 6-7 on Mohs scale and the
angular grain shape [10, 88]. Not much information on the
use of copper slag on research level but several applications
of granulated CUS as blasting material are reported indicat-
ing large amounts of slag are already used in this field. Slags
from Boliden, from Aurubis’ secondary copper production
at Beerse, Belgium and primary copper production at Ham-
burg, Germany as well as from primary copper production
of Atlantic Copper at Huelva, Spain are certified marketed

for the use as blasting abrasive, where the technical require-
ments are regulated by standards such as ISO 11126-3 and
DGUYV Regel 100-500 in Germany [92-95]. According to
these a certain range of particle size is required. The parti-
cles should have limited water absorption and the density
should be between 3.3 and 3.9 kg/dm3, the Mohs hardness
should be minimum 7. Furthermore, there are requirements
on the conductivity of the aqueous extract and water soluble
chlorides [96].

Concrete and Cement

Clinker is mainly produced from milled clay minerals and
limestone which are sintered at < 1400 °C. The raw materi-
als for clinker production should contain mainly CaO and
SiO, and minor amounts of Fe,O5 and Al,O5. The clinker
is milled to get cement where also milling additives (sup-
plementary cementitious materials) like slag, fly ash or gyp-
sum might be added. Concrete is a synthetic rock which is
produced by mixing minimum three components: cement,
water and aggregate. The difference between mortar and
concrete is that the maximum grain size of aggregate which
is 4 mm in case of mortar and can be larger for concrete
[97]. The use of CUS in concrete on the research level is
widely reported in literature. In a review paper by Gorai
et al. [7] it is summarized that slag was used as an admix-
ture in concrete and mortars in several studies, where the
impact of CUS had a positive impact on the compressive
strength. Shi et al. [9] summarize well the utilization pos-
sibilities of CUS in cement and concrete production based
on numerous studies. It is shown that by addition of CUS to
concrete as a replacement of Portland cement similar or even
higher strength can be achieved, which is important because
production of Portland Cement requires a large amount of
energy (~5000 MJ per ton of cement) and has a high CO,
footprint [9]. Even more, CUS can be utilized by using it
as a fine or coarse aggregate in concrete. In clinker produc-
tion CUS can be used for adjusting the iron content, where
it can replace iron powder [9]. Thereby, it also reduces the
amount of required mineralizer [9]. In most of the studies the
copper slag tested as a supplementary cementitious mate-
rial is a highly amorphous which has a potential of taking
part in pozzolanic reactions [98—100]. Thereby, the glassy
network in copper slag can be decomposed in alkaline envi-
ronment and release silica species which reacts with calcium
hydroxide to form calcium silicate hydrates. The alkaline
environment and calcium hydroxide can be produced by
cement hydration. Hydration is the chemical reaction of
water with cement where also calcium silicate hydrates are
formed where the ratio of calcium/silicate is higher than
the one produced during pozzolanic reaction. Both types
contribute to the strength development [100]. In a review
paper by Dhanesh et al. [98] several experimental studies
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on the use of CUS replacing sand, fine aggregate or cement
are summarized. The authors conclude that the replacement
with CUS is technically feasible and can be even beneficial
on the properties of the concrete. Low sorptivity and high
density of the mixtures make it suitable to be used in the
marine environment [98].

In the following section several studies on cement and
concrete are discussed in more detail. The compressive, ten-
sile and flexural strength determined in the studies is sum-
marized in Fig. 1. More detailed information on the mix-
tures and conditions used in the experiments are provided
in Table 4. Trixier et al. [101] found that replacing OPC by
copper slag in blended cement increases the total porosity
but decreases the capillary porosity (pores < 500 nm). This
means that the microstructure is densified which contrib-
utes to increasing the compressive strength [101]. Milling
increases the specific surface area of the CUS and increases
the pozzolanic activity. The fracture of particles increases
the number of ionic bonds on freshly exposed surfaces which
gradually increases with the milling duration [100]. Because
of that increasing the slag fineness allows increasing the
slag proportion while keeping the strength equal [99, 100].
Pavez et al. [102] investigated the use of CUS in mortars as a
replacement of cement using CUSs from different dumps at
Chile. Their tests indicated that flexural strength of the mor-
tar can be increased by CUS addition where at 5% cement
replacement by CUS optimal compressive strength values
are achieved. Compressive strength was found to decrease
slightly by CUS addition. Hallet et al. investigated the effect
of CUS as a replacement of OPC in cement pastes and the
effect of slag fineness [99]. They found that compressive
strength after 28 days of curing decreased. Alp et al. used
CUS in clinker production in fractions of 2.5-6% at a cement
plant in Turkey. They found the iron ore can be replaced with
no impact on mechanical properties of the clinker [103].
Reddy et al. [104] investigated different mixtures of cement
and CUS in the mortar, where sand was replaced by slag.
They found that with 40% CUS in the mixture best com-
pressive and split tensile strength are achieved after 28 and
90 days of curing. The authors also investigated the acid
and alkalinity resistance and found that presence of CUS
increases the acid but decreases the alkalinity resistance.
Bhoi et al. reported that the highest compressive strength,
split tensile strength and flexural strength were achieved
when 60% of the sand was replaced by CUS [105]. Rise
in workability, lower water demand and increasing density
with increasing CUS fraction were observed [105, 106].
Figure 1a and b show the results of compressive, split ten-
sile and flexural strength depending on % Copper Slag in
the mixture, where data from Pavez et al. [102], Feng et al.
[100], and Hallet et al. [99] describe replacement of OPC
by CUS, Alp et al. [103] describe replacement of Fe ore by
CUS. In all other studies replacement of sand by CUS was
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Fig.1 a Compressive strength and b split tensile strength and flex-
ural strength of cement depending on % copper slag in the mixture;
¢ shows the strength activity index (the ratio of the compressive
strength of the blended over the compressive strength of the reference
OPC mortars) depending on % OPC in the mixture. Detailed condi-
tions are provided in Table 4

investigated. It can be seen that when sand is replaced the
strength increases with a higher proportion of copper slag up
to levels of 60-100% replacement. When cement is replaced
a different behavior occurs. In none of the studies the 28 d
compressive strength increases, most of researchers observe
a decrease of the compressive strength. However, Trixier
et al. also investigated replacement of OPC by CUS testing
compressive strength after 7 days of curing and found an
increase in strength [101]. The strength activity index can
be used to understand whether CUS can contribute to the
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Table 4 Mortars and conditions tested by different authors

Mixture

Description

References

OPC, sand, CUS, water

M1: OPC/Sand=0.57; H,0/0PC=0.4
M2: OPC/Sand =0.57; H,0O/OPC =0.46
M3: OPC/Sand =0.57; H,O/OPC=0.55

Limestone (55-60%), marl (35-40%), Fe-ore or CUS
(2.5-6%)

OPC, sand, CUS, water; H,O/OPC =0.36-0.42

Sand was replaced between 0 and 100% by CUS

6 months of clinker production were operated with Fe ore,
in 4 months Fe ore was replaced with CUS

Sand was replaced between 0 and 100% by CUS. In a

Anbarasan et al. [106]

Alp et al. [103]

Bhoi et al. [105]

second series of tests H,O/OPC ratio was varied at fixed
CUS proportion

Cement, Sand, CUS Water; H,0/Cement=0.4
HSPC, Sand, CUS, water

Sand was replaced between 0 and 100% by CUS
Cement was replaced by CUS keeping the

Reddy et al. [104]
Pavez et al. [102]

(Cement + CUS)/Sand ratio constant. CUS from different
origin were tested

OPC, CUS, sand; Binder/sand=2:1, H,O/binder=0.4
OPC, CUS; H,0/binder=0.5

OPC was replaced by CUS
OPC was replaced by CUS, different specific surface area

Trixier et al. [101]
Feng et al. [100]

of CUS: M1 =1.37, M2=1.03, M3=0.67 m%/g

OPC, CUS, H,O/binder=0.4

OPC was replaced by CUS; different specific surface area

Hallet et al. [99]

of CUS: M1=6500, M2=4500, m%/g

strength development of the mixture when replacing OPC.
It is defined as the ratio of the compressive strength of the
blended cement over the compressive strength of the refer-
ence OPC mortars. In Fig. 1c the strength activity index
is shown over the %OPC in the mixture. Active strengths
contribution of CUS is indicated in case the activity index is
larger than %OPC in the mixture. This can be seen from the
figure when the data points are above the 1:1 line. When the
data is equal or below the 1:1 line CUS acts as an inert filler.
According to the diagram it can be stated that in some cases
active strength contribution of CUS can be found. Over-
all, it can be summarized from this chapter that CUS can
potentially have a positive impact on strength development
of cement mortar replacing binder or sand depending on the
type of CUS, the proportion that it is added to the mixture,
and the grain size of CUS.

