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Abstract

Metals have been produced for many millennia and in the process large quantities of
waste materials were generated that have had undesirable environmental
consequences. The copper industry as an example currently process ores containing
less than 1% copper with discard of 99% of the weight of this material including
overburden, tailings and slag from mining, flotation and smelting operations. The
primary metal production industry has given much attention to the improved
management of processes, use of water, control of emissions, industrial safety and
hygiene and and energy efficiency. Solid waste use has received less attention. This
paper reviews some of the preliminary work undertaken to explore techniques for
recovering residual values (copper, molybdenum & cobalt) as well as separating and
utilising the main components (iron and silica) from copper slag and further work
proposed.

Introduction

Copper smelter slags have seen limited use mainly as bulk products for road
construction and abrasive material for cleaning metallic surfaces’. The work
described in this paper is targeted at revenue generation by the recovery of residual
base metals as well as the bulk components, iron and silica. The production of slag in
the copper industry ranges from 2.0 to 5.5 ton of slag per tonne of copper produced.
A proposal for work on this slag was contained in an earlier reportz. The initial idea
was to follow the example of the iron making industry® and to modify the
composition of the slag to permit its use by the cement industry as illustrated in
Figure 1. More recent work has focused primarily on oxidation of finely sized slag to
form hematite thereby destroying the molybdenum spinel permitting leaching of the
molybdenum.
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Fe - Steelmaking slag
Cu - Copper slag

FA - Fly ash

P - Portland cement

A - Alumina cement
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Figure 1: Comparison of Slag and Cement Composition

A more critical characterisation suggested other more interesting possibilities to
increase the value of this by-product. Slag coming out of the smelter processes are
currently characterised by elements of interest, particularly copper as the principal
focus of recovery. Table 1 shows the content of copper, iron, molybdenum and
silicon of an historically accumulated Chilean copper slag, quenched and slowly
cooled®. Technologies used today are able to ensure a lower content of copper in the
final slag (less than 0.6%), but iron and silicon existing, as iron oxides and silica,
remain approximately the same. The molybdenum is high enough to make its
recovery of interest.

Table 1: Composition of a Chilean Copper Smelter Slag

Slag Treatment Composition (wt%)

Cu Mo Fe Si
Quenched 0.9 0.3 41.2 14.0
Slowly cooled 1.1 0.3 43.4 14.4

An estimate of the gross value of base metals in ore and slag (Table 2) gives some
indication of the economic incentive for reprocessing the present discard slag.
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Table 2: Gross value of base metal content of typical Chilean smelter slag

Product Copper (wt%) Molybdenum (wt%) Gross Value
$/tonne*
Cu-Mo ore 0.6 0.03 41
Cu-Mo Slag 0.6 0.3 90

*Gross Value = metal content x market price (Cu = $S6/kg; Mo = $18/kg)

Additional potential production of bulk commodities from one tonne of fayalite slag
containing 40% iron and 30% silica, after oxidation is 0.47 tonnes hematite and 0.30
tonnes silica. The value of these products would be dependent on the recovery and
physical form (size shape and hardness) and chemical quality (purity) of material that
results from commercial separation techniques. This is at present unknown pending
pilot scale investigation of potential treatment schemes and market development.

Main Metals Recovery

Copper Recovery

Copper smelters are focused on copper recovery in Chile as elsewhere. Some
experiences on recovery of products contained in slag have been developed in Chile
as well as worldwide. Chilean smelters use pyrometallurgical techniques or slag
flotation techniques to recover additional copper from slags.

Slag cleaning by coal reduction
The Teniente Converter slag is transferred to a slag cleaning furnace (HLE), pulverised
coal is injected and the slag temperature maintained with oxygen-fuel burners. The

coal reduces the

content of magnetite in the bath, decreasing slag viscosity, and copper particles are
released to form a rich copper matte (>70% Cu) which is returned to the Peirce Smith
Converter®.