Vacuum mixing of concrete was investigated by Edwin
et al. [107]. The authors were able to increase the compres-
sive strength of the reactive powder concrete slightly. This
is mainly due to decreasing the porosity when using vacuum
mixing and the angular shape of the copper slag which leads
to better cohesion of the matrix. Brindha and Nagan [108]
tested the corrosion of rebar in CUS containing concrete
according to the Galvano static weight loss method in 3.5%
NaCl solution where constant electric power with 12 V was
supplied for 15 days. Concrete specimens with embedded
steel were connected as anode and coper plates were used
as cathode. They found that using CUS containing concrete,
either replacing sand or cement, corrosion occurs faster, so
they propose that a protection of concrete should be used in
corrosive environment.

Figure 2 presents an overview of compressive strength of
concrete depending on the percentage of copper slag in the
mixture where details on the mixture and conditions are pro-
vided in Table 5. Also, in concrete production a beneficial
impact of Cu slag can be observed when replacing between
10 and 20% in the mixture and fine aggregate up to 50%.
However, the beneficial effect was not observed consistently
throughout all of the studies.

Some authors [90, 112] already considered the use of
cleaned copper slag which underwent a leaching process for
cement or concrete application. Muhlare and Groot [112]
state that there might be the potential to use the residue
from sulfuric acid leaching of slag, due to the high con-
tent of silica and glass of 48-58 wt%. Kinnunen et al. [90]
tested a residue from CUS bioleaching as supplementary

< 200 -’7 ---0--- Reddy e. a 2016 —&— Edwin et. al 2016 M1
% 180 - —#—— Edwin et. al 2016 M2 Edwin et. 2 2017
8 160 i —0— Brindhact. al 2011 Ml — &~ — Brindha ct. al 2011 M2
'a 140 ¢ a—@<b=¢ |- -=- - Kumaret.d 2015 —@— Edwin et. al 2019
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Fig.2 Compressive strength of concrete depending on % copper slag
in the mixture. Detailed conditions are provided in Table 5
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Table 5 Concrete mixtures and conditions investigated by different authors

Mixture

Explanation

References

OPC, CUS, silica fume, superplasticizer, polycarboxylate
ether water, H,0/Cement=0.18

OPC, CUS, silica fume, superplasticizer, polycarboxylate
ether water, H,0/Cement=0.18

OPC, CUS, super plasticizer Stucturo 335 (1.5% of total
mixture), aggregates H,O/OPC =0.3

Cement, Fine aggregate, Coarse Aggregate (10+20 mm),
Water, Water/Cement=0.45

OPC, CUS, water, aggregate (sand), coarse aggregate,
hydrated lime (only when CUS was replacing OPC)

OPC:fine aggr.:coarse aggr.=1:1.3:2.95, water/
cement=0.45, CUS, GGBFS

Vacuum mixing as well as heat treatment at 90 °C

OPC was replace by CUS between 0 and 40%

Fine aggregate was replaced between 0 and 100% by CUS
CUS replacement up to 60% sand (M1) and 20% cement

(M2) was tested

CUS was added as a replacement of fine aggregate, GGBFS Kumaretal. [111]
was added as replacement of cement

Atmospheric (M1) and vacuum mixing (M2) were compared Edwin et al. [107]

Edwin et al. [109]
Edwin et al. [110]
Reddy et al. [104]

Brindha et al. [108]

cementitious material using up to 2.1 wt% in the mortar as
a partial replacement for calcium aluminate cement. It was
shown that the addition of the residue increased the flexural
and compressive strength of the mixture in comparison to
the reference after 28 days but performed worse than mor-
tars where 2.1 wt% silica was added instead of the leaching
residue.

Alkali Activated Cementitious Material (Inorganic
Polymers)

In contrast to conventional cement for this type of material
the reaction occurs due to alkali activation. No binder needs
to be used, which allows the application of larger amounts of
slag and sand. Typical activators are NaOH, KOH, Na,SO,
or Na,Si0; [78, 113-118]. If the focus is especially on fire
resistance, potassium will be used as an activator instead
of sodium, due to the formation of crystalline phases with
higher liquidus temperature [115]. The reactive component
of copper slag is the amorphous phase, where the crystal-
line components remain mainly undissolved being exposed
to the alkaline environment [78]. This indicates that a high
amorphous fraction of the slag in the precursor is impor-
tant for the mechanical properties of an inorganic polymer.
Mahendran et al. [113] investigated the substitution of sand
by CUS in a concrete mixture containing fly ash and coarse
aggregate. The compressive strength of the concrete can
be increased from 39 to 59 N/mm? by a 100% replacement
of fine aggregate by CUS. Zhang et al. [114] investigated
cementitious material prepared from a mixture of GGBFS
and Copper/Nickel slag where Na,SiO; showed the best
effect on achieving a high compressive strength (84 MPa
after 28 days curing), glass phase dissolution characteris-
tics and the lowest pore diameter in the hydration product.
Na,SO, leads to the lowest dissolution of the glass phase
[114]. Also high grinding times of the slag were found to be
beneficial for obtaining a small particle size [114]. ITacobescu
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et al. found that increasing relative humidity in the atmos-
phere during curing leads to a higher strength of the mate-
rial prepared from a mixture of CUS, sand and NaSiO; and
NaOH as activator [78]. Liu and Guo [119] investigated the
impact of cooling conditions of the CUS on the hydration
heat and compressive strength of alkali activated cementi-
tious material prepared from CUS and sand. They found that
with a fast cooled slag a significantly higher compressive
strength can be achieved. Furthermore, they found that an
increase of the silica modulus of the water glass (ratio of
S10,/Na,0 in the mixture) from 0.5 to 2 also has a positive
impact on the compressive strengths [119]. Several authors
investigated the possibility to produce inorganic polymer
foams from CUS [115-118]. The foam was generated by
addition of Al to the mixture, where H, is generated forming
pores. Surfactant can be added to improve foam structure
and stability [116, 117]. After curing at room temperature,
the material needs to be heated. Temperatures of >200 °C
are required to form crystalline sodium alumosilicates,
Fe** doped analcime and calcium silicate hydrates [116].
At>700 °C liquid formation and precipitation of new crys-
talline phases was demonstrated [118]. The material has
similar strength as low density concrete but a lower density
[118]. With increase of the Al powder fraction the strength
of the porous inorganic polymer is decreased due to its
higher porosity as low density aggregate vermiculite can be
used as part of porous inorganic polymer [115]. A summary
of investigations on strength development of inorganic poly-
mer cement and concrete is provided in Table 6.

Geotechnical Applications

Copper slag is generally of non-plastic nature which implies
that it can be used as replacement for sand. The material
reduces the liquid limit and plasticity index of soil, where
both decrease linearly with increased copper slag addition.
This indicates that copper slag can be used to reduce the
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Table 6 Inorganic polymer cement and concrete mixes investigated by different authors

Activator Aggregate Mixture Conditions Comp. strength Flex. strength (28d) References
(28d) MPa
MPa
NaSiO;+NaOH CUS +sand Slag:Sand=1:3 Curing Cond: 19.3 (T20RH50) 1.8 (T20RH50) [78]
All solids: activating T=60°C+RH 31 (T20RH90) 3.4 (T20RH90)
solution=5.4:1 20% 20.6 (T6ORH20) 2.1(T60RH20)
T=20°C+RH
50% and RH 90%
NaSiO;+NaOH CUS + Sand Slag: sand: 1:3, MS: 0.5-2 27 (F2) [119]
Solids:Activator solu-  Slag: Slow (S) and 6 (F0.5)
tion=28.3:1 Fast(F) Cooled 0.6 (S2)
0.3 (S0.5)
NaSiO;+NaOH Fayalite Slag Na,O/Slag ratio 0.031 28d curing at 10 (no firing) [118]
Aluminum 16-21 °C then 14 (400 °C)
firing for 60 min 21 (1150 °C)
at 400-1150 °C
KOH CUS Al addition 0.13-0.23 Curing 48 h at Not defined age of [115]
Vermiculite wt% 70 °C samples:
Aluminum Vermiculate Addition Storing at 20 °C 8 (no additive)
1040 wt% and 5S0%RH 2.3 (0.23 wt% Al)
Aluminum (Al) and 1 (40 wt% V)
Vermiculite dos-
age (V)
NaSiO;+NaOH 2 Different ancient  SiO,/Na,0=1.4,5¢ 20 °C and 65 °C, 9 (28d, S1.1 20 °C) [120]
CUSs H,0/100 g slag RH 95% 55 (7d, S1.1 60 °C)
44 (28d, S1.2 20 °C)
64 (7d, S12 60 °C)
NaSiO;+NaOH River Sand+CUS  Content of Cu slag in fine 1datroom T, 1dat 39 (0% CUS) [113]
(both fine aggr.), aggregate =0-100% 60 °C 48 (50% CUS)
granite 12 mm, NaOH/:NaSiO3=1:2.5 59 (100% CUS)

Fly Ash, Conplast
SP430 (super
plasticizer),
ASTM C-494

plasticity of high plasticity soils, reducing the use of sta-
bilizers like lime or cement. When water is added during
compaction of soil, the density increases until a certain point
where dry density decreases due to an excess of water. The
corresponding water content and dry density are called opti-
mum water content and maximum dry density. Copper slag
has a higher maximum dry density and optimum water con-
tent than sand or different types of clay. In mixtures with soil
it was found that maximum dry density increases, and opti-
mum moisture water decreases with the addition of copper
slag, which means that the effort for compaction (amount of
mechanical energy applied to the soil mass) is reduced when
copper slag is added [12]. For some engineering applications
permeability of copper slag might be crucial. The permeabil-
ity of copper slag is similar to natural sand and the copper
slag addition just marginally decreases permeability of soil.
Different to compaction the term consolidation describes the
volume reduction of soil over a long-term due to the drain-
age of water. The main parameters affecting compaction
are compressibility, which is the volumetric response under

compression. In terms of compressibility literature results
are not consistent. However, as it is affected by particle size
and shape it can be assumed that the angularity of copper
slag makes it more compressible compared to rounded sand
particles at same particle size distribution. The friction angle
is a shear strength parameter of soils. It is reported that fric-
tion angles of CUs range from 19° to 51°, where 19° would
be similar to silt and fine or sized sand and 51° is close to
well graded sand or gravel. Due to the angular shape of cop-
per slag compared to most natural sands it can be expected
that CUS has a beneficial impact on stability of slopes or
embankments [12]. The use of copper slag in sand compac-
tion piles in Japan, its use in road and highway embankments
in India was reported [12]. It is also known that in Hamburg
harbor 3 million tons of iron silicate slag were used as lumpy
material for construction of river embankments within the
last 25 years. In Germany every year 200.000 tons of slag
from copper industry are used for construction of river
embankments. The main advantage compared to natural rock
for this application is the high density of the material [92].
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Other Applications

In a study by Sarfo et al. CUS was reduced and the compo-
sition was adjusted to reach preferentially low density with
high hardness for the material to be attractive for the ceram-
ics industry [121]. They found that the hardness stays almost
constant when more Al,O; and CaO flux is added but the
density decreases with the increase of the flux amount [121].
The use of CUS in the manufacturing of abrasive tools is
reported by Gorai et al. [7]. It was found that CUS could
be used as a binder in grinding wheels instead of ceramics
binder. In comparison to alundum an improved machining
ability was found. The use of CUS in the production of tiles,
facing tiles and floor tiles was reported. CUS was either
directly casted and cooled to give tiles or used in cold mix-
tures with clay and sand materials before they were sintered
[7]. Another option of applying CUS is in the manufacturing
of colored glass. With increasing concentration of Fe,05
in the glass the color changes from light green to yellow
green to brown green and black green [7]. After reduction
of CUS to remove oxygen from the slag and form Fe metal
it could be used as a catalyst for hydrogenation of CO to
CH,. Hereby Fe’ is the active phase where Fe oxides are
inactive [53].

Slag Cleaning Operations

Different strategies can be applied to recover valuable metals
from slag and remove elements which can be considered as
harmful to the environment. For selection of a process, it is
important to consider relevant criteria for further utilization
of the slag, minimization of waste, availability of reactants,
economics of the process and metal recovery. The slag can
be treated in pyrometallurgical and hydrometallurgical pro-
cesses, flotation, sorting and combinations of the aforemen-
tioned. In this section the different treatment options are
discussed. From the World Copper Smelter Survey 2004 it
can be estimated that at that time 37% of the smelters used
electric furnaces for slag cleaning, 26% used flotation, 6%
did not perform additional slag cleaning, 5% used other tech-
nologies and for 26% of the smelters no information was
available [122].

Pyrometallurgical Treatment

Principles of Pyrometallurgical Slag Reduction

The kinetics of reduction of liquid copper slag to recover
non-ferrous elements such as Cu, Pb or Zn was investi-
gated by various authors with different reactants. During

reaction of slag with solid carbon authors found higher
rate of copper oxide reduction with increasing temperature
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[123]. A first order behavior was found using carbon,
CO-CO, gas or CO—CH, gas as a reductant down to a
certain level of Cu (~0.4%) in slag [123-126]. Below
that level of Cu according to Klaffenbach et al. [127] it is
likely that the main reaction is the formation of iron from
FeO and therefore the rate of Cu,O reduction is decreased.
Several authors conclude that the rate of reducing fayalite
slag is controlled by the Boudouard reaction [123, 125].
Because of that it seems reasonable that authors found
that the rate of the reaction is depending on the partial
pressure of CO in the system [128]. This explains also
that at elevated contents of magnetite in slag the overall
rate of slag reduction increases because at higher CO, in
the atmosphere the Boudouard reaction proceeds faster
[124, 129].

Barati et al. [130] found that increasing CaO/SiO,
from 0.3 to 2 decreases the activation energy from 197
to 146 kJ/mol.

When Cu or Cu,O is present the Boudouard reaction is
catalyzed [123, 124]. Chen and Coley [124] found that this
occurs due to the presence of Cu droplets which provide
a surface of different nature. The total rate constant of the
reaction can be given as:

ka = kxlag 'fslag + kCu 'fCu ®)

The equation shows that total rate constant increases
due to the reaction on the copper surface, with significant
impact of higher volume and low particle size of Cu drop-
lets. The activation energy was found to be decreased from
196 to 122 kJ/mol [124].

Using mixed CH,—CO to reduce CUS it was found that
the reduction by CH, is much faster than that by CO [126].
Mass transfer between liquid and solid phases described
by a penetration model could be identified as rate control-
ling [126].

Nagasaka et al. [131] summarize that reduction of pure
iron oxide using hydrogen is faster compared to carbon
and CO gas.

Several authors investigated the reduction of FeO, in
slag. They observed that the reaction rate increases from
20 wt% FeO, up to 100 wt% FeO, [129, 130]. Barati et al.
[130] give that the rate law can be described as follows:

v=k, (Pco, a," —Pco ag™) )

where o is given according to following equations:

x= 0.004 - wt%FeO + 0.5088 (10)
wt%CaO
= —0.042 - ———— +0.664
x wi%SiO, an
for 30 wt%FeO
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The parameter a,, is defined by the equilibrium CO,/CO
ratio. Zhang et al. [132] investigated the distinct reduction
reaction of magnetite (Fe;0,) by carbon which is relevant to
allow settlement of matte by decreasing slag viscosity and
entrained matte. They found a second order reaction where
the reaction rate is limited by the Boudouard reaction. The
activation energy was 610 kJ/mol, their observed activation
energy is significantly higher than the activation energy of
Boudouard reaction observed by other authors [123-125],
so the reaction might be inhibited. It needs to be remarked
that the system was rich in sulfur. It is described by sev-
eral authors [124, 129, 133] that as oxygen also sulfur is
a surface-active element which segregates on the surface
affecting reactions by reducing the surface tension of slag
decreasing the reactive reaction area and blocking the reac-
tion sites of oxygen. An overview of different reactions rel-
evant to slag reduction, their activation energies and rate
determining steps is provided in Table 7.

It does not seem that there is conformity on the rate deter-
mining step of FeO reduction to Fe with carbon in slag, which
is typically investigated in the CaO-SiO,—~(Al,05)-FeO, sys-
tem. Some authors claim that at < 10 wt% FeO in the slag the
reaction rate is determined by mass transfer and the Boudouard
reaction, while at> 10 wt% FeO it is determined by the Bou-
douard reaction or the reaction of FeO and CO at the bubble/
slag interface [136]. Others explain that a sequence of different
chemical reactions and mass transfer in different species is rate
determining [137], some found that under conditions of slag
foaming the reaction is mass transfer controlled [138] and in a

Table 7 Activation energy of slag reduction reactions

further study mass transfer controlled reaction was found due
to a presence of sulfur [133].

Assuming mass transfer as the rate determining step Heo
et al. [139] found that the mass transfer coefficient is actively
promoted by increased foaming of the slag. The authors
assumed that the increase of the foaming index is directly
proportional to the viscosity increase of a base slag when
increasing its solids concentration. The disadvantage is that
iron cannot be effectively separated from the slag at increased
viscosity. The foaming index can be assumed as equal to the
traveling time of the gas and is defined as follows:

n
e

I

Thus, higher viscosity, e. g. caused by presence of solids
according to Eq. (7), lower density and lower surface tension
of the slag increase the foaming index [139].

Iron oxide plays an important role for the reduction of PbO
and ZnO by CO where the apparent first order rate constant
increases from iron oxide contents of 0.2 wt% up to 28 wt%
in slag. This indicates a coupling with redox reactions [140]:

PbO(I) + 2FeO(1) = Fe,05(1) + Pb(l) (12)

ZnO(1) + 2FeO(1) = Fe,04(1) + Zn(g) (13)

It is highlighted by van Gemert et al. [141] that two
mechanisms might be involved for fuming of Zn with carbon
which are the formation of Zn via reaction with CO at the

Activation  Description Rate determining step References

energy kJ/

mol

610 Kinetics of Fe;0, reduction in copper slag with carbon Inhibited Boudouard reaction [132]
(Al,O5 crucible)

246.8 Kinetics of reaction of carbon with CO, Boudouard reaction [134]

246 ¥ 29 Fayalite slag free of Cu (MgO crucible), reaction with Boudouard reaction [125]
carbon

196 Fayalite slag free of Cu between 1200 and 1450 °C (Al,0O; Boudouard reaction [124]
crucible), reduction with CO-CO, gas mixture

197 Ca0-Si0,-FeOx slag, reduction with CO-CO, gas mix- - [130]
ture, CaO/Si0,=0.3

188.4 Cu,0 reduction with carbon from slag in the range of Boudouard reaction catalyzed by presence of Cu,0/Cu  [123]
1240-1325 °C (Al,O; crucible)

146 Ca0-Si0,-FeOx slag, reduction with CO-CO, gas mix- - [130]
ture, CaO/Si0,=2

165 Reduction of Fe from CaO-SiO,-FeO; slag in equilibrium — [129]
with metallic iron

122 Fayalite slag with 10% Cu,O between 1200 and 1450 °C ~ Boudouard reaction catalyzed by presence of metallic Cu [124]
(Al,O5 crucible), reduction with CO-CO, gas mixture

58.8 Fayalite slag (Al,O; crucible), CH,-CO-Ar mixed gas Interfacial mass transfer between gas and liquid phases  [126]

51.7 Decomposition of CH, in empty graphite crucible [135]
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slag-gas interface and the reduction of Zn>* to Zn by Fe?"
which is oxidized to Fe.