Slag cleaning in an electrical furnace

The current technology uses an AC electrical furnace with supplementary coke
addition to heat and reduce the slag’. Copper is recovered by direct electrical
reduction of magnetite, releasing the suspended inclusions while oxides are reduced
by the graphite electrodes. Reduction of magnetite by carbon generates a gas film
separating liquid slag from the coal. Magnetite and cuprous oxide are reduced by the
carbon monoxide at the gas/slag interface while at the coal/gas interface the
Boudouard reaction takes place. The gas generated produces bubbles that ascend
and react with oxides in the slag phase forming a metallic phase that is treated in
another furnace to obtain Blister Copper.
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Slag flotation
This slag cleaning process requires slow cooling, crushing grinding and flotation of

smelter slag with copper metal and sulphide particles reporting to the flotation
concentrate. This process was widely used in the past by small miners because it is a
very simple and effective way to recover copper. The slag flotation has become less
important recently due to the decrease of copper content in final slag, a result of
new optimisation methods in smelting processes. In Chile, the Xstrata smelter at
Altonorte, still uses the flotation process for slag treatment.

Molybdenum Recovery

Typical copper slag show that the molybdenum is dispersed throughout the iron
oxide phase and, at the copper-making step the molybdenum is highly oxidised and
associated to the magnetite structure as shown in Figure 2 corresponding to the
stability diagram of Cu-O-S, Fe-O-S and Mo-0-S systems at 1300°C.

Molybdenum when present in a copper ore is usually separated as a separate
flotation product in the concentrator. This separation is imperfect and some
molybdenite is present in the copper smelter feed. The molybdenum sulphide
oxidises readily and most of the molybdenum reports in the smelter slag. The
molybdenum in slag is reported to be bound in an insoluble spinel which belongs to
the 2Fe0.MoO,-Fe;0, series®. In the molten state, the slag is chemically homogenous
with the exception of some copper and copper sulphides which are entrained in the
liquid, and it retains a homogenous state when it is rapidly cooled. When the slag is
slowly cooled, at least two solid phases may form; a ferrous silicate and oxides
phases.

A series of five different slag, slowly (S) and rapidly (R) cooled were used and their
chemical characterisation is shown Table 3.

8

Figure 2: Stability diagram of Cu-0-S, Fe-O-S and Mo-0-S systems at 1300°C
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Table 3: Composition and magnetite content of slowly and rapidly cooled slag

Slag Fe304(%) Cu(%) Fe(%) Mo(%)
Slag 1-S 23.4 1.21 42.2 0.27
Slag 1-R 14 0.85 48.4 0.30
Slag 2-S 14.1 1.32 50.7 0.20
Slag 3-S* 7.9 1.19 45.7 0.40
Slag 3-R 13.4 0.77 43.0 0.40

* anomalous

An SEM characterisation (Figure 3) was made and microprobe analyses (Figure 4)
were carried out. The SEM image shows complex precipitated oxides and silicates,
where the molybdenum formed separate phases of Fe-Mo-0 type, with iron content
between 52.03 and 63.57% and molybdenum content in the range of 1.25 and
6.35%. See phases 1, 2 and 4 in Figure 3. Also these phases have low silica content
suggesting that iron could be present in a spinel structure of magnetite type, such as
FeO-Mo0O,-Fe304. Phase 3 shows a glassy iron silicate type silica rich solution with
low content of molybdenum.

The electronic microprobe analysis in Figure 4 shows the distribution of iron (a) and
molybdenum (b) and it is possible to appreciate the association between both
elements in the slag.

Table 4 shows extraction of iron and molybdenum from slag, using an acid Ieachingg.
Note the high molybdenum extraction when the magnetite content in the slag is low
(magnetite formation suppressed by rapid cooling).

Phase 1 Phase 3

% Cu =0.032 % Cu =0.1824
% Fe =5217 % Fe=11.28
% Si=3.08 % Si=31.76
% S=0 % S =0.2495
% Mo= 6.35 = % Mo=0.1034
% 2Fe0-Si0,=22.35 % 2FeO-SiO =~ 20.57
% Si0,=6.50 S % Si0,=67.95
Phase 2: Phase 4

% Cu =0.037 % Cu =0.027
% Fe =63.37 % Fe =52.03
% Si=0.394 % Si=7.12

% S=0 % S=0

% Mo=1.245 _— % Mo=4.36

% 2Fe0_Si0,=2.85
% SO0 ,= 0.84

% 2FeO_Si0,=51.67
% Si0,=16.23

Figure 3: SEM image of copper slag showing phase composition
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Figure 4: Microprobe Analysis of Copper Slag showing iron (a) and molybdenum (b)