Significant slag foaming can occur when reducing with
carbon which can create difficulties in kinetic experiments
keeping constant surface area. Slag foaming also might cre-
ate issues in industrial processes [142].

All of the aforementioned articles describe the reduction
of liquid slag. In contrast to that reduction of slag occurs in
solid/gas system. Kinetics of reduction of copper slag by
gaseous reductant was investigated by Zhang et al. [143].
The authors produced pellets of 8—16 mm diameter from
CUS, CaO, coal and bentonite. The pellets were dried before
the reduction experiment. It was found that at 1050 °C the
reaction is controlled by carbon gasification and interfacial
reaction, when temperature is increased the rate controlling
mechanism switches to the diffusion of the gas in the pellet
[143].

Minimizing Copper Losses in Smelting and Converting

A widely used and simple method to recover copper from
converter slag is to recycle slag into an earlier stage of the
copper smelting and refining process [58, 144]. Especially
when the smelting furnace has a calm settling zone like
reverberatory or flash furnaces returning converting slag
is useful. Oxidized converting slag will enter a reaction
zone with lower oxygen potential. Because of that Cu from
converter slag is reduced and can be recovered. Comparing
3-5 wt% Cu in converting slag to 1 wt% Cu in smelting
slag indicates the potential Cu recovery [58]. However, a
good quality of the converter slag, such as a low magnetite
or solids concentration is critical to avoid problems in the
smelting furnace [58]. Typically, there is a subsequent slag
cleaning process.

Slag/Matte Separation by Settling

The matte separation by settling of the slag is widely used
in industry [58, 122, 132, 144, 145]. The settling is mainly
conducted in an electric furnace, teniente slag cleaning
furnace (HLE) or other drum type furnaces or ladles [58,
144]. The HLE has a cylindrical vessel similar to a Peirce-
Smith-Converter. Coke or oil together with air is injected to
perform the reduction [58, 145]. After that the injection is
stopped to allow settling. 5 wt% of Fe;0, is targeted to get
below 1 wt% of Cu in the slag. The same can be achieved
with electric furnaces, which can be operated at lower opera-
tional expenditure depending on energy prices [58]. The key
of using only ladles for settling is the use of large ladles so
that the temperature can be maintained for a long time [58].
Isaksson et al. investigated the impact of different parameters
on the Cu recovery in an electric settling furnace [76]. The
authors showed that with varying condition a Cu recovery
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of 56% can be achieved at an input Cu content of 1.25 wt%.
They found that Cu recovery decreases with increasing
temperature of the slag, due to higher Cu solubility in slag,
where the Cu recovery decreases from more than 50-20%
from 1200 to 1280 °C [76]. However, increasing the set-
tling time does not necessarily lead to higher Cu recovery
[76]. The same authors also showed that attachment of Cu
rich droplets to gas bubbles or spinel particles has a nega-
tive impact on separation of Cu droplets from the slag [76].
Therefore, minimizing the bottom build up, which is formed
of a solid solution that is part of the spinel group (containing
Fe, Zn Cr, Mn and O), is important to increase the Cu recov-
ery [76]. Thermodynamic calculations show that controlling
the Cr content of the buildup has major impact to control the
liquidus and therefore its formation [146]. It was shown that
there is not only a build up at the bottom but also an interac-
tion layer mainly consisting of magnetite that forms between
slag and matte phase in which FeS reacts with Fe;0, to form
FeO [147]. The layer hinders matte droplets moving down-
wards to merge with the matte phase at the bottom [147].
Electric furnaces show the feature that temperature at the
electrodes is 100-300 °C hotter than the temperature in the
bulk of the melt, and the temperature at the coke surface is
lower due to endothermic reactions during slag reduction.
Volatilization of As is strongly temperature dependent. It
was found that at 1250 °C around 50% of As is distributed
to the matte and 20% to the dust, where the rest stays in the
slag. At higher temperatures distribution of As to the gas
phase would increase significantly [148]. Table 8 shows final
Cu contents in industrial slag cleaning operations where the
average content is around 0.9 wt% and the lowest achievable
concentration is 0.6 wt%. At Ronnskér smelter operated by
Boliden copper concentrates are smelted in an electric fur-
nace. The resulting slag is treated in a fuming furnace. The
slag after fuming is then treated in a settling furnace. During

Table 8 Final copper content of slag in various industrial slag clean-
ing operations

Location/company Furnace Final Cu content ~ References
in slag in wt%

Chuquicamata HLE 1.5-3 [58]
Poterillos HLE 0.9 [58]
Teniente HLE 0.8-0.85 [58]
Chagres HLE 0.9 [58]
Las Ventanas EF 0.82 [58]
Paipote EF 0.58-0.95 [149]
Caraiba Metais EF 0.7 [15]
Aurubis Hamburg EF 0.6-0.8 [15]
Mexicana de Cobre EF 1.3 [15]

The slag cleaning process in the given operations might have changed
from the publication date of the original papers up to the submission
date of the present paper
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fuming and settling processed, Zn, Cu and precious metals
are removed [74, 91].

Deep Reduction to Produce Cu Rich Alloy

A low iron content of the Cu rich alloy is desired to achieve
a low liquidus temperature of the metal. In a temperature
range of 1200-1300 °C the solubility of Fe in Cu is around
4-8 wt% [127, 150]. The liquidus temperature of the alloy
can be decreased with addition of arsenic which might also
be removed from the slag during the reduction process [127].
Mori et al. [151] reported tests of converter slag reduction
with pulverized coal in a Peirce-Smith-Converter in com-
mercial scale. The coal was injected with air. Final cop-
per levels were minimized at air/coal ratio of 3, where the
reductant efficiency was around 60%. More than 90% of Cu,
Sn, As and Pb could be removed from the slag and entered
in the metal and dust phase. It is proposed to re-use the dust
in the Zn or Pb smelting process where the metal should be
sulfurized, the volatile elements are removed by vacuum
treatment, and the residual white metal can be treated in the
copper converting process. It is reported that from reduction
of DTBS, an alloy with low iron content can be achieved,
while more than 90% of Cu was recovered from the slag.
[152, 153]. Anthracite, coke dust and coal flotoconcentrate
were reported as reductants [153]. Another way of DTBS
reduction is reported by An et al. who used top submerged
lance injection of a mixture of methane and air in labora-
tory scale [154]. Different mixtures of air and methane were
tested before the melt was allowed to settle. Higher methane/
air ratios led to higher Cu recovery and only the highest ratio
of 0.8:1 was suitable to effectively recover Co but also led
to the highest Fe content of the alloy [154]. The influence
of temperature on the Cu recovery was not found between
1300 and 1400 °C [154]. Klaffenbach et al. showed based
on equilibrium calculations that Cu concentration in the slag
after slag reduction at Cu-Fe saturated conditions can be
decreased by 0.15 wt% by adding 16 g CaO per 100 g iron
silicate slag [127]. Hellstén et al. found that the distribution

Table 9 Processes of slag cleaning to give Cu rich Cu-Fe alloy

coefficient can be affected by the SiO, concentration in
the slag, where higher distribution of gold to the metal is
achieved at lower silica concentration [150]. Highest silver
distribution to the metal can be found at 20 wt% SiO, in the
slag [150]. In Table 9 an overview of reduction processes
with Cu rich Cu-Fe alloy is provided indicating lowest Cu
levels in slag of around 0.4 wt% are achievable. Depend-
ing on slag composition and temperature it was shown that
approximately 0.15 wt% to 0.35 wt% Cu can be dissolved
in slag without forming solid alloy [127]. Hovestadt et al.
investigated reduction of EF slag using H, where the input
gas contained between 33 and 100 vol.% of H,. The authors
identified the possibility to recover major fractions of Cu,
Zn, Pb and Mo from slag [155].