Table 4: Acid leaching of slag showing link between molybdenum solubility and
magnetite content

Slag Fe304(%) Extraction of Fe Extraction of Mo
(%) (%)
Slag 1-S 23.4 82 22
Slag 1-R 1.4 65 95
Slag 2-S 14.1 57 30
Slag 3-S* 7.9 77 18
Slag 3-R 13.4 47 30

*anomalous

Magnetite content can also be reduced by roasting under oxidising conditions. The
whole results of molybdenum extraction for different residual magnetite content in
slag when roasted under oxidising conditions prior to leaching is shown in Figure 5.
Note that molybdenum recovery increases with the decreasing of magnetite content.

Iron Recovery

Flash smelting operations with recycle of converter and fire refining slag produce
high matte grades and the resulting furnace slag is high in copper. These slag are
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Figure 5: Link between magnetite content of slag and molybdenum solubility
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Figure 6: Immiscibility gap in the Cu-Fe-C system

cleaned in an electric furnace using coke as a reductant™® . Iron is a major element

in the final slag and can be recovered as metal in an additional reducing step. The
solubility of carbon in the Fe-Cu-C system as a function of (a) copper content at 1723
K and (b) copper content at given temperature is shown in Figure 6. When an
excess of carbon is present reduction of slag results in the formation of an Fe-Cu-C
alloy. Since the solubility of carbon in copper is negligible, while the melt rich in iron
dissolves copper and carbon, solubility of copper decreases with the increasing of
carbon content, as shown in Figure 6 (a). Also this figure shows the miscibility gap
between copper and iron rich melts. In Figure 6 (b) the effect of temperature on the
copper solubility of carbon saturated iron melts is shown, and it can be observed that
the copper concentration increases with temperature up to about 9% at 1823 K.

Iron reduction investigation

Analyses, both chemical and mineralogical, of flash furnace slag used in these
experiments are show in Table 5. Details on experiments can be obtained from the
reference cited™.

Table 5: Analysis of slag uses for iron reduction investigation

Compound | Cu,0 Cu,S FeS FeO Fe;0, SiO; AlLbO; CaO Other

Wt% 0.76 2.00 1.17 40.61 1238 33.00 2.12 0.69 7.27

Element Cu Fe S Si Al Ca As
mg/kg

Wt% 227 413 083 154 1.60 0.49 74
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Figure 7: Preferential removal of copper during slag reduction

The reduction kinetic of copper oxide and magnetite was studied by using graphite
rod as reducing agent at 1450 °C and a Ca0/SiO; ratio of 60/40 in the Ca0-SiO,-FeO
system. Results are shown in Figure 7 where the concentration of copper and iron in
function of time are shown.

Results for composition of the phases obtained during copper and iron selective
reduction are shown in Table 6. The microstructure of metal and final slag phases are
shown in Figure 8, for (a) lower part of the metallic alloy, (b) central part of the
metallic alloy, (c) upper part of the metallic alloy in contact with the slag phase, and,
(d) final slag phase.

Table 6: Phase composition during the selective reduction of slag

Carbon 1*. Step: selective copper 2", Step: reduction to metallic
reduction iron
addition First slag rich in Metallic Final slag Iron Alloy
wit% iron phase

%Cu  %Fe %S | %Cu  %Fe | %Cu %Fe %S | %Cu %Fe
100 032 246 05 | 510 48.2 | 002 38 0.26 | 136 98.0
150 0.20 301 0.45 | 122 870 | 024 42 0.25 | 0.84 98.9

During the first stage, both copper and iron are reduced and a copper rich metallic
alloy is obtained, and, in the second stage, a rich iron alloy is obtained, The copper
content decreases to 0.24% in the final stage, and to 0.84% in the final metallic alloy.
The iron alloy obtained by using 150% of carbon addition was micro-analysed in
order to observe the copper-iron interaction, and the result is shown in Figure 9 as a
micrograph of the iron alloy containing 98.9% iron.