Deep Reduction to Obtain Fe—Cu Alloy

When Fe is reduced from slag it needs to be replaced in some
way to avoid precipitation of solid phases like tridymite. The
idea of replacing iron with calcium is discussed by several
authors [143, 156—159]. As result of the process a Fe—-Cu—C
alloy or pig iron is produced containing most of the valu-
able metals, such as molybdenum. The inert calcium sili-
cate slag should be used in cement or ceramics production
[121, 156—159]. Zn can be fumed to the gas phase [157].
High process temperatures of 1400-1600 °C are required
in case the reduction process is conducted in a liquid state
[156, 157]. The idea of the process is to produce zero waste.
The practical issue of the idea is that copper and other non-
ferrous elements are diluted in the iron phase, so these the
mass of the metal phase would be rather large and effort
for iron separation would be high. The process is also very
intensive in reductant and energy requirement. The suit-
ability of the new type of low iron slag for use as cement
constituent needs to be proven. This indicates that it is dif-
ficult to shape the process in an economically efficient way.
Yiicel et al. [160] mainly focused on metal recovery and
paid minor attention to the slag application. Temperatures
of 1250-1470 °C were tested where highest Co recovery was

Conditions Input slag  Alloy comp. in wt% Slag comp. in wt% Recoveries in % References

C, CaCO;, DTBS 5% Fe, <0.6%Cu >95% Cu [152]

C, CaCO;, DTBS 70-84% Cu, 6-18% Pb, 0.4-0.6% Cu, 2.5-10% Fe, [153]
1-4% Fe, 0.5-1.2% Pb

Air/CH, Mixture, 1300 °C ~ DTBS 50% Cu, 1.5% Co, 15% Fe ~ <0.5% Cu,<0.1% Co >90% Cu,>50% Cu [154]

Pulverized Coal, CaO, SiO,, CS 85% Cu, 3.4% Fe, 3.9% Pb, 0.5%Cu, >90% Cu, 90% Pb, 92% [151]

air 1%Zn, 1.4% As, 1.4% Co, As, 75% Sb, 100% Bi,

0.9% Sn, 0.3% S 95% Ni, 49% Co, 90% Sn

H,/N,, CaO, Cu EF Slag ~ >50% Cu,<25% Fe <0.1% Zn,<0.1% ~70% Cu,>95% [155]

Pb,<0.1% Mo, ~0.3% Cu

Zn,>95%,>90%
Pb,>90% Mo,
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achieved at highest temperature. Cu recovery was higher at
lower temperatures but the reduction was slower [160]. The
discussed processes are summarized in Table 10. A funda-
mentally different approach to all other studies was tested by
Holland et al. [65]. They propose a pre-reduction process at
low temperatures of 600-900 °C where a mixture of meth-
ane and hydrogen is used as reductant. The pre-reduction
should be followed by a smelting process. This approach is
a way to remove volatile elements from tailings. However,
as smelting would be required to recover further valuable
metals that would lead to a new equilibrium and different
Cu recovery than reported in the pre-reduction stage. The
Literature study shows significant efforts in understanding
reduction of Cu slag. However, it is remarkable that there is
very limited work on utilization of hydrogen for Cu reduc-
tion process as a potential alternative fuel for de-carbonizing
of the industry.

Deep Reduction to Obtain Fe—Cu Alloy Followed
by Magnetic Separation

An alternative route to reduction of slag in liquid state, the
reduction process can be also conducted in solid state of
the slag [143, 162, 163]. Copper slag, carbon and addi-
tives like CaO are blended as an input material, where pel-
lets can be produced [143, 162, 163]. Temperatures above
1100 °C were found suitable for a high Fe recovery where
1300 °C was found as an optimum temperature [143, 163].
Carbon is added in excess. However, if too much is added
Fe recovery decreases because carbon particles in the pellet
prevent Fe grains from aggregating and growing [143, 162,
163]. Carbon amounts of up to 25% of the slag’s weight are
required [162]. By adding CaO the recovery of Fe can be
increased. For an optimum recovery the Ca/Si ratio needs
to be adjusted. However, the effect of CaO on increasing the

Table 10 Processes of slag cleaning to produce Fe rich Fe—Cu alloy

recovery is little [163]. Also grinding fineness has an impact
on the Fe recovery. At a certain fineness an optimum Fe
recovery can be achieved. When grinding the material longer
than required for optimum recovery there is no improve-
ment or even slight decrease in the Fe recovery [163]. It
was found that a certain magnetic field density is required to
achieve separation of most of the iron (approximately 20—-60
kA/m). Only a slight increase of the Fe recovery is achieved
when further increasing the field density [162, 163]. The
roasted product is crushed and ground before beneficiation
by magnetic separation is carried out [143]. Results of differ-
ent authors are summarized in Table 11. The alloys contain
between 0.2 and 1 wt% Cu. Zn and Pb could be significantly
removed to 0.03 wt% or lower in the Fe product.

Sulfurizing Reduction to Produce Matte

Sulfurizing treatment of slag at high temperature can be
done using pyrite as a sulfurizing agent to produce a matte
phase in which the valuable metals are recovered [59]. It
uses the effect of decreasing Cu solubility in slag at equi-
librium with low-grade matte [38]. Additionally, a reduct-
ant like coke and CaO as slag modifier can be added [59].
In the temperature range from 1200 to 1400 °C larger Cu
and Co recovery was found with higher temperature [59].
Up to a certain level of pyrite addition Cu and Co recov-
ery can be increased, where beyond that only recovery of
Fe further increases [59]. Addition of reductant needs to
be adjusted carefully. Initially, increase of reductant will
increase metal recovery but excess will lead to reduction
of iron which dilutes the matte phase and reduces recov-
ery of Cu and Co [59]. Addition of CaO mainly increased
the recovery of Fe but had only little impact on recovery
of Cu and Co [59]. The method of sulfurizing smelting is
efficient in terms of Cu recovery. However, it produces high

Conditions Input slag Alloy comp. in wt% Cleaned slag comp. in wt% Recoveries in % References
1460 °C, C, CaO SSL/cleaned SSL 93% Fe, 1.9% Cu, 5% 0.05-0.07% Cu, 0.01- >95%Cu,>95% [156]
C +inclusions 0.04% Mo, 3—-10% Fe, Mo, >90% Fe
24-30% Ca0, 23-36%
AlLO5,~1% MgO
1400-1600 °C, CaO, C SSL 85-88% Fe,~3% Cu,~1%  Zn and Cu below detection [157]
Mn,~1% Cr,~45 C, limit
3-6% Si
1450 °C SSL 1.9% Fe, 1%, Mo, 95% Fe ~ 29% CaO, 37% SiO,, 36%  >95% Cu,>90% Fe,~80% [159, 161]
Al,03, 1.2% Mg0, 0.06% Mo
Cu, 3.5% Fe, 0.01% Mo
1250-1470 °C SSL 3.5% Cu,2.9%S,2.4% Co <0.1% Cu, 0.1% Co 90% Cu, 95% Co [160]
SSL 94% Fe, 1.65% Cu, 1.15% [121]
Mo
600-900 °C FT 0.15-1.2% Zn, 01.5%Zn, 4% Pb,0.1% Cu  ~50% Cu 40% Zn,>80%  [65]

(in glass only) Bi, 35% Pb
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Table 11 Processes of slag reduction combined with magnetic separation
Conditions Pyro. Proc Condition magnetic benefica- Input slag Alloy comp. in wt% Recoveries References
tion
1300 °C, C, CaO, 30 min Smelting slag 91.6% Fe, 0.2%Cu, 0.3% SiO,, >90% Fe, [143]
0.6% Al,0;, 0.1% MgO. 0.1%
Na,O
1300 °C, C, Ca0O, 3 h Magn. field intens.: 61 kA/m (Cleaned) Smelting slag  96% Fe, 0.5% SiO,, 0.6% Cu, >90% Fe [163]
0.8% other oxides, 0.1% S
1250 °C, C, 1.5 h, 75-104 ym, 0.03-0.3 T (Cleaned) Smelting slag 66% Fe, 12.75 SiO,, 1% Cu, 92% Fe [162]

0.01% Pb, 0.03% Zn, 2.6%
Al,05, 2% Ca0, 0.7% MgO

volumes of additional matte with low valuable metal content
which has to be treated within a smelter. This means addi-
tional amounts of sulfur have to be removed and captured.
Also, high amounts of Fe are reduced from the slag which
was already oxidized in earlier smelting stages and have to
be treated again. A process tested in a pilot scale of treat-
ing converter slag was the Kennecott slag cleaning process
[164]. It was a two-stage process including a rapid reduction
step to minimize the magnetite content and achieve a copper
concentration of the slag below 1.2 wt%. In the second step
pyrite was added to form a low-grade matte and minimize
the Cu concentration further. Final copper levels of 0.3 wt%
in the slag could be achieved [164]. The tests were carried
out in an electric furnace equipped with mechanic stirrers
[164]. Details on the conditions and metal recoveries of the
processes are summarized in Table 12.

Hydrometallurgical Treatment
Chemical and Bacterial Leaching

Leaching is another method for extraction of metals from
slag, which was studied various times by different authors.
However, this process is not widely applied in industry. The
leach solutions tested in different literatures are sulfuric
acid, hydrochloric acid, nitric acid, ferric chloride, ammo-
nia, cyanide, oxalic acid and citric acid [8, 60, 71, 90, 112,
165-167]. Cyanide was reported to lead to environmental
problems but is selective for dissolution of Ag and Au [8,
168]. Another option is to conduct bacterial leaching where
S and Fe oxidizing microorganisms are applied [90, 165,

Table 12 Processes of sulfurizing reduction of slag

169]. Typically, because the S content of slag is low, sulfur
is added [56, 90, 165, 170]. By addition of H,O, or by pres-
sure leaching the recovery of valuable metals can be further
increased [8, 55, 166, 171]. Prior to leaching, the slag is
ground to < 80 um [8, 60, 90]. Chromate e. g. in the form of
K,Cr,0, can be added to suppress leaching of Fe and Zn due
to the selective adsorption of dichromate ions on the surface
of the minerals containing Fe and Zn where leaching of Fe
can be reduced to 5%. Suppressing the leaching of Fe can
be also achieved by increasing the concentration of Fe** in
the solution [60, 63, 71]. The leaching residue can be further
treated for Zn recovery [60].

By leaching with sulfuric acid, recoveries of 70-100%
of Cu and 95% of Co and Ni were reported from con-
verter slag bringing only 0.8% of Fe into solution, which
is likely due to the presence of insoluble hematite in highly
oxidized converting slag [8, 71, 165]. Sulfuric leach solu-
tions from leaching of converter slag contained around
45 g/l Cu but also 10 g/l Fe. The leach solution could
be treated with electrowinning electrolysis, where pres-
ence of Fe would increase the energy requirement of the
electrolysis. Therefore, ion exchange, solvent extraction
or neutralization might be necessary prior to electrolysis.
An alternative to electrowinning could be crystallization
to produce copper sulfate pentahydrate [71]. Using H,SO,
for leaching of slag Pb will remain in the residue as PbSO,
[71]. Increase of acid concentration improves the metal
yield [71, 90, 165, 166]. In some papers acid concentra-
tions of 2 M seem to be the optimum [71, 165], but some
researchers observed that higher acid concentrations are
required for the maximum extraction [61, 90, 166]. For

Conditions Input slag Matte in wt% Slag comp. in wt%  Recoveries in % References
1350-1400 °C, 3 h, FeS,+C  Smelting Slag (1.4 wt% Cu) ~4.5%Cu, 0.18% Cu, 0.07% Co >90% [59]
addition + CaO 2-2.5%Co,~60%Fe,~21% Cu,>90% Co,
S 30-40% Fe
Cin Ist stage, FeS, in 2™ Converting Slag 12-70% Cu 0.3-0.8% Cu Upto94% Cu  [164]

stage
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H,SO, citric acid and oxalic acid leaching, pulp density
of 1% was reported to give optimum Cu and Zn extraction
where at higher pulp densities extraction decreased [165].
Others observed maximum Cu extraction at 10% pulp den-
sity using citric acid [169]. By increasing the temperature
higher Cu and Zn yields can be achieved in shorter time
[63, 71]. Decreasing particle size results in an increase
of the Cu extraction or decreased leaching time [55, 71,
166]. y using only H,SO, for leaching of smelting slag
with no additive there is a poor selectivity between Cu
and Fe [55, 60, 71]. Compared to converter slag smelting
slag contains much more Fe?*, which is recovered during
leaching. Up to 60% of Fe, 24% Ni and 24-60% Zn are
leached as well. An issue of using H,SO, is the formation
of gelatinous phase, due to formation of orthosilicic acid
(H,Si0,) which prevents good stirring and solid/liquid
separation [56, 90]. It occurs according to the reactions
(14 and 15) [172].

Fe,Si04(s) + 4H" +2S02™ — 2Fe®* + 250%™ + Si(OH),(s)
(14)

Si(OH),(s) — H,SiO,(s) (15)

The formation of orthosilicic acid is likely to occur at
pH < 1.5, whereas at pH > 2 jarosite is formed [56].

By leaching smelting slag with H,SO, up to 68% of Cu
could be recovered [55, 60]. Comparison between HNO; and
H,SO, leaching for the same type of smelting or converting
slag showed that by using HNO; higher metal recoveries
can be achieved [90, 165]. However, also Fe was extracted
from slag up to 100% and mainly stayed in the form of Fe**
[55,90].

Leaching of flotation tailings leads to low recovery of
Cu (26%) and also a high fraction of iron (up to 50%) is
extracted using H,SO, [55]. Applying ammonium acetate
direct to blister slag more than 80% of Cu and around 35%
of Pb could be extracted [61]. Leaching with HCI shows
similar Cu and Zn yield as with H,SO, [165]. Metal yields
with citric acid leaching of the converting slag are slightly
below that [165]. However, for the smelting slag citric acid
was not effective for Cu extraction, but it proved to be very
effective for leaching of Co, Ni and Fe at leaching times
up to 15 h [169]. Oxalic acid shows very low efficiency in
leaching Cu and Zn from converting slag where below 10%
were extracted in tests [165, 169].

By leaching of smelting slag with NaOCl and HCI giving
CI™ and Cl,, 75-80% Cu could be recovered where also 5%
of Fe were extracted [8]. There is just a few papers reporting
metal concentrations in the leach residue, final Cu concen-
trations of around 0.1 wt% with sulfuric acid leaching were
reported [112, 169].

Typical bacterial cultures used for bacterial leach-
ing are A. thiooxidans, A. ferrooxidans and L. ferriphilus,

@ Springer

[172, 173]. Bacteria are oxidizing S° to SOi_ which leads
to decreasing pH of the solution when elemental sulfur is
added according to Eq. (16) [172].

25°(s) + 30,(g) + H,0(1) — 2SO~ + 4H* (16)

Ferrous iron is oxidized to ferric iron which is shown in
Eq. (17) [172].

4Fe™ + 4H' + 0,(g) — 4Fe™* + 2H,0() 17

Some studies show that metal recovery when applying
bacterial leaching is lower than the chemical leaching using
identical slags [90, 165]. However, there are also studies in
which the observation is opposite [170, 173]. In addition, the
leaching time for chemical leaching was significantly lower
than for bacterial leaching [90, 165, 170, 173]. But clearly
the recovery is also depending on the conditions such as
pH, pulp density, particle size and time no matter if chemi-
cal or biotic leaching is applied. Extractions of up to 70%
Cu and 80% Zn can be reached from converter and smelting
slag and also significant extraction of V, Mo, Co and REE
is reported in literature [90, 165, 172, 173]. At laboratory
conditions bacterial leaching appears as a very expensive
method compared to the turnover that can be generated by
recovery of metals [173]. Similar to abiotic leaching with
H,SO, the viscosity of the solution can increase using bac-
terial leaching which is a concern [172]. It was found that
the sulfides in slags are relatively resistant to dissolution by
direct assimilation of sulfur in sulfides due to bacteria [172].
Biogenic Fe ions and H,SO, may lead to major dissolution
of sulfide minerals and enhance the acid generation [80].
A main advantage of bacterial leaching is the decrease in
chemicals required, where at static pH only 20% of sulfuric
acid was required [90]. Conditions and results of the differ-
ent studies are shown in Table 13. Due to leaching the min-
eralogy of slag changes significantly. It was observed that
fayalite disappears in many cases. The residue mainly con-
tains crystalline phases such as magnetite (Fe;0,), NiFe,O,,
MgFe,0,, ZnFe,0, CaSO,, CaMgSi,0, MgAl,0,, Al,SiOs,
PbSO,, Fe,Si0, and others [60, 71, 90, 112].

Roasting Combined with Leaching

By roasting the slag prior to leaching soluble metal com-
pounds can be formed which can be eventually recovered
by leaching. Shen and Forssberg [8] summarized several
studies where sulfurizing or sulfating roasting is applied.
Sulfurizing can be conducted with H,S where in a first
stage sulfides are formed. The sulfating roasting is con-
ducted in the temperature range of 200 to 700 °C, where
Cu, Ni and Co are converted to soluble sulfates either by
oxidizing the previously formed sulfides or by roasting with
H,SO,, (NH,),S0, or Fe,(S0,);. The soluble phases can be
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Table 13 Reagents and conditions used in leaching and optimum conditions for Cu recovery

Leachant Conditions Recoveries Input material References

H,SO, Pressure 82% Cu, 95% Ni, 95% Co CS [8]

NaOCl1+ HCI giving Cl,/C1~ Atmospheric 75-80% Cu SSL [8]

H,SO,+K,Cr,0, 25 °C, atmospheric, 120 min, 1 M, 68% Cu, 5% Zn, 5% Fe, SSL [60]
pulp density =15 g/l

HNO; 80 °C, atmospheric, 24 h, 3 M, pulp 82% Cu, 100% Fe, 97% Zn, 20% Pb, ~ SSL [90]
density=5% 38% Mo, 70%Ni,98% Co, 35% Cd,

100% As

Bact. Leaching 30 °C,1-6 days pH 1.3, pulp den- 71% Cu, 71% Fe, 65% Zn, 71% Zn, SSL [90]
sity =10% 41% Sb, 70% Co, 44% Ni

H,S0, 40 °C, atmospheric 60 min, 2 M, solid/ >98% Cu, 60% Fe, 23% Ni, 24% Zn  CS [71]
liquid ratio=1:20