142 3™ International Slag Valorisation Symposium | Leuven | 19-20/03/2013




I

% Cu 51.98 ~ 3 27
"% S 47.47 9.8 5494 )} - ;?;Fe'y‘u
[ siFe 450 [l 77 ST LG g

% Cu 95.33
Bt O L S YoFe 1 4.67

SN

% Fe 9932

% Cu 0.68

% Na

%0 4322

\

Cclum T
(c) (d)

Figure 8: The microstructure of metal and final slag phases for (a) lower part of the

metallic alloy, (b) central part of the metallic alloy, (c) upper part of the metallic alloy

in contact with the slag phase, and, (d) final slag phase
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Figure 9: Micrograph of the iron alloy containing 98.9% iron at two magnifications

3 International Slag Valorisation Symposium | Leuven | 19-20/03/2013 143



Recovery of Other Components

Some processes using hydrometallurgical techniques have also been developed. For
example a bioleaching process add treated non-iron metallic sulphides and refractory
minerals containing gold and silver, by using a non-expensive bacterial process for
pre-treatment of auriferous pyrites, followed by cyanidation to recover precious
metals. Further, liquor is treated by solvent extraction (SX) and electrowinning (EW),
to obtain pure metal®. Additionally, a study on the recovery of copper, cobalt, nickel
and zinc contained in slag using hydrometallurgical treatment, was reported. This
process includes a roasting pre-treatment and a subsequent leaching with sulphuric
acid™. In Turkey, a process for treatment of ancient copper smelting slag has been
proposed. In this process, copper and cobalt are recovered in metallic form and/or as
compounds, whereas iron is recovered as magnetic oxide or pigment, and abrasive
material is produced using final reduced slag. The process stages include
carbothermal reduction in a DC arc furnace, granulation, leaching, chemical
precipitation, selective sulphidising roasting and product preparations®. In Japan,
researchers aiming to reuse some wastes such as municipal ones, slag and sludge, in
order to recover nonferrous metals such as cobalt and copper, have been also
conducted *°.

Summary & Perspectives

Public & regulatory attitudes to mine wastes have been undergoing a progressive
change over time, from the perspective of something of no value to be discarded to
that of a potential resource. Other factors bearing on this new view include a desire
to conserve resources, minimise mine foot-print, avoid air and water contamination,
reduce closure and decommissioning costs and eliminate the need for perpetual
maintenance of sites. Social pressures and economic factors both encourage a search
for economic ways to turn wastes into useful commodities.

Smelter slag is one class of waste that is a prime target for investigation. A primary
objective of recent investigations has been to find ways of separating residual pay
metals from the bulk of the slag (a magnetite - Fe304/fayalite - Fe,SiO4 matrix) and
more particularly from copper smelter slag that contain molybdenum in addition to
copper.

Copper smelter slag are usually subject to a cleaning operation commonly involving
holding the molten slag at temperature in a furnace under mildly reducing conditions
allowing time for reduction of dissolved copper oxide and some magnetite and for
coalescence and settling of metal and sulphide droplets. An alternative approach is
to cool the slag slowly, grind finely and then recover solid copper metal or sulphide
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inclusions to be recovered by flotation. Neither technique recovers cobalt or
molybdenum if present. Furnacing under more strongly reducing conditions allows
recovery of cobalt and molybdenum in an iron alloy for granulation and chemical
treatment by chemical dissolution. Large amounts of iron are dissolved and require
expensive processing prior to use or disposal.

Oxidation of slag to hematite has been tested in a tube furnace with slag ground
through 400 mesh. Copper, molybdenum can all be selectively recovered from the
hematite calcine using mild acid leaching. The conditions for commercial operation
have not been established but are thought to involve production of a fine (250 mesh)
water granulated slag for charging to and oxidation in a fluid bed furnace operated
with supplementary fossil fuel to maintain a bed temperature in the 500°C-750°C
range and a bed residence time of 5-10 hours. Magnetite and forsterite oxidation
involves migration of iron ions through the oxide matrix*” - a fairly slow process at
modest temperatures although possibly faster in the glassy phase associated with
rapid cooling of molten slag by water granulation. Volatilisation of molybdenum
trioxide is expected to limit the operation temperature (pMoO3z = 1 atm at around
1000°C).

Leaching of slag without a preliminary thermal treatment does not appear promising
as dissolution of the iron matrix also occurs.

The authors preference for a possible future pilot scale investigation is fluid bed
oxidation with modest fossil fuel addition for temperature control.
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