H,SO, Atmospheric, 24 h, 1 M, pulp den- ~70-80% Cu,~60-80% Zn CS [165]
sity=1-3%

HNO; Atmospheric, 24 h, 1 M, pulp den- 91% Cu, 85% Zn CS [165]
sity=1-3%

HCl Atmospheric, 24 h, 1 M, pulp den- ~70-80% Cu, ~60-80% Zn CS [165]
sity=1-3%

C¢HgO, Atmospheric, 24 h, 2 N, pulp den- ~60-70% Cu, 67% Zn CS [165]
sity=1-3%

C,H,0, Atmospheric, 24 h, 2 N, pulp den- 8% Cu, 8% Zn CS [165]
sity=1-3%

Bact. Leaching 30 days, pulp density=1% 70% Cu, 81% Zn CS [165]

H,S0,+H,0, Atmospheric, 20-30 min, >3.5 M 64-90% Cu (depending on H,0, CS [166]
H,SO,, 25 °C, pH=1.5, sold/lig- addition)
uid=1:10

C,H;NO, Atmospheric, 70 °C, 90 min; 80% Cu, 35% Pb DTBS
solid:liquid=1:10

C¢H30; Atmospheric, 35-55 °C, 15 h, 2N, 4.5% Cu, 88% Co, 95% Ni, 94% Fe SSL [169]
pulp density 10%

H,SO, Atmospheric, 250 °C, 12 h, 95% Cu Not clear [112]
solid:liquid=1:1

H,S0,+H,0, Atmospheric, 50 °C, 2-3 M, 120- 26% Cu, 62.5% Fe (w/o H,0,), 63% SSL [55]
180 min, solid:liquid ~ 1:30 Cu, 49% Fe (w H,0,)

H,S0,+H,0, Atmospheric, 50 °C, 2-3 M, 120- ~13% Cu, 48% Fe (w/o H,0,), FT [55]
180 min, solid:liquid ~ 1:30 33% Cu, 48% Fe (w H,0)

H,S0,+FeSO, Atmospheric, 1 M H,SO,, 540 g/l 26-29% Cu SSL [55]
Ferric iron, 30—180 min,
solid:liquid ~ 1:30

H,SO,+FeSO, Atmospheric, 1 M H,SO,4, 5-40 g/l 22-24% Cu, FT [55]
Ferric iron, 30—180 min,
solid:liquid ~ 1:30

Bact. Leaching + H,SO, (2-stage) Atmospheric, 65 °C, solid:liquid=1:4, 90%Cu, 85% Ni, 19-30%Fe, SSL [56]
pH1.8.4h

HCl+H,0, Atmospheric, 1-2 M HC1+3 M H,0,, 36%-73%Cu (depending on H,0, SSL [171]
1-4h addition), 19-55% Fe

FeSO, Atmospheric, pH 1.2-1.8 pulp den- 67% Cu FT [174]
sity =5-30%, 70-86 °C

H,SO, 78% Cu, 90% Co, 71.5% Fe [175]

Bact. Leaching + S addition

H,SO,
Bact. Leaching

H,S0, +Fe,(SO4),

Pulp density 1%-2%, pH 1.6-1.8,
21-28d

pH 1-2, pulp density 10%, 27 °C, 24 h
pH 1-2, pulp density 10%, 27 °C, 24 h,
7-25d
pH 1.5, pulp density 10%, 70 °C,
15.7 g/l Fe3 +

99% REE, 95% Co,70% Mo, 40-93%
\Y%

43% Cu, 22% Zn, 18% Ni, 21% Co
83% Cu. 14% Zn

82% Cu, 38% Zn

(Cleaned) SSL  [173]

SSL
SSL

CSFT

[172]
[172]

[63]
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Table 13 (continued)

Leachant Conditions

Recoveries Input material References

NH,CI e, =20%, ccr=160 g/l

81% Cu, 56% Zn SSL [167]

separated from the slag by dissolving them in water [8, 64].
Wan et al. [176] proposed to use SO, containing smelting
or converting off-gas for sulfation roasting of slag, where
the leach solution can be recycled. The sulfation roasting
process is able to release metals from the metal sulfides in
the first step, where matte inclusions are oxidized to metal
oxides. In a second step spinels are broken up, where metal
oxides are released and converted to sulfates [176]. They
added oxygen and Na,SO, during roasting to adjust the oxy-
gen potential and increase the metal recovery during water
leaching [176]. The reaction mechanism of Na,SO, lead-
ing to eutectic compound of sulfate mixtures is shown in
equation(s) (18) to(s) (20):

MeS(s) + Na,SO,(s) = MeSO,(s) + Na,S(s) (18)
MeO(s) + Na,SO,(s) + 0.50,(g) + SO, (s) = MeSO, - Na,S0,(s)
(19)

Na,SO,(s) + MeSO,(s) = MeSO, - Na,SO,(s) (20)

Temperatures above 650-700 °C should be avoided due
to formation of a Fe—-Ni-oxide phase which harms the leach-
ing of Ni and ferric oxide becomes the predominant phase
instead of metal sulfates [176]. A sulfation time of 30 min
is required where longer sulfation times up to 240 min
gradually increase the metal yield during leaching. Na,SO,
addition of 20-30 wt% especially increases the Co and Ni
extraction from~50% to 65% up to>90%. The process is
highly selective against co-leaching of Fe, indicating that
Fe is mainly present as magnetite or hematite [176]. Nev-
ertheless, the addition of 20-30 wt% Na,SO, indicates that
a significant amount of chemicals is required which will
have a considerable impact on the cost associated to the
process. Hematization of Fe indeed is a special purpose of
the hot pre-treatment to convert the Fe?* into Fe** which
is insoluble in the leaching solution, where the oxidation

state of Fe is temperature dependent [64, 176]. In a further
study authors found that at temperatures where hematization
was efficient base metals solubility decreased and only Zn
remained sufficiently soluble as Zn sulfate, potentially due
to an excess of H,SO, during hot pre-treatment [64].

In Table 14 conditions and recoveries from different
studies are shown where copper recovery was found to be
between 80 and 99%.

Flotation

Flotation is a successful method to produce copper con-
centrate from slag, which is widely used in industrial prac-
tice [8, 58]. It is reported that concentrates with copper
contents of 42-44% Cu can be produced from converter
slag [8], where the copper recovery ranges from 82% to
96%. However, due to fast cooling copper sulfide is pre-
sent in low particle size (< 38 pm) and there is also a high
content of copper oxide, the Cu recovery can go down to
40% [55, 62]. Copper content in the concentrate produced
from smelting slag was found to be around 5-15%. Size
of the particles in flotation process has a significant influ-
ence on the recovery. It was observed that slower cooling
in pits compared to pots leads to 0.22-0.35 wt% Cu in the
tailings compared to 0.5-0.9 wt% Cu using pots [62]. Only
sulfidic and metallic copper can be floated effectively, so
that oxidic copper mainly ends up in the tailings [8]. Rea-
gents and conditions used in different investigations can
be seen in Table 15. Typical reagents used are collector
(in some cases also secondary collector), frother, sulfur-
izing agent and magnetite suppressant [8, 77, 178]. The
secondary collector improves the recovery of coarse par-
ticles where Cu phases are interlocked with copper bearing
fayalite particles. However, the amount of fayalite in the
concentrate increases. Roy et al. [178] found that using
SIPX fine particles can be collected and using DTP as

Table 14 Reagents and conditions used in roasting and leaching (conditions giving highest Cu recovery)

Pretreatment conditions Leaching conditions Recoveries Input material References

1 h, 96% H,SO, (solid:liquid=1:1), Atmospheric, 50°, water, >90% Cu,>90% Co,>90% Zn,>70% FT [64]
690-700 °C solid:liquid=1:10 Fe

2 h, 600 °C at air, pyrite/concentrate HC1+HNO; (7.5:2.5) 82-99% Cu, 76%-88% Co (depending on SSL [177]
addition mixture)

5 vol.%S0,+20 vol.% O,+Na,SO, 80 °C, 5 h, solid:liquid=1:20 95.8% Co, 91.8% Ni, 81.6% Cu SSL [176]

(additive:slag=0:1-1:1),
d90 =105 mm, 500-650 °C
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Table 15 Reagents and conditions used in flotation (given as optimum conditions for high Cu recovery)

Collector Frother Depressant  Sulfurizing agent pH Cu recovery Particle size um Input material References

SBX MIBC HEC 82% CS [8]

PAX Pine oil - 8-9 96% CS [8]

PAX+FC7245 or  Flotanol CO7 - Na,S ~70-80%, up dgy=45 CS [77]
FC 4146 to 90% after

regrinding

PAX+FC7245 or  Flotanol CO7 - Na,S ~80-85%,>90% Dyg,=45 SSL (TSL) [77]
FC 4146 after regrinding

PAX+FC7245 or  Flotanol CO7 Na,S 5-15% dgo=45 SSL (Reverb.) [77]
FC 4146

BX Pine oil (Terpin- - - 10 80% <74 SSL [57]

eol)

PAX +AERO 3477 A4 MIBC CMC - 11 80% dgo=48 SSL [179]

SIPX/DTP Pine oil - - 9 8% dgo=75 SSL [178]
(40:160 g/t)

KBX Pine oil (Terpile- — - - 73% do0=43 SSL [180]

nol)

secondary collector Cu recovery can be increased by float-
ing coarser particles [178]. Adsorption of collectors on the
sulfide minerals was found to occur within a few seconds
[178]. The optimum concentration for collector dosage has
to be identified because overdosing increases hydrophobic-
ity of copper [178]. Sibanda et al. [77] found highest Cu
recoveries from converter and TSL/Reverberatory smelting
slags were achieved using Na,S in comparison to (NH,),S
or a combination of NaHS and (NH,),SO, as sulfidation
agents. Collector PAX in combination with FC7245 and
FC4146 as secondary collectors showed the highest recov-
ery of Cu [77]. Fan et al. concluded that BX is the collec-
tor leading to the highest Cu recovery followed by IX and
EX. Shamsi [179] found a higher Cu recovery when using
A65 as a frother compared to MIBC. Regrinding and addi-
tional floating of tailings was shown to increase the yield
of Cu by up to 16% [77]. In all the investigations Co and
Ni were reported in the tailings [8]. Prior to flotation the
slag has to be ground to below 100 um [8, 55, 77], where
finer grinding leads to higher copper recovery [57, 179].
A reductive sulfurizing treatment of slag prior to flotation
is proposed by Guo et al. with the purpose to get larger
matte particles [180]. The test was done in industrial scale.
During slag removal from the bath the slag was brought
into contact with a powder containing Fe, S and C. After
that the slag was allowed to cool in a ladle. It was shown
that by that method the proportion of Cu,O and Fe;0, in
slag could be reduced. The copper recovery in flotation
increased from 69 to 73% and the grade of the concentrate
was elevated from 20.2 to 21.7%.

Currently in many cases slag after flotation is dumped.
The material can be blown away if care is not taken [58]. A
disadvantage of flotation is that the smelter capacity needs to

be increased to smelt the additional slag concentrate which
is recycled to the smelter [58].

Discussion

Considering the large amounts of yearly disposed copper
slag, which is more than 38 Mt/y, the amount of waste gen-
erated, and valuable metals dumped are enormous. In light
of declining ore grades in most regions of the world [181]
the proportion of gangue minerals and minor elements in
the raw materials might increase which leading to larger
slag amounts and higher concentration of by-elements in
the slag. Issues with increased concentrations of minor ele-
ments can be tackled before the concentrate reaches the cop-
per smelting process. For example, in case of high arsenic
concentrations in the concentrate roasting or leaching of
concentrates prior to smelting can be conducted to reduce
the As concentration [182-184]. Additionally, the options
to recover and remove metals from slag and further use the
slag or components of it are diverse.

Proven markets for slag can be found in construction of
roads and pavements, blasting abrasive, cement and con-
crete as well as river and road embankments. Significant
progress has been made with respect to the potential use
of copper slag in concrete, cement and inorganic polymers
in the recent years. However, in European standardization
of CEM I-CEM V copper slag is not foreseen as a cement
constituent which shows that there are still hurdles on the
way to implement copper slag and further acceptance in
the society needs to be built [185]. The different applica-
tions require different aggregate and size of copper slag
particles. Where for abrasives and binder or fine aggregate
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in cement glassy slag granulate is used as starting product,
while river embankments or coarse aggregate in concrete
requires lumpy material which are achieved with slow
cooling of slag.

Weathering and elution of slag is affected by external
parameters such as pH and presence of microbes in the
solution so that these phenomena cannot be controlled
by adjusting the slag composition and mineralogy. These
larger slag particles are not available for weathering.
Because metals and sulfides are considered to be the most
reactive phases at close to neutral conditions an entire
removal of these components should be targeted in the
utilization of the slag as a technical mineral. As glassy
slag used in cement or inorganic polymer passes through
complex reactions where stable crystal structures are
formed, it can be assumed that this increases the resist-
ance against weathering, but more research work on that
topic is required.

Research results in recent years have understood better
copper losses and the behavior of minor elements in smelt-
ing processes. Based on this knowledge processes can be
optimized to minimize the content of elements like Cu, As,
Pb, Ni, Zn, Sn and Co in the slag. But still there are thermo-
dynamic and physical limitations so that entrainment of alloy
and sulfide particles cannot be avoided, and certain fractions
of metals are dissolved in the glass phase or precipitate as
part of spinel. To recover these valuable metals to a larger
extent further treatment is required. Flotation, pyrometal-
lurgical and hydrometallurgical processes in combination
with mechanical separation such as magnetic separation are
promising to solve the problems. A summarized overview of
the different processing routes is proposed in Fig. 3.

During flotation entrained sulfides and metals can be
almost completely recovered, whereas elements contained
in glass and oxidic phases will stay in the slag, which is an
important drawback. Therefore, a large degree of crystal-
lization and fine grinding are preconditions of flotation. A
main issue associated with that is that on one hand no slag
lumps can be produced and on the other hand the slag is not
sufficiently reactive for cement production, so that there is
limited use for the material.

Pyrometallurgical processes can be conducted at differ-
ent levels of oxygen partial pressure for slag settling under
reducing atmosphere to thoroughly recover metallic iron. By
settling a large fraction of entrained sulfides and metal, still
less can be recovered than with flotation. Dissolved compo-
nents mainly remain in the slag. By applying more reduc-
tion, the dissolved components in the slag can be recovered
to a large fraction and collected in a copper rich polymetal-
lic alloy where the mineralogical composition of the slag
remains nearly the same. The formation of an alloy instead
of matte also leads to an improved physical separation of the
metal from slag due to the higher density. Because major
fractions of entrained sulfides, metals and dissolved non-
ferrous elements can be removed less amounts of these ele-
ments will be released during weathering of the slag.

If the oxygen potential is further lowered an alloy mainly
containing metallic iron is produced. Many non-ferrous ele-
ments are collected in the Fe alloy which will be used for
iron and steel production. This will harm the economics
because elements like Cu, Ni, Sn and Co cannot be recov-
ered. Furthermore, these elements will be considered as
impurities for most types of iron and steel. This type of deep
reduction will give a clean mineral with similar composition

Fig.3 Overview of copper slag COppCI‘ Slag
processing routes ; T !
Pyrometallurgical Hydrometallurgical Flotation
Settling Sulfurizing Reduction Roasting
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as blast furnace slag. However, this requires large amounts
of CaO, which is typical taken from the natural resource
limestone (CaCOj;) and will release CO, during smelting.
In case the process is done in liquid state higher process
temperatures are required, which will lead to large refractory
consumption and increased energy requirement.

The sulfurizing treatment has the disadvantage that Fe
and S removed in copper smelting and converting are added
to the process. This will lead to additional matte generation
which needs to be treated again under formation of SO,.
The advantage of all pyrometallurgical methods conducted
in liquid state is that the cooling can be designed in flexible
manner so that glassy granulate or crystalline slag lumps
can be produced.

Leaching potentially provides the highest metal recover-
ies of all treatment options. The material needs to be ground
to low particle size in order to ensure high metal yields.
Problems with gel formation using H,SO, can be overcome
by adjustment of pH or utilization of other leach solutions.
Bacterial leaching decreases the requirement in chemicals
but increases the leaching time. The suitability of the residue
for the different application options is uncertain and only few
studies are available. A large advantage is that the release
of hazardous elements is expected to be very low when the
material is exposed to the environment. A major drawback
is that the residue is a fine powder of mainly crystalline
material, so that similar restrictions occur as for slag treated
in flotation.

Conclusion

Copper slag treatment and utilization is a widely discussed
topic in literature. Significant progress has been made during
the recent years on the utilization of the material in several
fields and on the process development of recovering valuable
and removing harmful elements from the slag. Nevertheless,
currently only small fractions of the copper slag produced
worldwide are further used. Conventional processes like
slag settling or flotation clearly show limitations in terms
of metal recovery and in flotation a mainly crystalline slag
powder is produced which is difficult to use further. How-
ever, literature does not report industrial implementation of
slag leaching or deep slag reduction processes which are
able to recover a wide range of different elements with a
large proportion. This might have different reasons. Firstly,
the utilization of products from the treatment process can be
mentioned. Current regulations in some areas like cement
production do not foresee the use of copper slag, even if the
slag is very well cleaned. The iron produced in deep reduc-
tion processes can likely not be used by its entire amount
due to their content of non-ferrous metals. Less experience
is available on the use of residues from copper slag leaching.

Another reason is that there are still some further issues
associated to these processes such as the large requirements
of reactants like acids, limestone or reductant from fossil
resources. Increased effort is needed to investigate the use
of hydrogen as a potentially environmentally friendly alter-
native reductant. The industry might also see the risk of
large capital expenditure as long as there is no pioneer dem-
onstrating the industrial feasibility. However, considering
the multiple options for application of copper slag, proven
examples of copper slag being in use today and wide pos-
sibilities of slag cleaning, there is no doubt that recycling
and utilization of copper slag worldwide can be increased, if
politics, society, industry and science pull together.
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